


European Molecular Biology Laboratory
MeyerhofstraBe 1, 69117 Heidelberg
Postfach 10.2209, 69012 Heidelberg
Germany

Cover design: Petra Riedinger

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

Printing: Heidelberger Verlagsanstalt und
Oruckerei GmbH, HVA, Heidelberg

Front Cover:

Microcharacterization of proteins by mass spectrometry

Proteins are separated by one- or two-dimensional electrophoresis.
Silver- or Coomassie-stained spots are excised and enzymatically
cleaved into These peptides are analysed by mass spec-
trometry, first by matrix-assisted laser desorption/ionization mass
spectrometry (MALOI, not shown) and then by nanoelectrospray
sequencing. The tandem mass spectrum of one of the peptides is
shown. A short easily interpreted fragment series yields a partial

sequence and is assembled into a "peptide sequence tag" and
searched in comprehensive sequence databases. If the protein is
novel it can still often be found in expressed sequence tag (EST)
databases based on one or more peptide sequence tags. More than
twenty new genes with important functions have been characterized
at EMBL in this way. Completely unknown proteins have also been
cloned based on mass spectrometric data, most prominently the
catalytic subunit of telomerase (collaboration with T. Cech). See
report of the Mann group for details.
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Cell Biology Programme

Introduction

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

Studies of cellular organization at the molecular level ne-
cessitated a departure from the traditional ways that cell
biologists had been using to study cells. Assays had to be
developed in which complicated processes could be studied
in the test tube or in permeabilized cells. Several such assays
have been developed by different groups in the Programme
during recent years. The main emphasis is now on identifying
the components of the machinery responsible for membrane
trafficking, chromosome segregation and spindle behaviour,
cytoskeletal function, and cell cycle regulation. These pro-
cesses are being studied in different experimental systems
with a combination of biochemical, genetic and morphologi-
cal methods. It is an exciting time in cell biological research.
Processes that only ten years ago seemed unaccessible

are yielding to experimental attack. Several examples will
be found in the research reports that follow.

Although our tools for studying the basic mechanisms for
generating and maintaining cellular organization have been
continously improved during the last decade, it is obvious
that these tools have to be further improved. This is another
important task of the Cell Biology Programme. One exam-
ple is the collaboration with the confocal light microscopy
group in the Cell Biophysics Programme to develop mi-
croscopic assays for cellular functions both in living cells
and in reconstituted systems. We are trying to mirror the
dynamic interactions between organelles in their cellular
context by using both destructive and non-destructive inter-
vention. Such assays are already being used to study actin
dynamics, membrane traffic and spindle assembly function.
The characterization of the machinery responsible for cellular
organization will demand novel methodology where context
will be more important than in the assays previously used
in biochemistry and molecular biology. EMBL is the ideal
environment for such an integrative effort.

One group leader left the Programme in 1996: Bernard
Hoflack. He has moved to the Pasteur Institute in Lille.
Bernard played an important role in membrane trafficking re-
search, elucidating the mechanisms responsible for delivery
of lysosomal proteins from the Golgi complex.
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Biogenesis of cell surface polarity

Group leader: K. Simons

Postdoctoral fellows: P. Auvinen*, J. Benting*, S. Eaton, T. Harder*, E. Ikonen*, P. Keller, F. Lafont, A. Rietveld, P. Verkade*, D. Zacchetti

..
Predoctoral fellows: S. Lecat, R Scheiffele

Visitors: K. Olsen*, A. Soleiman*

Assistants: K. Ekroos*, H. Virta

One of the astonishing features of cellular architecture is
the distinctive organization of the interiors and exteriors of
every cell type. How each cell type manages to achieve
its characteristic form is an enigma that will occupy biol-
ogy for years to come. Cellular morphogenesis involves a
complex interplay between signal transduction, gene ex-
pression, organelle biogenesis, membrane trafficking and
dynamic cytoskeletal networks. These processes will have
to be dissected at the molecular level and then integrated
into their cellular context to gain an understanding of how
cell architecture is established. A striking example of cell
morphogenesis is the biogenesis of polarity in epithelial
cells. This is the problem that our group has chosen to
study. This process incorporates several features that are
common to cell morphogenesis in general. Most important
is the generation and maintenance of cell asymmetries.
Epithelial cells form a barrier between the external world
and the interior milieu. To perform vectorial functions at
this boundary the plasma membrane of each epithelial cell
is divided into two domains, an apical cell surface facing
the outside and the basolateral domain which is in contact
with the underlying extracellular matrix and the blood supply.
These plasma membrane domains have different protein and
lipid compositions. The experimental system that we use is
the Madin-Oarby canine kidney (MOCK) cell line which forms
a polarized epithelium when grown on permeable supports.
This epithelial sheet mimics the organization seen in vivo and
is an ideal cell system to study the biogenesis of epithelial
surface polarity. When these cells are infected with enveloped
viruses they distribute the viral spike glycoproteins either to
the apical or the basolateral plasma membrane domains.
These proteins have therefore become important apical and
basolateral model proteins to study polarized sorting and
segregation in filter-grown MOCK cells.

One early outcome of our work was the finding that glyco-
sphingolipids are preferentially sorted to the apical mem-
brane from the trans-Golgi network (TGN). This led us to
formulate the working hypothesis that sphingolipid rafts are
essential components in apical sorting and function as plat-
forms onto which cargo such as glycosylphosphatidylinositol
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(GPI)-linked proteins and apical transmembrane proteins
are loaded for transport to the apical surface domain. The
hypothesis has now been extended to include cholesterol as
an important co-organizer of the sphingolipid microdomains.
Most importantly, the concept has been generalized. Recent
work in our laboratory suggest that not only polarized cells
such as epithelial cells and neurons but also fibroblasts
have the capacity to sort proteins and lipids into apical and
basolateral cognate transport vesicles in the Golgi complex.
This implies that one difference between epithelial cells and
fibroblasts is that the docking machinery is polarized in the
former cell type but not in the latter cells. On the basis of still
fragmentary data we would like to postulate the existence of
two circuits in membrane trafficking in mammalian cells. One
circuit transports membrane proteins with sorting signals in
their cytoplasmic domains while the other handles preferen-
tially sphingolipid-cholesterol rafts and proteins associating
with them.

Biosynthetic sorting from the trans-Golgi network
(J. Benting, E. Ikonen, F. Lafont, S. Lecat, A. Rietveld,
P. Scheiffele, P. Verkade &O. Zacchetti)

To identify the molecular machinery involved in the sorting
and targeting of apical and basolateral components in the
TGN we have isolated transport vesicles from MOCK cells.
Analysis of their protein compositions led us to method-
ology that enabled us to isolate and characterize several
important proteins involved in biosynthetic sorting and trans-
port to apical membranes. These proteins include VIP21-
caveolin, VIP36, and VIP17-MAL. These proteins form a
large detergent-insoluble complex in the Golgi, together with
apical cargo proteins such as influenza virus haemagglutinin.
Our previous work demonstrated that Rab8, NSF, SNAPs,
and SNAREs are involved in basolateral delivery. However,
the apical transport vesicles seem not to make use of this
type of machinery for docking and fusion. Instead, specificity
may be controlled by a member of the annexin family,
annexin 13b. We are now trying to understand the functional
role of VIP21-caveolin-1, VIP36, VIP17, and annexin 13b.



We have identified another member of the caveolin family of
proteins, caveolin-2. Surprisingly this protein is enriched in
the basolateral transport vesicles. Our analysis has shown
that VIP21-caveolin-1 and caveolin-2 form a 200-400 kOa
hetero-oligomeric complex in the endoplasmic reticulum.
MOCK cells contain two times more VIP21-caveolin-1 than
caveolin-2. The excess of caveolin-1 probably forms a
homo-oligomeric complex of the same size as the hetero-
oligomeric complex. From the TGN the hetero-oligomers
are preferentially routed to the basolateral side whereas
the homo-oligomers are routed apically. The sorting of the
homo-oligomers of VIP21-caveolin-1 into the apical transport
vesicles leads to the formation of CHAPS and Triton X100-
insoluble complexes, presumably due to a stable intercalation
of the caveolin-1 into the raft structure with its associated
proteins. Most importantly, a functional significance of these
homo-oligomers was demonstrated by the finding that anti-
bodies against VIP21-caveolin-1 were found to inhibit apical
transport of influenza virus haemagglutinin but had no effect
on basolateral transport of vesicular stomatitis virus (VSV)-
G. We have also generated antibodies against caveolin-2.
Confocal microscopy showed that caveolin-2 is enriched
on the basolateral plasma membrane but lacking from the
apical side. It is interesting that in MOCK cells there are no
morphologically recognizable caveolae apically while there
are many of caveolae basolaterally. The hetero-oligomers of
VIP21-caveolin-1 and caveolin-2 change their characteris-
tics after basolateral delivery. We assume that this change
correlates with caveolar formation. This process might be
regulated by hyperphosphorylation of caveolin-2. These data
provide the first insights into the bewildering trafficking of the
caveolins and will form the basis for an understanding of the
functional roles of caveolins in apical transport as well as in
caveolar biogenesis.

Our recent $tudies are also generating evidence for an im-
portant role of VIP36, a lectin homologue in apical transport.
Our data indicate that this protein cycles between the Golgi
complex and the plasma membrane. Firstly, exogenous anti-
bodies against VIP36 become internalized from the plasma
membrane. Secondly, bafilomycin blocks the cycling of VIP36
in the endosomes. Thirdly, VIP36 becomes endoglycosidase
H-resistant after deoxymannojirimycin inhibition of terminal
glycosylation with a T1/2 of 2.5 h. Most importantly, VIP36
associates with sphingolipid rafts and this association is
regulated by pH. At the pH of the TGN (6.2-6.4) the protein
becomes detergent-insoluble and incorporated into rafts. We
still do not know whether VIP36 binds to N-glycans.

Our characterization of VIP17 demonstrates that this protein
associates with sphingolipid rafts. It is a proteolipid and over-
expression of the protein leads to toxic affects in MOCK cells.
We are presently trying to find out how this over-expression
affects biosynthetic traffic from the TGN.

The functional role of annexin 13b is still a mystery. Immuno-
electron microscopy has shown that the protein is underneath
the apical membrane as well as in vesicular structures. The
protein is only expressed in intestinal and kidney epithelial
cells. It is also present in sphingolipid rafts but how this
association is mediated is not yet known. Annexin 13b is
our main candidate for an apical docking-fusion mechanism.

Apical sorting signals and cholesterol
(P. Keller & P. Scheiffele)

It is known from our previous work and from others that
N-glycans and GPI-anchors represent potential apical sort-
ing determinants. Our most recent findings demonstrate that
the transmembrane protein, influenza virus haemagglutinin,
associates directly with sphingolipid-cholesterol rafts. This
association is dependent on the properties of the transmem-
brane domain of the protein. In collaboration with Michael
Roth (Dallas) we have shown that mutations in the trans-
membrane domain that face the exoplasmic leaflet inhibit raft-
association. Similar mutations in the region accessing the cy-
toplasmic leaflet had no effect. Most importantly, cholesterol
depletion abrogated the association of the haemagglutinin
molecules with the rafts. Preliminary data also suggest that
cholesterol-depletion from MOCK cells and baby hamster
kidney (BHK) cells inhibits the apical transport pathway but
has no effect on the basolateral route. It is on the basis of
these and other data that we postu late that cholesterol plays
an essential role in stabilizing the sphingolipid microdomains
to be able to function as moving platforms in membrane
trafficking.

Polarization of the Drosophilawing epithelium
(S. Eaton)

As a complement to our studies on MOCK cells we have
been developing cell biological and biochemical approaches
to study epithelial polarization in the wing epithelium of
Drosophila. This will allow the combined power of genetics,
cell biology and biochemistry to be brought to bear on
this complex problem. Furthermore, studying the process
in vivo in a developing tissue will allow the elucidation
of relationships between cellular polarization and pattern
formation.

Initial work focused on the role of the actin cytoskeleton
in epithelial polarization in the developing wing. We ap-
proached this question by determining functions for two
small GTPases, Rac1 and Cdc42, in the control of actin
reorganization in these cells and examining the effects
of specific disruption of these actin subsets by dominant
negative proteins. We found that Cdc42-dependent actin
reorganization mediated polarized cell shape changes in
two different contexts: apical-basal epithelial elongation and
wing hair extension. The ability of wing epithelial cells to
undergo Cdc42-mediated elongation in the apical basal
axis was critical for morphogenetic movements during wing
eversion. Rac1 was necessary for the accumulation of actin
at adherens junctions, and for the organization of an apical
microtubule web associated intimately with junctions. We
found that, during the normal development of wing cells,
a subset of these microtubules elongates distally to form
the wing hair. The cytoskeletal disruptions caused by lack
of Rac1 activity perturbed the polarity of this process and
caused hair outgrowth at multiple sites.

These studies showed that specific cytoskeletal rearrange-
ments, under the control of Rac1 or Cdc42, generated dif-
ferent types of cellular polarity with important developmental
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consequences. Furthermore, these studies have shown that
the developing wing of Drosophila is very well suited to in
vivo cell biological analysis.

Our current work in Drosophila addresses two interrelated
topics: cytoskeletal polarity and membrane polarity in ep-
ithelial cells. While continuing to investigate cytoskeletal
polarity and its role in tissue organization, we are begining
to address the role of protein/lipid interactions in the gener-
ation of membrane polarity. Thus far, the data suggest that
Drosophila membranes, like Jheir vertebrate counterparts,
contain protein/sphingolipid microdomains with the biochem-
ical properties of rafts. We plan to use genetics to address the
role of protein components of rafts, and will also examine the
importance of raft association to developmentally interesting
signalling processes.

Publications during the year

Eaton, S., Wepf, R. & Simons, K. (1996). Roles for Rac1 and
Cdc42 in planar polarization and hair outgrowth in the wing
of Drosophila. J. Cell Bioi., 135, 1277-1289
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Molecular mechanisms of lysosomal enzyme targeting

Group leader: B. Hoflack

Postdoctoral fellows: A. Alconada, L. Baricault*, J. Lanoix, R. Le Borgne, F. Mauxion*, H. Munier-Lehmann*

Visitor: J. Salamero*

Assistant: U. Bauer

The secretory and the endocytic pathways of eukaryotic cells
are organized in several distinct membrane-bounded com-
partments connected by vesicular transport. The first step of
vesicular traffic is the translocation of coat-components onto
the membranes of the donor compartment to generate a
transport vesicle. During this process, some transmembrane
proteins, presumably interacting with coat components, are
segregated into the nascent vesicles while some others
remain excluded. After vesicle budding, the coat components
are released and the vesicles can fuse with the acceptor
compartment (Bednarek et al., 1996; Schmid & Damke,
1995). As a model system to study membrane traffic and
protein sorting in eukaryotic cells, we are studying the tar-
geting of newly synthesized lysosomal hydrolases (a group
of 50 different soluble proteins) from the biosynthetic to the
endocytic pathway.

During their transport through the secretory pathway, the
lysosomal hydrolases acquire a common recognition marker
(mannose 6-phosphate (Man-6-P) residues on their oligosac-
charides) that is recognized by two different transmem-
brane proteins, the mannose 6-phosphate receptors (MPRs).
These receptors recycle between the trans-Golgi network
(TGN), where they sort lysosomal enzymes from secretory
proteins and the endosomes, where they release their bound-
ligands. These receptors also recycle between the plasma
membrane where they endocytose extracellular ligands and
the endosomes. Our goals are to elucidate in terms of pro-
tein/protein interactions the different molecular mechanisms
responsible for the sorting of lysosomal enzyme receptors in
the TGN and their vesicular transport to endosomes.

Function of the MPRs in lysosomal enzyme targeting

In mammalian cells, two distinct but related transmembrane
glycoproteins bind the mannose 6-phosphate signal of lyso-
somal enzymes. The first is the cation-dependent MPR
(CD-MPR) and the second the cation-independent MPR
(CI-MPR). The latter is a bifunctional protein which also binds
the insulin-like growth factor II, a non-glycosylated polypep-
tide involved in development. The biological significance of
the existence of two MPRs has remained elusive. Gene
disruption experiments in mice and the production of new
cell systems expressing either MPR or no MPR have been
instrumental for elucidating their function in vivo (for review
Ludwig et al., 1995).

We have now completed these studies. We have stably re-
expressed each MPR in immortalized MPR-negative fibrob-

lasts and studied lysosomal enzyme transport in these cells.
What emerged from these studies (Munier-Lehmann et al.,
1996) is that one MPR, even expressed at high levels, cannot
compensate for the absence of the other, indicating that the
MPRs have complementary targeting functions. Each MPR
appears to transport different subsets of lysosomal enzymes.
One possible explanation for these preferred interactions
could be found in the oligosaccharides of the lysosomal en-
zymes. The ligands preferentially interacting with the CI-MPR
are significantly enriched in oligosaccharides containing two
Man-6-P residues while those interacting with the CD-MPR
are enriched in oligosaccharides containing only one Man-
6-P residue. Thus, two distinct but related MPRs function
in concert for efficient transport of lysosomal enzymes and
these two receptors are probably necessary to cover the
wide spectrum of post-translational modifications found on
the different hydrolases that are targeted to Iysosomes
via this Man-6-P dependent mechanism. Thus, these studies
provide for the first time a rationale for the existence of two
MPRs in mammalian cells.

MPR sorting and clathrin coat assembly
on trans-Golgi network (TGN) membranes

In the late secretory pathway, the MPRs are segregated
into TGN-derived clathrin-coated vesicles. The first step of
clathrin-coat assembly on TGN membranes is the transloca-
tion of the cytosolic Golgi-specific assembly proteins, AP-1 .
This hetero-tetrameric complex is homologous to its plasma
membrane-specific counterpart AP-2 which, together with
clathrin mediates the formation of endocytic, clathrin-coated
vesicles. In addition, some subunits of AP-1 share similarities
with some subunits of the coatomer (COP I), the coat com-
ponents of non-clathrin coated vesicles involved in vesicular
transport in the early secretory pathway. During the past
few years, it became evident that the small GTP-binding
protein ARF-1 (ADP ribosylation factor-1), a member of
the ARF family, functions as a molecular switch regulating
the recruitment of both AP-1 and COP-Ion their target
membranes.

As a start to study the formation of clathrin-coated vesicle
at the TGN level, we have used an in vitro assay that
quantitatively measures AP-1 binding onto TGN membranes
of steptolysin-O permeabilized (Le Borgne et al., 1993). We
could then demonstrate that the MPRs are, together with
the GTPase ARF-1, essential components required for the
efficient translocation of AP-1 onto its target membrane (Le
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Borgne et a/., 1996). Our measurements of the parameters
of the AP-1 binding reactions in cells systems depleted
in ARF-1 or MPRs indicates that, by themselves ARFs
or the MPRs are low affinity interacting components and
that they must be present together to trigger high affinity
binding of AP-1. These results could indicate that these
two components are present in a protein complex which,
we suspect, might contain additional membrane components
responsibleforthe specificity of the interaction. More recently,
the cellular fractionation of MPR positive- and negative-
fibroblasts showed that the number of TGN-derived clathrin-
coated vesicles formed in viVO also depends on the level of
expression of the MPRs (Le Borgne et a/., 1997). Altogether,
these results indicate that membrane protein (MPR) sorting
in the TGN is highly coupled to the first step of clathrin-coat
assembly and that the number of transport vesicles formed
depends on the number of membrane proteins to be sorted.
It is very likely that this represents a general property for
vesicle formation in eukaryotic cells.

The finding that protein sorting in the TGN is coupled
to clathrin-coat assembly suggests that multimeric protein
complexes containing the cargo membrane proteins (MPRs
or others), AP-1 and, possibly the GTPase ARF-1 , are formed
in the plane of the membrane and that a nascent vesicle
is formed after clustering these complexes. This clustering
step could be mediated by AP-1 which can self-aggregate
or, more interestingly, by clathrin triskelions which bind to
AP-1 and have the property to self-assemble into lattices.
We are currently reconstituting these different steps in vitro
to test this hypothesis.

TGN sorting signals in membrane proteins

The in vitro AP-1 binding assay could be used to determine
the protein motif in the CD-MPR cytoplasmic domain that
is responsible for these interactions (Mauxion et a/., 1996).
It could be expected from the above results that mutations
introduced in the CD-MPR tail would affect the affinity of AP-1
for TGN membranes. The re-expression of several CD-MPR
mutants in MPR-negative fibroblasts showed that efficient
transport of lysosomal enzymes requires two different deter-
minants. The first is a casein kinase II phosphorylation site
(ESEERD) that is critical for high affinity binding of AP-1,
the second is a dileucine-based motif, which by itself is
apparently not essential for AP-1 binding and, therefore might
be more critical for a yet unidentified, post AP-1 binding
event. Moreover, our results stress the fact that AP-1 and
AP-2 may function in a different manner since tyrosine-based
motifs, which support the AP-2-dependent endocytosis of the
CD-MPR are apparently not required for AP-1 binding. It is
likely that the phosphorylation of this casein kinase II site
(a transient modification acquired by the MPRs in the TGN
or shortly thereafter; Meresse & Hoflack, 1993) induces a
conformational change in the MPR tail thereby uncovering
additional sorting motifs.

Sorting of other membrane proteins in the TGN

Several transmembrane proteins are thought to follow the
same sorting pathways as the MPRs. The fact that MPR ex-
pression induces AP-1 recruitment could be used to define in
a direct manner the pathways followed by several interesting
molecules at the exit of the TGN. Good examples are Lamp-1
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and Limp-II, two lysosomal membrane proteins or the class II
molecules of the major histocompatibility complex (MHC
class II molecules) which presents antigenic peptides at the
cell surface. This complex, consisting of a and {3 subunits
linked to the invariant chain Ii must reach the hydrolase-rich
compartments of the endocytic pathway of eukaryotic cells
where the complex binds antigenic peptides. We could show
in collaboration with J. Salamero (Institut Curie, Paris) that
the a, {3, Ii complex also triggers AP-1 recruitment while the
a, {3 dimer associated with Ii truncated from its cytoplasmic
tail is unable to produce this effect (Salamero et a/., 1996).
This study illustrates how a single transmembrane protein
(Ii), by interacting with other transmembrane proteins (a and
{3 subunits) devoid of TGN sorting signals can determine the
transport of a multimeric complex.

Clathrin-coated vesicle budding from the TGN

After the interaction of the coat components with membranes,
the nascent vesicle containing the sorted membrane proteins
buds from the TGN. Vesicle formation consists of a complex
series of events which require additional regulatory compo-
nents. We have set up an in vitro assay that reconstitutes
the budding of clathrin, AP-1 coated vesicles from Golgi
membranes. Our results indicate that, indeed the budding
reaction requires additional cytosolic factors since the addi-
tion of purified ARF-1 ,AP-1 and clathrin to Golgi membranes
is not sufficient to produce TGN-derived clathrin-coated
vesicles. Because the budding reaction can be inhibited by
GTP-y-S, one of these factors might be related to the GTPase
dynamin-1 which has been shown to regulate the budding of
plasma membrane-derived AP-2 coated vesicles but not that
of TGN-derived AP-1-coated vesicles. We are currently trying
to purify this GTP-y-S sensitive factor to test this possibility.

Herpes viruses as model systems
to study protein trafficking

Viruses have proven to be valuable tools to explore fun-
damental cellular mechanisms and their regulation. In this
respect, the Varicella zoster virus (VZV), a member of the
Herpes viruses, is relevant to the steps of membrane traffic
that we are studying. This enveloped virus is believed to
form by budding of the nucleocapsid into the TGN and/or
endosomes (MPR-positive structures) where the vast ma-
jority of the mature virus can be found. Therefore, the viral
envelope glycoproteins must be targeted to the site where
the virus assembles. It has been proposed that some viral
glycoproteins, which can acquire the Man-6-P recognition
signal on their oligosaccharides, like lysosomal enzymes,
are transported to endosomes by the Man-6-P dependent
mechanism. However, alternative mechanisms must exist
since Herpes viruses can assemble in MPR-negative cells or
in cells unable to synthesize the Man-6-P recognition signal.
The glycoprotein Gp-I of the VZV, a membrane protein highly
conserved among Herpes viruses, and the MPRs exhibit
similar features in their cytoplasmic domains, suggesting that
they could be sorted by the same molecular machinery.

We have expressed Gp-I in mammalian cells. When ex-
pressed in the absence of additional viral factors, Gp-I is
localized in the TGN at steady state but rapidly recycles
between this compartment, the endosomes and the plasma
membrane. In this respect, Gp-I behaves as the two other



transmembrane proteins, the endoprotease furin involved
in the maturation of many proteins (hormones and viral
glycoproteins for example) and TGN 38 whose function
is still unknown. The over-expression of Gp-I triggers the
recruitment of AP-1, suggesting that Gp-I can be sorted
from the TGN along an AP-1 dependent pathway. Moreover,
the expression of Gp-I mutated in its cytoplasmic domain
indicates that a tyrosine-based endocytosis motif and a
casein kinase II phosphorylation site, similar to that found
in the MPR tails, are two important determinants which
regulate the cycling of Gp-I and its TGN localization. Thus,
Gp-I follows the same and probably uses the same
sorting machineries as the MPRs (Alconada et al., 1996).
More recently, we have shown that an homologue of Gp-I,
the glycoprotein gE of the herpes simplex virus, behaves in
a similar fashion and makes use of closely related trafficking
signals. Therefore, it is likely that the envelope glycoproteins
of the different herpes viruses traffic in a similar manner. It
remains possible however that some viral factors are able
to modify the trafficking of these membrane proteins thereby
explaining the differences in the biogenesis of the different
herpes viruses. For example, the VZV genome uncodes two
Ser/Thr kinases which could potentially phosphorylate the
casein kinase II phosphorylation site in the Gp-l cytoplasmic
domain and modify its steady state distribution. This could
be easily tested by performing co-expression experiments.

The envelope of VZV consists of several membrane gly-
coproteins which should all be present at the same site
where the virus can assemble. However, some of these
envelope proteins, like Gp-IV, are devoid of sorting signals
and accumulate at the cell surface when expressed alone.
Some others, like Gp-II, are transported to the lysosomes
where they are degraded. We have now started to co-express
these different envelope glycoproteins. We could show that
Gp-I forms a complex with Gp-IV which is now retained in the
TGN and that this complex recycles between the TGN, the
plasma membrane and endosomes like Gp-1. Thus, it is very
likely that, in the secretory pathway these different proteins
interact with each other to form a complex which is targeted
to the site where the virus assembles.

New coat components

While many steps of vesicular traffic are known to occur
within the secretory and endocytic pathways of eukaryotic
cells, only a few coat components have been described
to date. New sequences, homologous to those found in
some subunits of the AP-1 and AP-2 complexes, can now
be found in the data base. We have raised antibodies
against the carboxyl terminal domain of a protein which
shares homologies with the small subunit of AP-1 and AP-2.
This antibody is able to immunoprecipitate a new protein
complex, also made of four subunits but different from those
forming AP-1 and AP-2. In addition, this antibody decorates
punctuated perinuclear structures which are largely devoid
of AP-1 staining. We do not know yet which step of vesicular
transport can be mediated by this assembly protein-like
complex. However, an interesting observation is that its
recruitment on perinuclear membranes can be triggered
by the expression of some particular membrane proteins
containing tyrosine-based sorting motifs in their cytoplasmic

tails. However, the expression of the MPRs, which also
contain similar tyrosine-based sorting motifs, remain without
any effect. While these results further stress the importance
of cargo molecules in the recruitment of coat components on
membranes, they indicate that tyrosine-based motifs might
be differently accessible to sorting machineries.

Concluding remarks

Our Group left EMBL in January 1997 and moved to the
Institute of Biology at the Pasteur Institute of Lille (France).
We warmly acknowledge our former colleagues and friends
of the EMBL for their generous help and for creating this very
special working atmosphere in the Cell Biology Programme.
This has undoubtedly supported us to achieve several of our
research goals. More especially, we would like to thank Kai
Simons for providing us with good research conditions during
the six last months of 1996.
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Mechanism of mitotic spindle assembly

Group leader: E. Karsenti
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Predoctoral fellows: S. Andersen, N. Lebot, T. Wittmann

Assistants: A. Sawyer, H. Wilhelm

In interphase, microtubules form a more or less dynamic
network of fibres, usually originating at the centrosome.
They playa role in intracellular movement and positioning
of organelles (mitochondria, Golgi apparatus, cytoplasmic
vesicles). When the cell enters mitosis, the interphase net-
work disappears and microtubules start to assemble the
mitotic spindle, the function of which is to segregate the
chromosomes between the two daughter cells without failure.
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 their global or local effects on structures and molecules
involved in microtubule nucleation, dynamics, orientation and
organization in the cell.

In the past years, we have identified the cyclin B-dependent
kinase as a major regulator of microtubule dynamics during
mitosis. We have also clarified how the temporal control
of this kinase is achieved through a complex positive feed
back loop of phosphorylation-dephosphorylation reactions.
Concerning the regulation of cdc2 kinase, the challenge is
now to understand how the various forms of this enzyme
are regulated during different phases of the cell cycle and
how its activity is controlled by events like spindle function or
DNA replication. We have temporarily interruptedthe line
of research concerning cell cycle regulation to focus on
the mechanism of spindle assembly and the regulation of
microtubule dynamics. To go further in the understanding of
spindle assembly, we need to know more about the molec-
ular basis of microtubule growth and dynamic instability, to
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identify the MAPs regulating this process and identify the
microtubule motors responsible for microtubule dependent
movements in the spindle. We also need to determine how
cdc2 kinase and the phosphatases that oppose its action
modulate the phosphorylation state of the MAPs and motors
during mitosis. More specifically, we need to understand how
microtubule growth is biased towards chromosomes and how
bipolarity is established.

Regulation of microtubule dynamics during mitosis

We still do not know the molecular basis of the increased
dynamics of microtubules in mitosis apart from the fact that
this requires protein phosphorylation under the control of the
cdc2 kinase. There must be a combination of microtubule
associated proteins (MAPs) that maintain a high microtubule
growth rate and factors that make microtubules unstable so
that they display a steady state length. This is very important
to understand how the shape and size of the mitotic spindle
are determined. S"ren Andersen and Jorge Dominguez
have been working on the characterization of MAPs in
Xenopus egg extracts and on the regulation of destabilizing
factors. A new MAP, XMAP310 which is associated with
spindle microtubules in mitosis and present in the nucleus
in interphase is being characterized. We are trying to clone
XMAP 230 and to develop strategies to determine which
MAPs are required for spindle assembly and clone them.
Recently, a microtubule destabilizing factor called OP18 or
Stathmine has been identified in T. Mitchison's laboratory. We
have shown that its phosphorylation is regulated in a complex
way by cdc2 kinase and a type 2A phosphatase (see below).



PLATE 1

Spindle assembly around DNA beads in Xenopus egg extracts.
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The role of chromatin in spindle assembly

In 1984, I noticed that mitotic chromatin is required to form
a functional bipolar spindle: the microtubules of two asters
localized next to each other in the mitotic cytoplasm of
frog eggs never interacted because microtubules were too
short and dynamic. In contrast, microtubules could become
organized into a bipolar spindle around DNA lacking kine-
tochore sequences, even in the absence of centrosomes.
More recently this view has been supported by several
observations and chromosomes seem to contain a factor
that stabilizes microtubules in their surrounding. This may
be a phosphatase that opposes the effect of cdc2 kinase on
MAPs locally (Andersen, et al., 1994; Karsenti, 1991). We
are presently trying to develop assays to study the nature of
chromosome-associated phosphatases and their regulation,
and to determine whether localized kinases and/or phos-
phatases generate gradients of soluble phosphorylated
substrates (like MAPs for example; collaborations with the
group of Tony Hyman and Ernst Stelzer in Heidelberg and S.
Leibler in Princeton). One approach is to couple plasmid DNA
to small magnetic beads, add them to a frog egg extract and
study the effect on microtubule assembly (Plate 1). Rebecca
Heald has been working on this problem in collaboration
with the group of Peter Becker who was using these beads
to study chromatin dynamics in Drosophila extracts. She
observed that in interphase extracts, functional nuclei would
assemble around the beads whereas in mitotic extracts,
bipolar spindles assemble in the absence of centrosomes
and kinetochore sequences on the DNA linked to the beads.
In collaboration with Regis Tournebize, in the group of Tony
Hyman, she then showed that spindles assemble around
such beads in several steps through a process that puts
into question the classical view of mitotic spindle assembly.
First, microtubules grow from several foci around the beads.
Second, microtubules self assemble into two poles that finally
become organized into a bipolar array. She showed that this
occurs through a motor-dependent sliding of microtubules
along each other which results in the generation of the
two anti-parallel arrays of microtubules that constitute the
bipolar mitotic spindle. Therefore, spindle bipolarity is not,
as previously thought, determined by the existence of two
centrosomes and two kinetochores. Instead, it is an intrinsic
property of microtubule polarity, of the asymmetry generated

by the chromosomes and the activity of motors that sort
microtubules around the chromosomes (Heald et al., 1996).
Such a process requires that the chromatin associated
with the beads has a local effect on microtubule nucleation
and/or dynamics. This is the step which we believe involves
the activity of enzymes like kinases or phosphatases as-
sociated with chromatin and affecting the phosphorylation
state and activity of soluble molecules regulating microtubule
dynamics. This year, S0ren Andersen showed that one of
the factors that make microtubules highly dynamic in the
cytoplasm, the protein Stathmine, is more phosphorylated
in mitotic extracts of Xenopus eggs, only if chromatin is
present. Moreover, this increased phosphorylation seems
to be regulated in a very interesting way. The protein is
phosphorylated by the cdc2 kinase and dephoshorylated by
a type 2A phosphatase. Since cdc2 kinase is very active in
mitotic egg extracts, and since in mitotic extracts lacking chro-
mosomes, Stathmine is not phosphorylated, we conclude
that a type 2 A phosphatase is so active towards Stathmine
in these extracts that the steady state level of Stathmine
phosphorylation remains low. We showed that Stathmine
becomes progressively phosphorylated in a dose-dependent
manner with increasing amounts of chromatin added to the
extract. We propose that chromatin contains a factor that
inactivates locally the type 2 A phosphatase activity towards
Stathmine and therefore allows Stathmine phosphorylation
around chromosomes. S0ren Andersen also showed that
direct phosphorylation of recombinant Stathmine by cdc2
kinase results in its partial inactivation as a microtubule
destabilizing factor. Therefore, this mechanism may be, at
least in part, how microtubules grow preferentially towards
chromosomes during mitosis.

The role of microtubule motors in spindle assembly

The polarity of the microtubule lattice is of fundamental
importance in cellular morphogenesis. This polarity is read
by motors that can move specifically towards one end or
the other of the microtubule and therefore deliver specific
cargoes to cellular domains. The corollary of this is that
microtubules have to be oriented in the cellular space to
allow for specific delivery. How this orientation takes place,
how motors read microtubule polarity, how motors interact
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Spindle organization by plus-end-directed motors on chromosome
arms and minus-end-directed motors moving between adjacent
microtubules.

PLATE 2

with cargoes or cellular domains are therefore key issues
to understand an important part of the basic principles that
govern cellular morphogenesis (Hyman & Karsenti, 1996;
Karsenti et a/., 1996; Karsenti & Vernos, 1996; Vernos &
Karsenti, 1996). We have shown that during assembly of a
bipolar spindle around chromatin beads, microtubules are
sorted into two anti-parallel arrays by a sliding process.
Formation of mitotic spindle poles depends on the activity
of dynein while sorting of microtubules into a bipolar array
seems to depend largely upon the activity of a chromosome-
associated motor, XKLP1 (Vernos & Karsenti, 1995; Vernos
et a/., 1995). This motor associates strongly with DNA
beads in mitotic extracts, but to a lesser extent with nuclei
assembled around the same beads in interphase extracts. It
probably plays a fundamental role in morphogenesis of the
mitotic spindle by capturing microtubules on the surface of
chromosome arms (Plate 2). An other KLP, initially cloned
by Isabelle Vernos and studied by Haralabia Boleti turns
out to be associated with spindle poles. It is essential
for centrosome separation in prophase and stabilisation
of spindle bipolarity (Plate 3; Boleti et a/., 1996). Torsten
Wittmann is presently determining the nature of the signal
in the tail of the XKLP2 molecule that targets it to spindle
poles. A leucine zipper sequence as well as dimerization of
the protein seem to be important. This should open the way
to the characterization of interacting molecules. An other
kinesin-Iike protein initially identified by Isabelle Vernos is
being worked on by Nathalie Lebot, XKLP3.

+t+

+

+

PLATE 3

Mechanism of centrosome separation by Xklp2 during prophase.
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Migration of nuclei along microtubules

An other important aspect of mitotic spindle assembly is
the positioning of the spindle and its orientation relative to
the polarity of the dividing cell. Sigrid Reinsch has been
working on this problem in polarised Madin-Darby canine
kidney (MOCK) cells (Reinsch &Karsenti, 1994). During this
work, it became clear that both centrosomes and nuclei move
relative to each other during prophase to orient the axis of the
spindle. We know very little about the molecular mechanism
of nuclei and centrosome movements. Both seem to move in
a microtubule-dependentwaf through the action of motors,
but the MOCK system is not well adapted to approach this
problem at the molecular level. In Xenopus eggs, following
fertilization, the female pronucleus migrates also from the
animal hemisphere of the egg towards the male pronucleus.
This migration occurs along microtubules nucleated by the
centrosome associated with the sperm. Here too, the first
mitotic spindle has a specific orientation relative to the sperm
entrance point and this will determine the dorso-ventral axis
of the embryo. Sigrid Reinsch has used extracts made from
fertilized eggs at the time of pronuclear migration together
with synthetic nuclei made around magnetic DNA beads
to develop an assay to study nuclear movement along
microtubules. She has demonstrated that the minus end
directed movement of the bead nuclei along centrosome
nucleated microtubules is driven by Dynein. It remains to
demonstrate exactly where the motor is localized. It must in
some way interact with the nuclear surface but nothing is
known about this.
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Cell biology of complex membrane organelles
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We are focusing on two different complex membrane or-
ganelles which share the following features; both are synthe-
sized de novo by the cell, both comprise 200-300 proteins
and both can be prepared in relatively pure form. The
first is vaccinia virus while the second involves latex bead
phagosomes.

Assembly and disassembly of vaccinia virus
(S. Cudmore, J. Krijnse Locker, S. Schleich &N. Roos)

Although vaccinia virus is the most complex of animal
viruses kb, double-stranded DNA encodes for
proteins) it is attractive as a model system to study the
assembly and disassembly processes of a highly-evolved
virus as well as for addressing interesting questions related
to cell biological aspects of a complex membrane organelle.
There are many features of pox viruses which are unique
to this family, including the fact that two distinct infectious
forms of the virus exist, the intracellular mature virus (IMV)
and the extracellular enveloped virus (EEV) that contains
an additional membrane around the IMV. We will outline
briefly the various stages of the vaccinia life cycle we have
characterized, emphasizing in particular the results from
1996.

Both the IMV and EEV are thought to enter the cell by a
poorly defined fusion processes in which the nucleocapsid
is injected into the cytoplasm. This nucleocapsid (core) is
unique among viral nucleocapsids in that it contains the
viral RNA polymerase, the early transcription factor and
over a dozen enzymes that facilitate early transcription in
the presence of nucleotides and a reducing environment.
Although this transcription system has been widely studied
at the biochemical level, essentially nothing is known about
the process at the structural level. For example, is the RNA
extruded at one or more specific site(s) on the core surface?
To begin to answer such questions we have started to
visualize the in vitro synthesized RNA using bromo UTP,
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anti bromo antibodies and colloidal gold in conjunction with
the novel method we developed to combine immunogold
labelling with cryo electron microscopy (Roos et a/., 1996).
Preliminary results using this method argue that the RNA
exits the viral core from a small number of apparently distinct
sites.

During normal infection early transcription from the nucleo-
capsid triggers to a cascade of events leading to the cyto-
plasmic DNA replication in the so-called DNA "factories". The
first morphological evidence of new virus assembly starts
with another unique feature of poxviruses, the formation of
a new cisternal domain of the intermediate compartment
(IC) between the endoplasmic reticulum (ER) and the Golgi
complex (Sodeik et a/., 1993). Whereas the initial evidence
for this model was based primarily on electron microscopy
(EM) data it is now further substantiated by the finding that
three different vaccinia encoded integral membrane proteins
have all the hallmarks of resident proteins of the IC in that (1)
they are inserted co-translationally into rough microsomes in
vitro and (2) when independentlyexpressed they are targeted
to the rough ER and IC but do not enter the Golgi complex in
appreciable amounts. These proteins are P21 (gene A17L,
Krijnse Locker et a/., 1996), P16 (gene A14L) and a novel
protein P10 (gene A13L) we identified from an extensive 2D
gel analysis (in collaboration with the Matthias Mann group;
Jensen eta/., 1996). A summary of our current model relating
to the membrane proteins of the IMV is shown'in Plate 4.

The cisterna of the IC wraps around the viral DNA in a poorly
understood process that forms the roughly-brick-shaped IMV
which is infectious but has no active mechanism to exit the
living cell. A fraction of the IMV becomes enwrapped by
an additional, virally modified membrane cisterna originating
from the trans-Golgi network (TGN) (Schmelz et a/., 1994).
This multi-membraned form is actively propelled by actin
polymerization (comets) to the plasma membrane where the
EEV is released by fusion (Cudmore et a/., 1995, 1996b; see
the report by Michael Way).



PLATE 4

In vitro fusion

A schematic diagram to show our current working model on the
structure of the vaccinia.

Using these assays we have made a number of novel,
and in part unexpected findings some of which point to
significant differences between the endocytic pathway of
J774 macrophages and the other cells that we, and others
have investigated in detail. First, phagosomes can fuse avidly
with all three endocytic fractions in vitro. Second, the extent
of this fusion varies drastically with phagosome age, with
organelles older than a few hours losing their capacity to fuse.
Third, the fusion of "young" phagosomes (up to 4 hrs of age)
but not old phagosomes (24 hrs) was significantly stimulated
by the addition of exogenous rab 5 (given as a complex with
the rab GOP dissociation inhibitor; a collaboration with Oliver
Ullrich, Zerial group, now in University of Mainz). Fourth, in
J774 cells, unlike other cells that have been investigated, rab
5 is localized to both early and late endosomes. Finally, we
provide evidence for a hitherto not observed fusion between
J774 early and late endosomes, a process also stimulated
by rab 5.

In vitro interactions of phagosomes with microtubules

internalized biotin-HRP. The procedure for preparing these
fractions was developed by Tjelle et al., 1996 (a collaboration
with the group of Trond Berg, University of Oslo). Further,
Anje Haberman has set up a novel EM assay to directly
monitor fusion between. any combination of endocytic or-
ganelles with themselves, or with phagosomes, using two
distinguishable gold markers for the two fusion partners. In
addition Marlies Otter is setting up fluorescent lipid fusion
assays for monitoring phagosome fusion withlysosomes,
endosomes or even other phagosomes, a collaboration with
Dick Hoekstra (University Groningen).

The observation that phagosomes move along microtubule
tracks in J774 macrophages (Desjardins et al., 1994) led us
to set up two related light microscopic assays to characterize
the in vitro interactions of phagosomes with microtubules.
Both assays rely on the direct observations of fluorescent
latex bead enclosing phagosomes with respect to rhodamine
marked microtubules. These projects are in collaboration
with the group of Tony Hyman (EMBL) and Trina Schroer
(Johns Hopkins University). The first assay measures the
static binding of phagosomes with microtubules and has
shown a role for a (still to be identified) microtubule MAP
protein in the interaction (Blocker et al., 1996).

The second microtubule-based assay is the phagosome
motility assay, developed by Ariel Blocker. The results from
this assay have provided us with the following key pieces
of information (Blocker et al., 1997). First, phagosomes rep-
resent the first purified membrane organelle that can move
along microtubules in a bi-directional fashion, at speeds in
the range of 1 ,um per sec. While 80% of phagosomes
move towards the microtubule minus-end in a process driven
by dynein, about 20% of the motility events occur towards
the plus-end and are driven by kinesin. Moreover, of the
phagosomes that move, 10% show a switch in directionality.
Second, the minus-end directed, dynein-mediated motility
(but not the plus-end directed one) is also dependent on
the presence of the dynactin complex, a multi subunit protein
complex shown to be essential for dynein-mediated transport
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Phagosomes (A. Blocker, M. Diakonova,
A. Haberman, A. Jahraus &H. Yu)

Our recent data suggest that disulfide bonds may play a
crucial role in both the assembly and disassembly of the virus,
a series of observations that were initiated by the finding
that reducing agents such as OTT uncoat the IMV (Roos
et al., 1996). These data suggest that a number of proteins
in the IMV are disulfide bonded in a (reducing) cytoplasmic
site, rather than in the expected location for such bonds, the
(oxidative) lumen of the ER.

Andrea Jahraus has set up a biochemical fusion assay to
monitor the fusion of avidin-latex bead encoding phago-
somes with enriched fractions of early endosomes, late
endosomes or Iysosomes of J774 macrophages containing

For this system J774 mouse macrophages are allowed
to take up I ,um latex beads via phagocytosis, an actin-
dependent process, thereby forming the phagosomes. The
latter move along microtubules, and possibly actin, which
facilitate the fusion of the phagosomes with endocytic or-
ganelles. At any stage after internalization the phagosomes
(or phagolysosomes) can be isolated, giving a preparation
that is essentially devoid of contaminating organelles. These
phagosome preparations can then be used to evaluate differ-
ent phagosome functions following in vivo experiments. More
importantly, they can also be used for in vitro characterization
of phagosome functions. For this, we have set up different
assays to study phagosome fusion and the interaction of
phagosomes with microtubules.

IMV outer envelope and the likely topologies of the membrane
proteins that have been characterized.

p27?
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of unidentified membrane organelles in brain vesicle prepa-
rations (Gill et al., 1991). Third, strong indirect evidence was
found for the presence of a putative kinase that appears
to associate with dynactin that is seemingly a regulator of
dynactin's function in dynein-mediated motility. Finally, data
were provided arguing that kinectin, the integral membrane
protein which binds kinesin (and perhaps also dynein) to the
membrane of the endoplasmic reticulum (Yu et al., 1995) is
a strong candidate for being the receptor for kinesin (and
perhaps even dynein) in the phagosome membrane.

To further characterize as a putative motor receptor
on phagosomes Hanry Yu, in collaboration with the Dotti
group, has identified new isoforms of mouse kinectin that
are the consequence of alternative splicing of small variable
regions (rv20 amino-acids). Work is in progress to study the
distribution of these kinectin isoforms in cells and tissues.
We are also isolating the complete cDNAs for all the kinectin
isoforms and investigating their functions in the microtubule-
based organelle transport complex.

In vitro characterization of phagosome-actin
interactions (H. Defacque)

One additional interesting result from the biochemical in vitro
fusion assay was the finding that reagents that affect the actin
cytoskeleton can either inhibit (cytochalasin D) or stimulate
(gelsolin, phalloidin) the extent of fusion. To characterize this
phenomenon in more detail Helene Defacque is setting up
assays to investigate nucleation and growth of actin filaments
from the phagosome membrane using fluorescent G actin
probes. Preliminary results show that isolated phagosomes
can indeed actively nucleate actin filaments. We have also
collaborated with the group of Sergei Kusnetzov (University
of Rostock) who has developed a light microscopical assay
that monitors the binding of phagosomes to actin (Shonn
et al., 1995). Our future goal is to test our hypothesis that
actin nucleation may provide a driving force for the process
of membrane fusion.

In vivo studies on phagosomes
(A. Jahraus &M. Diakonova)

In collaboration with Volker Claus and Heinz Faulstich (Max-
Planck Institute for Cell Biology, Ladenburg) Torunn Tjelle
and Trond Berg (University of Oslo) and Heidrun Kirschke
(University of Halle) we have analysed phagosomes of dif-
ferent ages as well as the three different endocytic organelle
fractions (mentioned above) for their content of lysosomal
enzymes. A striking observation has been the finding that, in
contrast to all other "lysosomal" hydrolases tested, which
are enriched in lysosomes and, to a lesser extent, late
endosomes the cysteine aminopeptidase cathepsin H is
predominantly enriched in early endosomes of J774 cells.
Moreover, cathepsin H is acquired by newly assembled
phagosomes much faster than the other hydrolases tested.
When the cells are treated with chloroquine or bafilomycin
A 1 (both of which raise the pH of intracellular organelles)
the acquisition by phagosomes of all the hydrolases except
cathepsin H is completely blocked. These in vivo data extend
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our in vitro fusion results by showing that also in vivo
phagosomes fuse not only with late endocytic organelles,
as expected, but also with early endosomes.

Maria Diakonova has made a detailed characterization of the
localization of a number of annexins in J774 macrophages
by light and electron microscopy. Although the precise in vivo
functions of these molecules remain elusive, the evidence is
accumulating that they playa role in either actin-membrane
interaction, in membrane fusion, or in both processes. In
conjunction with our earlier data the results now show that
annexins I to VI are all enriched on phagosomes. Whereas
annexins I, II, III and V are in similar amounts on phagosomes
of all ages (up to 24 hrs) the levels of annexins IV and
VI increase as the phagosomes mature. Intriguingly, these
increases correlate with a significant reduction in fusion, as
seen with the in vitro fusion assay (above).
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Transport between organelles of the biosynthetic and en-
docytic pathway occurs with high fidelity and is mediated
by the budding and fusion of vesicular carriers with their
target compartments. To address the molecular mechanism
underlying intracellular traffic our group has focused on
the Rab family of small GTPases. Rab GTPases are an
established element of the membrane transport machinery.
We have identified and characterized several Rab proteins
expressed in mammalian cells and in yeast, demonstrated
their association with specific intracellular compartments and
explored their role in distinct steps of intracellular transport.

This year we continued the functional characterization of
Rab5 in endocytic membrane docking and fusion, both
studying the GTPase cycle of the protein and its downstream
effector, Rabaptin-5. We also uncovered the role of Rab11
in the recycling pathway. Moreover, we identified a novel
member of the Rho family of small GTPases, RhoD, that
has a dual role in the organization of the actin cytoskeleton
and in early endosome motility.

Polarized epithelial cells require distinct apical and baso-
lateral exocytic and endocytic transport pathways and an
additional transcytotic route links the two plasma membrane
domains. Recent data suggest that part of these transport
machineries may already exist in non-polarized cells. We
believe, however, that additional regulatory components are
necessary in polarized compared to non-polarized cells. We
have approached this problem by focusing on the role played
by Rab proteins in the endocytic and transcytotic pathway
of epithelial cells and by searching for genes induced during
cell polarization.

Functional characterization of Rabaptin-5
(H. Gournier, H. Horiuchi, R. Lippe, H. McBride,
M. Rubino, V. Rybin & G. Vitale)

We have recently identified a 100 kDa cytosolic protein,
Rabaptin-5 that acts as a Rab5 effector. Rabaptin-5 is
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recruited by Rab5 on the endosome membrane in a GTP-
dependent manner and immunodepletion of Rabaptin-5 from
cytosol strongly inhibits Rab5-dependent early endosome
fusion (Stenmark et al., 1995). Rabaptin-5 is thus essential
for Rab5 function. We have mapped the Rab5-binding site
to the C-terminal 43 amino-acid residues of Rabaptin-5 and
shown that this region of the protein is both necessary and
sufficient for Rab5-dependent recruitment on endosomes.
Furthermore, a combination of biochemical data using both
recombinant protein and Rabaptin-5 purified from cytosol
and yeast double-hybrid system analysis suggests that
Rabaptin-5 exists as a dimer. These data are consistent
with the observation that cytosolic Rabaptin-5 fractionates
as a high molecular weight complex upon size exclusion
chromatography. Furthermore, we biochemically purified a
60 kDa cytosolic protein and shown that it is complexed to
Rabaptin-5. While the inhibition of early endosome fusion
caused by immunodepletion of Rabaptin-5 from cytosol can-
not be rescued by adding recombinant Rabaptin-5 alone,
addition of a fraction of purified Rabaptin-5-p60 complex not
only restores but also potently stimulates the fusion reaction.
These results suggest that Rabaptin-5 and p60 constitute
a complex required for Rab5-dependent endosome dock-
ing/fusion. In collaboration with the group of Matthias Mann
we are in the process of molecularly cloning p60 to reassem-
ble the complex in vitro and dissect its function in endosome
fusion. More recently, two independent approaches (by the
yeast two-hybrid system and biochemical purification) led us
to identify a novel Rabaptin-like protein that 'interacts with
Rab5:GTP in collaboration with H. Stenmark (Oslo). We are
currently exploring the role of this protein in Rab5-dependent
transport.

GTPase activity of Rab5 in endocytic membrane fusion
(V. Rybin, M. Rubino & O. Ullrich)

An important mechanistic question concerning the function of
Rab proteins in the regulation of intracellular transport is the
role played by GTP hydrolysis. Current models propose that



GTP hydrolysis by Rab proteins is either required for mem-
brane fusion or occurs afterwards to allow recycling of the
protein. This question is difficult to address as membranes
contain several different GTPases which make kinetic mea-
surements and studies with non-hydrolysable analogues,
such as GTPyS, difficult to interpret. To study the GTPase
cycle of endosome-bound Rab5 in situ we engineered a
mutant (Rab5D136N) which preferentially binds xanthosine
triphosphate, based on the D138N mutant of elongation
factor EF-Tu (Weijland et a/., 1993). Experiments performed
by Roger Goody's group (Dortmund) established that this
mutant protein binds XDP 3 orders of magnitude tighter than
GOP and shares similar nucleotide kinetic parameters with
wt Rab5. The activity of Rab5D136Nwas tested in a cell-free
assay of homotypic fusion between early endosomes (Gorvel
et a/., 1991). The recombinant protein produced in E.coli
was prenylated in vitro (collaboration with Miguel Seabra,
Dallas) and delivered to the membrane (Alexandrov et a/.,
1994). Rab5D136Nstimuiated early endosome fusion in the
presence of XTP whereas it was a potent inhibitor in the
presence of XDP, thus showing that nucleotide exchange on
Rab5 is essential for membrane fusion. Addition of XTPyS, a
non-hydrolysable analogue of XTP, enhanced rather than in-
hibited fusion activity, indicating that nucleotide triphosphate
hydrolysis by Rab5 is not conditional upon membrane fusion.
When we measured the kinetics of [a-32P]XTP binding and
hydrolysis by membrane-bound his-rab5D1,36Nin the pres-
ence of cytosol, a dynamic equilibrium between XDP/XTP
exchange and XTP hydrolysis was observed. Surprisingly,
nucleotide hydrolysis occurred even in the absence of mem-
brane fusion (i .e. without cytosol), indicating that membrane-
bound Rab5 undergoes futile cycles of GTP (XTP) binding
and hydrolysis. Binding of Rabaptin-5 modified the nucleotide
cycle by stabilizing Rab5 in the nucleotide triphosphate form.
Based on these observations, we propose that GTP hydrol-
ysis by Rab5 acts as a timer that determines the frequency
of membrane docking/fusion events in the early endocytic
pathway. Rab5 plays a dual role in controlling both the fusion
of clathrin-coated vesicles with the early endosomes and the
homotypic fusion between early endosomes (Gorvel et a/.,
1991; Bucci et a/., 1992). In our model, GTP hydrolysis by
Rab5 would limit the membrane recruitment of Rabaptin-5
so that endocytic transport occurs but excessive homotypic
fusion between endosomes is avoided.

Regulation of endosome dynamics
by a novel Rho protein
(C. Murphy, H. Gournier, V. Rybin &M. Rubino)

Using a PCR-based cloning approach we had previously
identified a new member of the Rho protein family, RhoD
(Chavrier et a/., 1992). To investigate its function we, in
collaboration with Rob Parton, transiently expressed in baby
hamster kidney (BHK) cells the wild-type or mutant ver-
sions of the protein. When over-expressed, wt RhoD and
RhoDG26V, a mutant defective in GTP hydrolysis, induced
the formation of F-actin containing membrane processes and
disassembly of stress fibres and focal adhesions from the
cell periphery. In addition we found that RhoD is localized
to the plasma membrane and early endosomes and plays
an important role in endosome organization. Expression
of RhoDG26V causes fragmentation and scattering of the

endosomes throughout the cell. The endosomes are often
aligned, suggesting movement along cytoskeletal filaments.
In the light of these data, RhoD could regulate homotypic
fusion, fission and/or motility.

TO distinguish between these different possibilities, we ex-
ploited the property of Rab5Q79L in promoting early endo-
some fusion in vivo: RhoDG26V specifically impaired this
effect. However, neither the kinetics of receptor-mediated
endocytosis and recycling nor the homotypic fusion between
early endosomes in vitro were inhibited, thus excluding direct
effects on the fusion step. By time-lapse video microscopy
analysis (collaboration with Rainer Saffrich and Wilhelm
Ansorge) we rather found that the RhoD mutant impairs
endosome fusion by inhibiting endosome motility.

It is likely that RhoD function depends on the cytoskeleton
and, given its effect on actin organisation, actin remains
one obvious candidate. RhoD is therefore an interesting
molecule in that it provides direction for further studies to
unravel the mechanisms governing membrane-cytoskeleton
interactions. We are presently searching for a RhoD specific
effector to elucidate the mode of action of this GTPase.

Sequential action of Rab proteins
along the endocytic pathway
(0. Ullrich &L. Martin-Parras)

Despite intensive efforts the organization of the endocytic
pathway of eukaryotic cells remains poorly understood. It is
known that endocytosed receptors such as transferrin recep-
tor (TR) reach the early endosomes and are sorted back to
the plasma membrane passing through a highly tubulated
recycling compartment in the peri-nuclear region (Yamashiro
et a/., 1984; Hopkins et a/., 1994). Whether the recycling
endosome is continuous with the sorting endosome is not yet
clear and the function of this compartment is also unknown.
To address the molecular machinery that controls sorting in
the endocytic pathway, we have investigated the distribution
of various Rab proteins along the pathway. In collaboration
with Rob Parton we found that Rab11 is enriched in the
recycling endosome, as determined by its high degree of
colocalization with transferrin internalized for 15-30 min.
Expression of a Rab11 mutant predicted to be stabilized
in the GOP-bound form, Rab11 S25N, did neither affect the
rate of endocytosis of transferrin, nor its recycling from the
early endosomes, but significantly inhibited its recycling after
transport to the recycling endosome. Our data suggest that
Rab11 acts after Rab5 and regulates trafficking through
the recycling endosome. The identification of Rab11 as a
regulatory factor of this compartment should help trace the
boundaries between sorting and recycling endosomes and
elucidate how trafficking in the recycling pathway is regulated
at the molecular level.

Rab proteins in polarized epithelial cells
and in embryonic development
(P. Zacchi, C. Murphy &A. Giner)

Membrane traffic in polarized epithelial cells is thought to be
regulated by distinct apical and basolateral machineries. For
example, in Madin-Darby canine kidney (MOCK) cells apical
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early endosomes can fuse with each other in vitro but not
with basolateral endosomes. Recent studies, however, have
shown that apical and basolateral endosome are functionally
interconnected and receptors internalized from the basolat-
eral membrane enter into basolateral endosomes and then
accumulate in a highly tubulated endosome underneath the
apical plasma membrane (Apodaca et al., 1994; 8arroso &
Sztul, 1994; Odorizzi et al., 1996). This compartment is im-
plicated in receptor-mediated transcytosis and recycling and
perhaps corresponds to the perinuclear recycling endosome
of non-polarized cells.

The factors which control endocytic trafficking in epithelial
cells are unknown. Rab17 is such a candidate since it is
specifically expressed in polarized cells. In the developing
kidney, Rab17 is absent from the mesenchymal precursors
but is induced upon their differentiation into polarized epithe-
lial cells. What is the function of Rab17?

In the kidney, the protein is associated with apical endocytic
tubules, structures which are implicated in apical recycling
and transcytosis. When expressed in non-polarized 8HK
cells, Rab17 is localized to the peri-nuclear recycling endo-
some, lending further support to the idea that this compart-
ment may be the equivalent of the apical recycling endosome.
To determine its localization and function in polarized cells,
we selected stably transfected epithelial EpH4 cells derived
from mouse mammary gland which express wild-type and
mutant Rab17 proteins (e.g. defective in GTP hydrolysis)
under the control of the interferon-inducible Mx promoter. In
these cells Rab17 was localized to the transferrin receptor-
positive apical recycling compartment. No effects were ob-
served on the basolateral uptake and recycling of transferrin
upon induction of the wt and mutant Rab17 proteins. Apical
uptake and transcytosis were measured by following an Fc-
LDL recepto'r chimera (FcL R5-27) which is endocytosed and
transcytosed in both apical-to-basolateral and basolateral-
to-apical directions (collaboration with I. Mellman, Yale).
Mutants of Rab17 did not affect the apical uptake of FcL
R5-27 receptor but strongly stimulated the basolateral to
apical transcytosis whereas wt Rab17 had no effect.

More work is necessary to pinpoint the transport step regu-
lated by Rab17. Our working hypothesis is that Rab17 plays
a role in transport from the apical recycling endosome to the
apical surface and we are currently testing this possibility.
Nevertheless, these studies suggest that the induction of
Rab17 upon cell polarization may be required for linking
the apical and basolateral endocytic pathway via the apical
recycling endosome.

Identification of genes involved in
the establishment of cell polarity
(L. Martin-Parras)

Generation of cell polarity involves the concerted action of a
number of factors involved in the regulation of cytoskeleton
organization and membrane trafficking. To search for putative
molecules implicated in the generation of cell polarity, we
carried out a small scale differential screening hybridization
to identify transcripts induced during the conversion of non-
polarized kidney mesenchymal cells into polarized epithelial
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cells. This project has been carried out in collaboration with
E. Lehtonen (Helsinki). Three mRNA transcripts were iden-
tified. One, 8104, served as a positive control as it encodes
the 81 chain of laminin, a basement membrane protein which
is expressed at the onset of cell polarization. Another, 88, is
expressed in the epithelium but is downregulated in the adult
kidney. It encodes murine HMG17, a member of the high
mobility group of chromosomal proteins that are implicated
in chromatin regulation. Finally, 8102 is induced during mes-
enchyme differentiation. Nucleotide and deduced amino-acid
sequence indicate that 8102 is a novel cytosolic protein that
,shares sequence similarity with other proteins containing
the SH3 consensus motif. Immunofluorescence microscopy
studies indicate that a fraction of 8102 is associated with the
plasma membrane. Work in progress aims at studying the
function of the 8102 protein.

Publications during the year

8arbosa, M.D.F.S., Wakeland, E.K., Zerial, M. & Kingsmore,
S.F. (1996). Genetic mapping of of the Rab5a and Rab5b
genes on mouse chromosomes 17 and 2, repsectively.
Mamm. Genome, 7,166-167

Gormont, M., Van Obberghen, E., Zerial, M. &Le Marchand-
8rustel, .. (1996). Insulin induces a change in rab5 subcellu-
lar localization in adipocytes independently of phosphatidyl
inositol 3-kinase activation. Endocrinology, 137, 3408-3415

Murphy, G., Grummt, M., Saffrich, R., Gournier, H., Rybin, V.,
Rubino, M. Auvinen, P., LOtcke, A., Wepf, R., Parton, R.G. &
Zerial, M. (1996). Endosome dynamics regulated by a novel
rho protein. Nature, 384,427-432

Robinson, M.S., Watts, G. & Zerial, M. (1996). Membrane
dynamics in endocytosis. Cell, 84, 13-21

Rybin, V., Ullrich, 0., Rubino, M., Alexandrov, K., Simon, I.,
Seabra, M.G., Goody, R. &Zerial, M. (1996). GTPase activity
of Rab5 acts as a timer for endocytic membrane fusion.
Nature, 383, 266-269

Simon, I., Zerial, M. &Goody, R. (1996). Kinetics of inter-
action of Rab5 and Rab7 with nucleotides and magnesium
ions. J. Bioi. Chem., 271,20470-20478

Stenmark, H., Vitale, G., Ullrich, O. & Zerial, M. (1996). Rab5
GTPase, a control switch in the early endocytic pathway. Zbl.
Bakt. Suppl., 28, 139-146

Ullrich, 0., Reinsch, S., Urbe, S., Zerial, M. & Parton, R.G.
(1996). Rab11 regulates recycling through the pericentriolar
recycling endosome. J. Cell Bioi., 135,913-924

Other references

Alexandrov, K., Horiuchi, H., Steel-Mortimer, 0., Seabra, M.
&Zerial, M. (1994). EMBO J., 13, 5262-5273

Apodaca, G., Katz, L.A. &Mostov, K.E. (1994). J. Cell Bioi.,
125,67-86



Barroso, M. & Sztul, E.S. (1994). J. Cell BioI., 124, 83-
100

Bucci, C., Parton, R.G., Mather, I.M., Stunnenberg, H., Si-
mons, K., Hoflack, B. & Zerial, M. (1992). Cell, 70, 715-
728

Chavrier, P., Simons, K. & Zerial, M. (1992). Gene, 112,
261-264

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

Hopkins, C.R., Gibson, A., Shipman, M., Strickland, O.K.
& Trowbridge, I.S. (1994). J. Cell BioI., 125, 1265-
1274

Odorizzi, G., Pearse, A., Domingo, D., Trowbridge, I.S. &
Hopkins, C.R. (1996). J. Cell BioI., 135,1-14

Stenmark, H., Parton, R.G., Steele-Mortimer, 0., LOtcke, A.,
Gruenberg, J. & Zerial, M. (1994). EMBOJ., 13, 1287-1296

Stenmark, H., Vitale, G., Ullrich, O. &Zerial, M. (1995). Cell,
83,423-432

Yamashiro, D.J., Tycko, B., Fluss, S.R. & Maxfield, ER.
(1984). Cell, 37, 789-800

Ullrich, 0., Horiuchi, H., Bucci, C. &Zerial, M. (1994). Nature,
367,157-160

Weijland, A. & Parmeggiani, A. (1993). Science, 259, 1311-
1314

23



Mechanisms of chromosome transmission

Group leader: A.A. Hyman

Postdoctoral fellows: M. Glotzer Gonczy*, T. Mueller, F. Severin, R. Taba*

Predoctoral fellows: I. Sasoon, R. Tournebize

Visitor: K. Brady*

Assistant: T. Ashford

Our group is interested in the organization of the cytoskeleton
during cell division, with a focus on the role of microtubules.
We work on this problem in three systems: the nematode
G.e/egans, the yeast S.cerevisiae and the frog Xenopus
/aevis.

The role of the kinetochore studied in S.cerevisiae

Kinetochores are complexes of proteins which assemble onto
the centromere, a genetically defined piece of DNA required
for chromosome segregation at mitosis. Kinetochores medi-
ate chromosome segregation by binding to microtubules of
the mitotic spindle, but the mechanisms by which they do so
are obscure: To study this problem, we have developed an
in vitro assay in which kinetochores can be reconstituted in
vitro from cytoplasmic extracts of S.cerevisiae. This year we
have made progress on two fronts.

We have shown that type 1 phosphatase is required for
kinetochore assembly by modification of a known kinetochore
protein Ndc10p. This regulation seems to be part of the
mechanism by which kinetochores are regulated through the
cell cycle.

One outstanding question is how kinetochores recognize
and bind to microtubule ends. It is thought that microtubule
ends are special because the tubulin subunits at the end
contain GTP while those in the lattice contain GOP. Last
year we showed that the GTP form of the microtubule
lattice has a different structure compared to the GOP form.
This year we have shown that kinetochores recognize this
structural difference and bind specifically to the GTP form.
The existence of proteins which recognize the GTP form
opens up a number of possibilities for the regulation of
microtubule dynamics.

The generation of cell asymmetry
studied in C.elegans

Most cells show a pronounced asymmetry which is funda-
mental to fulfilling their function in the organism. In many
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cases this polarity is manifested in the asymmetric organi-
zation of the cytoskeleton. To understand how cytoskeletal
asymmetry is generated, we are looking at the organiza-
tion of the first cleavage in G.e/egans. To investigate this
problem we are using a bank of mutants generated by
Ralph and Heinke Schnabel in Munich to screen through
maternal affect mutants which cause a disorganization of
first cleavage. So far we have screened through chromo-
some III and found 32 mutants which fall in the follow-
ing classes: (a) spindle assembly and function (9); (b)
spindle orientation (12); (c) cytokinesis (4); (d) pronuclear
migration (8).

PLATE 5

Pronuclear migration in the one-cell C.elegans embryo. The female
pronucleus (left) is migrating towards the male pronucleus (right);
this migration is dependent on microtubules and other components
being uncovered in the laboratory. Note that the so-called pseu-
docleavage furrow bissects the one-cell embryo at this particular
stage.



The mechanisms of spindle assembly
studied in Xenopus

This project is a collaboration with Eric Karsenti (Cell Biology
and Cell Biophysics). The goal of this project is to un-
derstand the morphogenetic principles surrounding spindle
assembly. Last year we set up an assay in which spindles
assemble around DNA beads. This project demonstrated
that bipolarity is a fundamental organizational principle of
microtubule assembly. This yearwe have concentrated on the
regulation of microtubule dycamics during spindle assembly.
We have shown that type 2a phosphatases regulate the
dynamics of microtubules partially through the activity of the
protein Op18/Stathmine. Type 1 phosphatases are required
during the switch from interphase to mitosis during which
microtubules become much less dynamic.

Mechanisms of cytokinesis studied in Xenopus

We would like to understand the mechanisms by which
microtubules signal the position of the cleavage furrow. This
year we have worked in the function of a class of proteins
called Septins. These proteins localize to cleavage furrows
and mutants in Drosophila cause defects in cytokinesis. By
immunofluorescence we have shown that these proteins
localize to both actin and microtubules in the cell. We have

purified the proteins and shown that they seem to bind to actin
and microtubules in vitro. These maybe proteins that help link
the actin and microtubule cytoskeleton during cytokinesis.
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Molecular mechanisms of neuronal plasma membrane asymmetry

Group leader: C.G. Dotti
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Predoctoral fellow: F. Bradke

Visitors: B. Hellias*, R Tienari*, C. Sanchez*, A. Capell*, O. Rosetto*

Assistant: L. Meyn

Our final goal is to understand how the different composition
of the axonal and dendritic plasma membrane is established
and maintained. We are currently analysing how axonal and
dendritic membrane proteins are processed and sorted, what
are the mechanisms underlying their packaging into different
membrane carriers, how these carriers are transported to
their final destinations and how polarization is developmen-
tally regulated. In addition we are investigating the contri-
bution of endocytosis and transcytosis in the establishment
and maintenance of membrane asymmetry. As experimental
system we use rat and mouse embryonic hippocampal and

neurons in culture.

Axon formation
(F. Bradke)

In early experiments (Dotti et al., 1988) we showed that few
hours after plating embryonic hippocampal neurons appear
as round cells without any processes (stage 1). Later, several
short processes develop, all with similar morphological char-
acteristics (stage 2). After a variable interval, one of these
short processes elongates and the cell presents a polarized
aspect with one major and several minor processes (stage
3). The longer process will constitute the axon whereas the
minor processes will become dendrites. We have recently
observed that before polarization (stage 2) there is a po-
larized increase in overall membrane trafficking towards the
process that will ultimately become the axon and that the
growth cone of the chosen process changes its attachment
properties. These early occurring intracellular changes will
be a useful tool to investigate in the future the molecular
factors responsible for the triggering of axonal formation.

Sorting of membrane proteins during axon formation
(M.D. Ledesma)

To study the biochemical mechanisms accompanying mem-
brane sorting to the axon and dendrites polarized synaptically
active hippocampal cells are infected with RNA viruses
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and the distribution (axonal or dendritic) and processing
(cleavage, appearance in the plasma membrane, partitioning
into protein-lipid rafts ) of the viral glycoproteins are anal-
ysed by light microscopy and biochemistry. Infection of fully
mature neurons with fowl plague virus (FPV) results in the
axonal delivery of haemagglutinin and its appearance into
detergent resistant glycolipid-rich complexes (DIGs), both
during passage through the secretory pathway and in the
plasma membrane. Infection with Semliki Forest virus (SFV)
leads to the dendritic delivery of the E2 glycoprotein to
the dendritic surface and its appearance in the detergent
soluble fraction. Thus, like in epithelial cells for apical sorting,
formation of DIGs appears involved in axonal sorting. We are
interested in determining whether lipid-protein interaction is
a physiologically utilized mechanism for axonal sorting, if it
is utilized by all or some of the axonally targeted proteins,
and whether or not DIG formation is involved during early
development for making a functionally operative axon.

The axonal sorting signal of amyloid
precursor protein (APP)
(P. Tienari)

APP is the precursor of the f3A4-amyloid peptide, the main
component of the amyloid plaques in the cortices of patients
affected by the neurodegenerative Alzheimer's disease. APP
is a membrane glycoprotein with a large N-terminal extra-
cytoplasmic domain and a short, 47-residue long, cytoplas-
mic tail. The cytoplasmic tails of all the isoforms are identical
in structure and have an NPXY endocytosis signal. This motif
is responsible for the basolateral targeting of holo-APP in
epithelial cells. A second basolateral sorting signal seems
to be present in the ecto/transmembrane domain. Because
of the relevance of this protein in neuronal physiology and
pathology we have studied the sorting and processing of
wild-type and different mutants of APP. We have determined
that the axonal sorting is in the protein ectodomain. We
are now investigating the mechanisms by which this sorting
sequence operates.



PLATE 6

The use of (caged)FITC-Tf reveals dendro-axonal transcytosis in cul-
tured hippocampal neurons. Neurons incubated with FITC(caged)-Tf
show no labelling after illumination with FITC wavelength (C). Illu-
mination of a small dendritic segment with UV uncages FITC and
Tf becomes visible, exclusively in the illuminated area (8). 30 min

after activation FITC-Tf is still in the dendrites and some vesicular
structures appear (0). 45 and 60 min after activation the ligand
is seen in the cell body (E) and also in the opposite process (F)

.

Local synthesis of proteins as a way of
generating/maintaining dendritic plasma
membrane specialization
(C. Bagni)

RNA is transported into dendrites but not into axons. More-
over, several mRNAs of dendritic-specific proteins have been
identified in dendrites. These results show that dendrites may
have the ability to synthesize proteins. As a first attempt to
characterize this membrane pathway we have established a
system for the isolation of pure dendritic mRNA. The purity of
our preparation was confirmed using stringent PCR criteria
(Le. absence of cell body messengers and enrichment in
dendritic messengers). This tool should allow us to deter-
mine in the future what type of proteins are synthesized in
dendrites and whether local synthesis of protein contributes
to the generation or maintenance of the dendritic plasma
membrane and/or the different subdomains.

Neuronal transcytosis of transferrin
(A. Hemar)

We have determined that labelled transferrin added to fully
mature hippocampal neurons changes the intracellular dis-
tribution of its receptor: from preferentially dendritic shortly
after addition to dendritic and axonal at longer times. This
transcellular, transcytotic, change was confirmed by video
microscopy and biochemically. Incubation of living neurons
with (caged)FITC-transferrin followed by uncaging in the den-
drites results in the appearance of fluorescence in the axon
of the same cell (see Plate 6). In "chambered" sympathetic
neurons in culture 1251-Tf or iron as 55Fe-Tf added to the cell
body/dendrite chamber are recovered in the axonal chamber.
Finally, we show that activation of excitatory neurotransmitter
receptors increases transferrin receptor transcytosis. These
results provide the first characterization of the neuronal
transcytotic pathway for a physiological ligand and show
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that changes in postsynaptic membrane potential regulate
intracellular membrane traffic. We are now interested in the
identification of transcytotic specific molecules to determine
the physiological role of this pathway in neuronal maturation
and/or survival.

Identification of transcytotic-specific molecules
(A. Cid-Arregui)

We have performed a series of experiments using HRP and
35S-methionine co-injected in the vitreous humor of rateyes
as a tool to analyse the protein composition of dendroaxonal
transcytotic carriers. At 6 h post injection HRP was evident
in the optic nerves. Nerve crushing increases the amount of
HRP at the proximal nerve sites. These results show that
HRP moved anterogradely by a transcytotic mechanism. By
differential centrifugation in sucrose gradients we observed
that both radioactivity and HRP peaked at the buoyant
density of membrane carriers and the enclosed HRP activity
was resistant to proteinase K treatment. That the HRP-rich
fraction in the optic nerve contained membranous organelles
was confirmed by negative staining and electron microscopy.
These results indicate that HRP injected into the retina is in-
side membrane organelles derived from endocytic structures.
We are now planning to use differential centrifugation and
2D-SDS PAGE to separate the HRP-containing vesicles from
those HRP-free and thus determine their peptide pattern.
This would allow us the identification of transcytotic-specific
proteins and thus study their involvement in neuronal physi-
ology.

The neuronal endocytic pathway
during axo.nogenesis
(M. de Hoop)

The aim is to analyse the changes in plasma membrane
retrieval that occur during axon formation. Internalization of
labelled transferrin for 5 min to label the early endocytic
compartments results in the exclusive cell body labelling of
stage 3 neurons whereas in stage 5 neurons the cell body
and the dendrites are labelled. Longer internalization times of
Tf to label the "recycling" compartment also reveals develop-
mental differences. Tf clustering occurs in a apparently single
and large compartment located in one pole of the cell body
of stage 3 neurons and in diffuse and small compartments in
the cell body and dendrites of stage 5 neurons. Accordingly,
two small GTPases involved in endocytic "recycling", rab 11
and rab 17, change in distribution during differentiation. The
next step will involve the analysis of the balance between
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exocytosis and endocytosis both during axonogenesis and
after synaptic contacts have been finally established.
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Genetic and molecular analysis of the microtubule organising centres in Drosophila melanogaster
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Introduction

Research in our laboratory is directed towards the char-
acterization of the elements that build up and control the
function of the microtubule organizing centres (MTOCs) in
higher eukaryotes. Our work is largely based on Drosophila
melanogaster because it provides a good eukaryotic model
for cell biology studies, is an excellent system for genetic
analysis, and is amenable to molecular biology and cytologi-
cal techniques (Ripoll et al., 1987; Gonzalez &Glover, 1993).

The main MTOC in proliferating cells is the centrosome,
the subcellular organelle responsible for the organisation of
the interphase microtubular network and the mitotic spindle.
Indeed, the bipolar nature of the spindle itself, which provides
the physical basis for chromosome segregation, is dependent
upon the duplication and segregation of the centrosome. But
MTOCs are not restricted to proliferating cells. Terminally
differentiated cells also have complex microtubular networks,
which play a major role in the differentiation process, and
which are organized by MTOCs. These MTOCs, although
morphologically different from classical centrosomes shear
many features in common with them (Glover et al., 1993).

Our long-term goal is the identification and characterization
of the gene products which are required for the function of
the different MTOCs found in Drosophila. At the moment,
we are focusing our efforts in three projects: the molecular
and genetic analysis of y-tubulin, the identification of new
centrosomal components, and the development of a protocol
to carry out primary cultures of Drosophila cells.

Molecular and genetic analysis of the
Drosophila ,·tubulin isoforms

y-tubulin is a highly conserved member of the tubulin su-
perfamily that is mainly found in MTOCs where it plays
a major role in microtubule polymerisation. There are two
y-tubulin genes in Drosophila which encode very similar
polypeptides, but show very different patterns of expression.

These observations open the questions of whether these two
gene products are functionally compatible and why they have
evolved such different developmental regulation.

We are addressing these points by performing a molecular
and genetic analysis of the Drosophila y-tubulin genes. First,
we showed that the polypeptide encoded by the y-tubulin
gene located in 23C is essentially ubiquitous and provides
an essential function required for microtubule stability as well
as for proper centrosome structure (Sunkel etal., 1995). Last
year, we identified a series of mutants of the 37C isoform
and carried out a cytological and molecular characterization
of this gene. The expression of this isoform is restricted
to ovaries and early embryos, where most of the protein
is associated with the centrosomes. The loss of function
of this gene results in female sterility and has no effect
on viability or male fertility. Early stages of oogenesis are
unaffected by mutations in this gene, but the female meiotic
spindle is extremely disrupted. Nuclear proliferation within
the eggs laid by mutant females is also impaired. Thus, the
expression of the 37C y-tubulin isoform seems to be under
strict developmental regulation and its function appears to be
essential for the organization of the anastral female meiotic
spindle and the early-embryo mitotic spindles of Drosophila
(Tavosanis et al., 1997).

We are also addressing the problem the functional diver-
gence between the two y-tubulin isoforms by promoter swap-
ping experiments. We are now recovering the first transgenic
flies carrying constructs in which the coding and regulatory
regions of these two genes have been swapped. In these
flies, each of the y-tubulin geneswill be ectopically expressed
to mimic the pattern of the other one. These constructs will be
tested shortly to determine whether they are able to rescue
mutants on each y-tubulin isoform. The results from these
experimentswill determine the extent to which these isoforms
can substitute each other.

At the same time we are characterizing the functional do-
mains within these proteins which are involved in their target-
ing to the centrosome, centrosome structure and microtubule
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polymerization. To this aim, we have produced a series of
GFP- and MYC-tagged derivatives of full-length as well as
deleted versions of the two y-tubulin genes. These are now
being expressed in transgenic flies and tissue culture cells
to study their subcellular localization and their effects upon
centrosome structure and microtubule organization. The
GFP-tagged derivativeswhich show centrosomallocalisation
will also be used to generate lines carrying green fluorescent
centrosomes. These will allow us to follow the behaviour of
this organelle during cell division and differentiation, by real-
time video microscopy applying recently developed imaging
techniques (Feiguin et al., 1996).

Searching for other components of
the Drosophila centrosome.

So far, only a few components of this highly complex or-
ganelle have been identified, hence the need to search for
new gene products required for centrosome function. To this
aim, we are following complementary approaches based on
genetic analysis and molecular biology techniques.

The first approach consists on the identification of new
mutants in which centrosome function is disrupted. Last
year we screened a collection of P-element-induced mutants
(made in Anne Ephrussi's laboratory, at EMBL) and identified
a number of them which may affect genes required for
centrosome function. The genomic regions flanking the point
of insertion of the P-element of some of these genes have
been cloned and sequenced. We now plan to perform a
detailed cytological analysis of the mutant phenotypes by
confocal microscopy, following immunostaining with different
antibodies against centrosomal components.

The second approach that we are using to identify new cen-
trosomal components takes advantage of the high degree of
evolutionary conservation shown by some of the centrosomal
genes that have been previously characterized. This is the
case of centrin and pericentrin, two centrosomal markers
which have been shown to have homologues in very distant
organisms. We are now carrying out different molecular
screenings based on both, DNA hybridization and antibody
cross-reaction to identify the Drosophila melanogaster ho-
mologues of some of these genes. In the long run, this will
allow us to replace the Drosophila gene with engineered
versions of the vertebrate counterpart, thus opening the way
for refined functional in vivo assays of proteins isolated from
systems less amenable than Drosophila to genetic analysis.

Primary cultures of Drosophila cells

We have recently defined the conditions to reproduce in vitro
the process of neurogenesis, as it occurs in living Drosophila
larvae, from neuroblast to ganglion cells (in collaboration
with Carlos Dotti, EMBL). We are particularly interested in
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this system because it provides one of the best examples
of the involvement of the centrosome in the establishment
of cell fate. We hope that, by reproducing it in vitro we
will be able to carry out the cytological characterization of
this process under optirnal resolution conditions. Moreover,
by studying primary cultures established from a variety of
mutant Drosophila stocks, we expect to be able to determine
the role of each of these genes in this process. We have
already carried out real-time video microscopy of proliferating
Drosophila neuroblasts cultured in vitro and observed that
the pattern of division of these cells reproduces faithfully
what was known from fixed in toto studies. The combina-
tion of this protocol with the lines which carry GFP-tagged
'centrosomes will add a new dimension to the studies of
the behaviour of this organelle in the process of neuronal
differentiation.
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Mechanism and regulation of steady state distributions of proteins along the exocytic pathway
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Introduction

Genetic and biochemical dissection of protein transport in
the exocytic pathway has yielded a model whereby cargo is
concentrated at particular sites in the endoplasmic reticulum
(ER), incorporated into budding vesicles and delivered to
the Golgi apparatus for further transport. Parallel to this
anterograde transport, an opposite current recycle molecules
to exit sites of the ER or to the cis Golgi for another
round of transport. This constant recycling is needed to
maintain an equilibrium of proteins as well as lipids needed
to carry out various functions of the exocytic pathway. Since
the most important tasks are to bring forward cargo and,
where appropriate, to modify this through post-translational
modifications, asymmetry is needed to enable directionality
whilst maintaining the equilibrium of recycling. The goal
of our group is to understand how this is achieved, in
mechanistic terms. Different approaches, all focusing on
retrograde transport, have been undertaken and these are:

(1) Determining factors which directly or indirectly influence
incorporation of recycling proteins into retrograde trans-
port vesicles.

(2) Determining cellular components which mediate retro-
grade transport. These include coat components, coat
binding components as well as motor proteins.

(3) Dissection of retrograde transport in living cells using the
green fluorescence protein.

Reconstitution of COP I coated vesicle formation from
purified Golgi membranes, in vitro is usually accomplished
by arresting the uncoating of generated vesicles with the GTP
analogue, GTPyS. Although there are many advantages with
such a procedure, there is a risk in causing pleiotropic effects
through inactivation of GTP hydrolysing proteins in general.
Most importantly, the relative incorporation of recycling pro-
teins under GTPyS conditions may not reflect those taking
place in vivo. To minimize this risk, we are establishing
budding of COP I vesicles, in vitro, from rat liver Golgi
membranes using only those components which are required
for generation of vesicles (e.g. coatomer and Art). Formed

vesicles are then isolated on sucrose gradients and analysed
for either their content (by 20 gel electrophoresis) or their
morphology (by cryo-electron microscopy, in collaboration
with Steven Fuller, Biological Structures). This system offers
the possibility of manipulating factors influencing COP I
budding as well as relative incorporation of recycling proteins.
By fusing liposomes loaded with lumenal factors (e.g. caged
calcium) to isolated stacks, effects on budding and content of
COP I vesicles can be monitored. This relies on the hypoth-
esis put forward that local milieu drives the incorporation of
particular proteins into budding transport vesicles (e.g. COP I
coated vesicles).

Identification of coat and coat binding components
and elucidation of mechanisms determining
steady state distributions of Golgi proteins

In order for COP coated vesicles to form, coat complexes
need to be recruited from the cytosol. This is aided by small
GTPases and require particular coat receptors, at least in
the case for COP I. Small membrane proteins of a growing
family of type I mediate this event and we have identified
5 human members and have characterized. them in terms
of their intracellular distributions as well as their ability to
recruit COP I and II, in vitro. All five members show a high
propensity to oligomerize and reside, at steady state, in the
ERGIC. Two of the members bind COP I strongly in what
appears to be a K(X)KXX restricted manner. This signal,
present on proteins retrieved from the Golgi to the ER, has
been shown to bind COP I. One, but not both, bind the COP II
component, Sec23, strongly as does a third member. This
ability to bind both COPs allows for a sequential recruitment
of the two coats raising the question how this is regulated.
In addition to coat-recruitment, these proteins are suggested
to bind cargo and incorporate this into transport vesicles.
In the case of COP II, ER derived cargo is concentrated
into COP II vesicles and we believe that this cargo is
pre-condensed in the same manner as recycling proteins
would be prior to entering retrograde transport vesicles. Such
pre-condensation is suggested to be the general mechanism
which precedes any vesicular transport step in the cell.
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PLATE 7

Since retrograde transport vesicles incorporate recycling
Golgi proteins such as the KDEL receptor and presumably,
Golgi resident glycosylation enzymes, it is possible to test
predictions born out from an ability to pre-condense and to
be captured. As mentioned above, all five members of the
coat binding proteins are highly oligomeric and it is likely that
this is the key to their function. Changes in their oligomeric
capacities should alter their ability to recruit and form vesicles
and as a consequence change the steady state distribution
of recycling Golgi proteins within the exocytic pathway.

This requires a detailed study of steady state distributions
of Golgi proteins at the ultra-structural level. To enable this,
methods have been developed to rapidly and accurately de-
termine steady state distributions of glycosylation enzymes
using computer aided stereology of gold particle distributions
on polarized Golgi stacks. This has yielded important insights
such as the fact that Golgi enzymes form gradients across
the stack which is fully compatible with that their steady
state distribution is determined, at least in part, by constant
recycling.

Elucidation of the retrograde transport pathway
using the green fluorescence protein in living
cells, role of motor proteins

By fusing N-terminal portions of Golgi proteins to the green
fluorescence proteins and express them stably in HeLa cells,
we are examining the retrograde movement of Golgi enzymes
by video microscopy. This method allows for manipulation of
the pathway through different means. For example, by block-
ing anterograde transport, ensuing retrograde transport can
be dissected in molecular terms. The former is best achieved
by inhibiting the function of dynactin by over-expression of
one of its components, p50. This results in a complete block in
minus directed movement and, as a consequence, redistribu-
tion of the Golgi complex to peripheral elements. This allows
us to examine, specifically, the action of Golgi-associated
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plus-ended motor proteins, which are likely candidates in
retrograde transport. Moreover, proteins such as Rab 6,
known to highlight retrograde transport are complementary
tools in these studies.
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A key mechanism in the virulence of any cellular pathogen
is its ability to move from one cell to another to facilitate
the spread of infection. The role of the host cytoskeleton in
the intra and inter-cellular movement of pathogens is poorly
understood. We are interested in viral-actin interactions and
in particular the role of actin cytoskeleton during the life cycle
of vaccinia virus.

During the initial stages of vaccinia infection, a large pro-
portion of cellular actin filaments disappear (Meyer et al.,
1981). These changes are virallY induced, as inhibition of
viral protein synthesis prevents actin filament loss (Meyer
et al., 1981). Three to four hours after infection, viral as-
sembly occurs in specialized regions, called factories, that
are anchored specifically to the actin cytoskeleton (Hiller et
al., 1981). In latter stages of the infection cycle, there is a
viral-induced assembly of large actin bundles and specialized
microvilli at the cell surface (Stokes, 1976; Hiller et al., 1979).
In collaboration with the group of Gareth Griffiths at EMBL
we have rexamined the relationship between vaccinia virus
and the actin cytoskeleton (Cudmore et al., 1995). Using a
combination of mutant and drug studies we have shown that
the intracellular enveloped form of vaccinia virus is capable
of inducing actin tails that are strikingly similar to those
seen in Listeria, Shigella and Rickettsia infections. Analysis
in the video microscope reveals that single viral particles
are propelled in vivo on the tip of actin tails, at a speed of
2.8 J-Lm/min. Upon contact with the cell surface virus particles
extend outwards on actin projections at a similar rate, to
contact and infect neighbouring cells. Given the similarities
between the motility of vaccinia virus and bacterial pathogens
we suggest that intra-cellular pathogens have developed a

, common mechanism to exploit the actin cytoskeleton as a
means to facilitate their cell to cell spread.

Vaccinia virus a model system for
actin-membrane interactions (S. Cudmore, I. Reckmann,
G. Griffiths &M. Way)

As a first step to understand how vaccinia actin tails are
formed, we have examined the structure vaccinia actin tails
in detail and determined their site of assembly. Actin filaments
are organized so they splay out at up to 45° from the centre of
the tail and show unidirectional polarity with their fast growing
ends pointing towards the surface of the virus particle.
Rhodamine-actin incorporation experiments show that the
first stage of tail assembly involves a polarized recruitment
of monomeric actin, and not pre-formed filaments, to the
membrane surrounding the virion. Actin incorporation only
occurs at the viral surface, suggesting filament ends in the tail
are blocked against further actin addition. As virus particles
fuse with the plasma membrane during the extention of
projections, actin nucleation sites previously in the viral
membrane now become localized to the plasma membrane,
where they are able nucleate actin polymerization in a
manner analogous to the leading edge of motile cells. It is
clear from our studies that vaccinia virus provides a model
system to dissect actin-membrane interactions both within
and at the leading edge of cells.

Abasic actin binding protein in vaccinia (I. Reckmann, S.
Higley & M. Way)

Earlier work identified an 11 kDa viral protein that was
capable of association with the actin cytoskeleton when viral
assembly was inhibited (Hiller & Weber, 1992). We have
shown that p11 is localized to vaccinia induced actin tails and
is also capable of association with the actin cytoskeleton, in
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PLATE 8

This plate shows the actin cytoskeleton of a HeLa cell 8 hours after
infection with vaccinia virus. All stress fibres are gone and actin has
been assembled into numerous actin tails by the virus.

the absence of additional viral proteins, when expressed in
uninfected cells. Through transfection of deletion constructs
and in vitro peptide actin binding assays we have localized
the actin binding site of p11 to a basic region in the N-terminal
half of the molecule. Using the recombinant vaccinia strain
vR011 k, we have shown that although p11 binds actin it
plays no part in actin tail formation. Our studies with p11
highlight the difficulty in discriminating functional actin bind-
ing proteins from those that associate by virtue of their basic
nature.

An iActA homologue in vaccinia? (S. Higley & M. Way)

The bacterial surface protein iActA of Listeria ivanovii is
responsible for recruiting host factors required to induce
actin tails by this pathogenic bacterium (Gouin et al., 1995;
Gerstel et al., 1996). The sequence of iActA contains seven
copies of a proline-rich repeat of 47 amino-acids that plays
a critical role in initiating actin tail assembly (Gouin et al.,
1995; Gerstel et al., 1996). Analysis of the vaccinia genome
shows that the 65 amino-acid residue F8L vaccinia protein
has 38% identity and 53% similarity to the proline rich repeat
of iActA (Gouin et al., 1995). We have raised antibodies
and generated a recombinant F8L knock-out vaccinia virus
to address whether F8L plays a role in the disassem-
bly of the actin cytoskeleton or actin tail formation during
infection.
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Role of actin binding and focal adhesion
proteins in actin tail formation
(S. Cudmore, I. Reckmann & M. Way)

The proteins responsible for actin tail assembly, ActA and
IcsA in the pathogenic bacterial systems Listeria and Shigella
respectively do not interact directly with actin but recruit
host cytoskeletal proteins which are then responsible for tail
formation (Higley &Way, 1997). To examine the role of host
proteins in vaccinia actin tail formation we have examined the
changes in localization of all the major host actin binding and
focal adhesion proteins during viral infection. These studies
.have identified a protein, p25, that is localized at the site of
actin tail assembly on the virus and is also recruited to focal
adhesions. We are currently characterizing p25 to examine
its role in vaccinia actin tail formation.
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Cell Regulation Programme

Introduction

The many different cell types of higher eukaryotes must
interact in a highly orchestrated fashion for the organism to
develop, to function, and to survive in a changing environ-
ment. To cornmunicate, cells must both transmit and receive
information, in a process called signal transduction. In the
recipient cell, this process involves the transmission of the
signal from the surface to the nucleus, along a number of
different pathways that can act in parallel or in series. In the
past few years our understanding of signal transduction has
dramatically expanded, leading to the delineation of a few
prototypic pathways. Typically the binding of a given growth
factor to a cognate cell surface receptor triggers specific
protein kinase cascades which relay the signal to the nu-
cleus, thereby modulating the activity of certain transcription
factors. These in turn ultimately control the expression of
particular sets of genes responsible for specific growth or
differentiation programmes.

Since the departure of the Drosophila geneticists Stephen
Cohen, Anne Ephrussi and Marek Mlodzik, to form the core of
the new Developmental Biology Programme, the emphasis of
the Programme (formerly called "Differentiation") has shifted
towards in vitro cultures of vertebrate cells, and whole or-
ganism studies, predominantly using mice. Broadly speaking
we are interested in understanding how key regulators,
such as components of signal transduction pathways and
transcription factors, control the delicate equilibrium between
cell growth, quiescence, differentiation and programmed cell
death. Some of the questions are: How is specificity achieved
within a given signal transduction pathway and how is the
intensity of a signal modulated? How are individual cell fates
determined during differentiation?How are tissue boundaries
defined during development? What are the roles of specific
growth factors and their receptors during embryogenesis and
organogenesis?

These questions are being addressed in a variety of model
organisms. For example, Rolf Zeller and colleagues are
investigating the role of fibroblast growth factor 2 isoforms
during mouse embryonic development and in specialized
cells of the adult kidney. Angel Nebreda and coworkers
are studying maturation of the frog oocyte to learn how
pathways relaying growth and differentiation signals intersect
with the cell-cycle machinery on the one hand and with
stress-activated pathways on the other. Dirk Bohmann's
group is exploring the question how diverse signals inte-
grate in the nucleus to modify the activity and stability of
key transcription factors, using both fruit fly genetics and
mammalian tissue culture systems. Giulio Superti-Furga
and colleagues are asking how the activity of cytoplasmic
tyrosine kinases, key enzymes in signal transduction, are
controlled, using the fission yeast model. To study the
establishment, maintenance and function of the complex
network of the mouse nervous system, ROdiger Klein's
laboratory inactivates by homologous recombination genes
coding for tyrosine kinase receptors and then analyses
the resulting phenotypes. Finally, the laboratory of Thomas
Graf is trying to understand the role of transcription fac-
tors in the decision of multipotent haematopoietic precur-
sors to differentiate into one cell type or another, and
how oncogenes can lock these cells in the proliferative
state.

Much of the excitement of the work in the Programme
stems from the realization that the same basic biological
principles are employed over and over in diverse settings
and organisms, and that the functions of key regulators is
highly conserved during evolution. The discovery of basic
principles in cell regulation might eventually result in finding
more intelligent approaches to cure diverse genetic diseases,
including cancer.
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Role of transcription factors in blood cell differentiation
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Diagram showing expression patterns of MEP21/thrombomucin and
c-kit antigens in haematopoietic cells. Cells surrounded by the solid
line express thrombomucin, those surrounded by the stippled line
c-kit.
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We found that MEP21 is indeed expressed not only on
thrombocytic, but also on erythroid, myeloid and eosinophilic
precursors of two day old embryos. Similarly, we found that
the antibody stained mono- and multipotent progenitors in
normal bone marrow. When compared with another well
established stem cell marker, the receptor tyrosine kinase
c-kit, we found that (a) c-kit is not expressed in primitive
haematopoietic cells and (b) in the definitive system, where
c-kit is expressed, the two antigens overlap in erythroid and
multipotent progenitors but not in thrombocytic and myeloid
cells (Plate 9).

PLATE 9

In previous work we have generated a monoclonal antibody,
designated MEP21 , directed against the surface of the E26
transformed multipotent progenitors (MEPs, McNagny et a/.,
1992). This antibodydoes not react with cells belonging to the
lymphoid, erythroid, myeloid and eosinophilic lineages but
with thrombocytes (the avian equivalents of platelets). Using
an immunoaffinity technique we obtained 0.5 pg of pure
protein from which Andrej Shevchenko and Matthias Mann
at EMBL derived several peptide sequences by nano-spray
mass spectroscopy. We have now cloned the gene encoding
the antigen. by PCR and found it to encode a 54 kDa protein
of mucin-like structure, which we call thrombomucin.

Thrombomucin: a protein expressed on the
surface of thrombocytes and multipotent
haematopoietic progenitors
(K. McNagny & I. Pettersson)

The expression of thrombomucin by transformed multipotent
progenitors raised the possibility that it is also expressed on
the surface of the corresponding normal cells. We therefore
performed a detailed expression study of the antigen during
ontogeny of the haematopoietic system of the chicken. The
first blood cells arise in the blood islands of the yolk sac
surrounding the embryo at day one to two of development.
Later in ontogeny, at day three, a second wave of blood
cells originates in the embryo proper in a region close to
the aorta. The descendants of these "definitive" progenitors
populate the bone marrow of the adult animal. Accordingly,
we stained with anti MEP21 antibodies blood cells of both 2
day old embryos with their yolk sac and adult bone marrow.
The positively reacting cells were then sorted by FACS and
seeded in culture under conditions that yield single colonies.
These colonies were then classified according to the cell
types they contained.
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These results support the notion that cells transformed with
E26 leukemia virus are both functionally and phenotypically
equivalent to normal multipotent progenitors and identify a
novel stem cell marker of haematopoietic cells.

Role of C/ESP transcription factors in the
differentiation of transformed multipotent
haematopoietic progenitors
(C. Nerlov, E. Querfurth &G. Doderlein)

The MEP system can be used to study the role
of haematopoietic transcription factors in the commitment
process. The MEP system indeed faithfully reproduces the
expression of transcription factors of the C/EBP and GATA
family in normal haematopoiesis. Thus, our earlier work
showed that GATA-1 is expressed in MEPs, erythrocytes,
thrombocytes and eosinophils but not in myelomonocytic
cells. Conversely, both the a and f3 isoforms of C/EBP are
expressed in the myelomonocytic and eosinophil compart-
ments but neither in MEPs nor in thrombocytic and erythroid
cells (MOiler et al., 1995; C. Nerlov&T. Graf, unpublished). In
addition, a knock-out in mice of C/EBP a has recently been
shown to lead to the selective ablation of both neutrophil
granulocytes and of eosinophils (Zhang et al., 1997). In pre-
vious work we found that ectopic expression of an inducible
C/EBP f3 construct in an MEP cell line causes apoptosis and
differentiation into eosinophils (MOiler et al., 1995). To further
investigate the influence of C/EBPs in differentiation we have
now ectopically expressed either constitutive or inducible
variants of C/EBP proteins in primary MEPs by means of
recombinant E26 derivatives.

To ectopically express C/EBP in MEPs we first constructed
an E26-based retroviral vector co-expressing a C/EBP f3-
estrogen receptor (ER) fusion protein. This construct was
then used to infect yolk sac cells under clonal conditions,
allowing the isolation and expansion of individual transformed
MEP clones. Addition of estradiol to these MEP clones (a
treatment that activates C/EBP as a transcription factor)
induced their differentiation along both the eosinophil and
myelomonocytic lineage.

To determine whether the transactivation potential of C/EBP
plays a role in the induction of differentiation we next
constructed an E26-based vector expressing C/EBP f3
with a severely decreased transactivation capacity (D36N)
and another vector co-expressing C/EBP a, a stronger
transactivator than C/EBP f3. These virus constructs were
used to infect primary yolk sac cells and the proportion
of myelomonocytic and eosinophilic cells present in the
mass-transformed population determined 10 days later. With
no ectopic C/EBP expression (that is, with wild-type E26)
the transformed cell population consisted of approximately
50% each of MEPs and of myeloblasts (the latter arise by
"spontaneous" differentiation from MEPs). In contrast cells
transformed with E26 co-expressing C/EBP a consisted
almost exclusively of eosinophils while populations trans-
formed with E26 constructs co-expressing transactivators
of intermediate strength (C/EBP f3 and D36N) contained
significant proportions of eosinophilic cells in addition to
MEPs and myeloblasts. These results show that C/EBP

a induces predominantly eosinophil differentiation and that
more weakly transactivating forms do so less efficiently.

We also found that while eosinophils obtained from MEPs
with either E26-C/EBP a orE26-C/EBP f3 viruses are capable
of maturation (as determined by their expression of EOS47
antigen and peroxidase positive granules), eosinophils trans-
formed by D63N are not (they only express the early marker
EOS47). This suggests that the DNA binding domain of
C/EBP is sufficient to activate genes required for commitment
of MEPs into the eosinophilic lineage. In support of this
possibility is the finding that in cotransfection experiments
. C/EBP a and f3 can activate both the EOS47 gene promoter
and the mim-1 gene promoter (which is active late during
eosinophil differentiation), while C/EBP f3 D63N can activate
the early EOS47 but not the late mim-1 promoter.

Our results indicate that C/EBPs play different roles during
eosinophil differentiation, presumably because they cooper-
ate with different transcription factors on early and late type
gene promoters. These cooperations are likely to involve both
protein-protein and protein-DNA interactions.

MafS: a transcription factor with dual
roles during haematopoietic differentiation
(M. Sieweke, L. Kelly, H. Tekotte &U. Jarosch)

In previous work (Sieweke et al., 1996) we have identified
the bZip transcription factor MafB as a direct interaction
partner of c-Ets-1 , using a yeast one hybrid assay developed
in the laboratory. This factor inhibits the transactivation ca-
pacity of c-Ets-1 on the transferrin receptor promoter and
also represses the high endogenous levels of transferrin
receptor expression driven by c-Ets-1 in erythroid cells.
Consistent with the known requirement of high levels of
transferrin receptor for haemoglobin synthesis and erythroid
differentiation, ectopic expression of MafB in erythroblasts
blocks their differentiation without abrogating growth. Within
the haematopoietic system MafB expression is restricted
to the myelomonocytic lineage, with low levels in immature
myeloid cells and high levels in differentiated macrophages,
cell types that express low levels of transferrin receptor.
The observed inverse correlation between the expression
of MafB and that of the transferrin receptor suggests that
MafB prevents inappropriate erythroid gene expression in
the myeloid lineage.

To test whether MafB exerts a positive regulatory function
in the myelomonocytic lineage we have now introduced the
gene into an E26-based vector containing a temperature-
sensitive (ts) mutation in the v-myb gene. Myeloid cells
transformed by the ts mutant can be induced to differentiate
into mature macrophages within 4 days (see, for example,
Frampton et al., 1996). Mutant transformed myeloblasts that
constitutively expressed high levels of MafB were indistin-
guishable from control ts myeloblasts, showing that MafB
cannot override the block of maturation imposed by the
v-myb oncogene. However, when the ts E26-mafB cells were
shifted to the non-permissive temperature they acquired a
macrophage morphology already within 2 days, showing
that the factor can accelerate myeloid maturation. This
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observation could be quantified by monitoring the kinetics
of phagocytosis, release of nitrous oxide in response to
endotoxin (LPS) and the expression of cell surface antigens
characteristic of late stages of myeloid differentiation.

Our observations suggest that MafB acts as a dual function
selector gene for haematopoieticdifferentiation by preventing
inappropriate erythroid gene expression on the one hand and
by inducing the expression of genes required for macrophage
differentiation on the other.

Direct interaction of c-Ets-1 with USF-1
and synergism on the HIV-1 promoter
(M. Sieweke &H. Tekotte)

Another protein identified as a direct interaction partner of
c-Ets-1 in the one-hybrid screen is the bHLHZip transcription
factor USF-1. The two proteins interact not only in yeast,
but also in solution as determined by GST pulldown ex-
periments in vitro and by antibody coprecipitation. USF-1
and Ets-1 interact through their respective DNA binding
domains and, although these domains are highly conserved,
the interaction is highly selective for the two bHLHZip and
Ets family proteins. A literature search for biological sys-
tems where this interaction might be biologically relevant
identified a sequence within the distal region of the HIV-1
LTR promoter/enhancer. This region harbors two juxtaposed
E box and Ets consensus binding sites and had been shown
by others to be important for the capacity of the virus to
replicate in T-cells. In addition, T-cells are known to express
both USF-1 and Ets-1 transcription factors at high levels.

We now found that USF-1 and c-Ets-1 bind to this DNA
element in a synergistic fashion. we also found that they

in the transactivation of a reporter construct driven
by the distal LTR element and that mutations of the two
potential binding sites dramatically reduce the reporter ac-
tivity in T-cells. Moreover, a dominant negative Ets-1 mutant
consisting essentially of the DNA binding domain of the
molecule inhibits both USF-1 mediated transactivation and
the activity of the HIV-1 LTR in T-cells. This inhibition also
works in the absence of Ets DNA binding sites within the
reporter element but requires an intact Ets binding surface
on USF-1, indicating that the dominant negative mutant
acts by interrupting the interaction with Ets-1 and that this
interruption is vital for the function of USF-1 on this enhancer
element.

Our results highlight the importance of direct protein/protein
interactions between different classes of transcription factors
for gene regulation. They also suggest that the interac-
tion between Ets-1 and USF-1 is important for full HIV-1
LTR activity and predict that viral replication in T-cells can
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be inhibited by abolishing the interaction between the two
factors.
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Despite of more than a decade of intensive and tremendously
fruitful research on the topic, we are still far from a com-
prehensive understanding of how multi-cellular organisms
regulate their genes. A detailed knowledge of the underlying
mechanisms would not only significantly further our insight
into many aspects of biology, it might also help us to un-
derstand and eventually counteract pathological aberrations,
as in cancer and numerous other diseases. A particularly
important question in this regard is how the cell integrates
extracellular and genetic information to very specifically direct
a program of gene activity that is suitable for its biological
context, i.e.. the organism and its environment. The ability
of cells to respond to external signals with changes of gene
expression is fundamental to almost every aspect of multi
cellular life. Processes like cell differentiation, proliferation,
and morphogenesis are all governed by extracellular stimuli.
Such stimuli act by triggering signal transduction cascades
in the recipient cell. The nuclear components of these signal
transduction pathways are transcription factors which can
be turned on or off in response to signal reception and
thus result in the up- or down-regulation of specific sets of
target genes. In this manner, signal-responsive transcription
factors form the interface between environmental and genetic
information. The interests of our group revolve around such
inducible transcription factors, their modes of action and
activation, and their role in the organism. c-Jun is a paradigm
for signal-responsive transcription factors. Research on Jun
has yielded much information about signal transduction
processes that can elicit signal-induced changes of gene
expression. A lot has been learnt for example about the
activation of Jun in response to stress and growth signals,
where c-Jun functions at the nuclear side of well-defined
signal transduction pathways. In spite of this wealth of
mechanistic information, we are still largely ignorant where
the function of Jun in complex biological processes such as
development or cancer is concerned. It can be assumed that
specific biological effects that Jun mediates in the organism
are the result of an interplay of many factors and regulatory

inputs. A molecular description of these more complex levels
of gene regulation will be invaluable for our understanding of
the function and development of the organism. Such a de-
scription can only be achieved by a multi-pronged approach
that combines biochemistry, molecular biology, and genetics.
We have undertaken such an approach to analyse specific
aspects of the biology of Jun.

The regulatory function of ubiquitin-dependent
protein degradation

Selective and regulated protein degradation processes play
an important, and increasingly recognized role in many
biological control processes, such as the regulation of cell
cycle progression, of gene transcription, of signal transduc-
tion etc. The ubiquitin-dependent proteolysis system plays a
prominent role in such processes. We have investigated the
regulation of Jun by this system. We showed that c-Jun is
multi-ubiquitinated in vivo and that this multi-ubiquitination
triggers its degradation. Interestingly, in v-Jun, the trans-
forming version of c-Jun, an essential ubiquitination signal
is deleted. Consequently, multi-ubiquitination of v-Jun in
vivo is strongly decreased and its half-life is increased in
comparison to c-Jun. This finding indicates that v-Jun might
escape a cellular control mechanism that operates on the
level of protein stability, potentially identifying a novel avenue
towards cell transformation. Interestingly, the biochemically
very similar JunO transcription factor is not a substrate for
ubiquitin-dependent protein degradation. This might con-
tribute to the biologically different effects of c-Jun and JunO
More recently, we investigated the question whether the
ubiquitination and thus the stability of c-Jun is regulated by
extracellular signals. We found that signal-induced phospho-
rylation by MAP kinase-type enzymes interferes with c-Jun
ubiquitination and counteracts the degradation of the protein.
In this way c-Jun seems to become transiently stabilized
in response to MAPK signalling. These results also offer
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new insight into cell transformation by oncogenes such as
ras. We could show that c-Jun's half-life is increased upon
ras transformation. This effect appears to be mediated by
persistent phosphorylation of c-Jun in transformed cells.

Drosophila development and Jun

It has long been suggested that Jun and its partner molecule
Fos are involved in the function and differentiation of neu-
rons. The developing eye of Drosophila melanogaster is an
excellent model system to sfudy neuronal differentiation pro-
cesses. In collaboration with MarekMlodzik we investigated a
potential participation of Jun in the process. Indeed, Jun was
found to be expressed in those cells of the imaginal disc that
undergo neuronal differentiation to become photoreceptor
cells. Using transgenic flies that express dominant negative
and gain-of-function mutants it was shown that Jun acts
as a downstream effector of the Sevenless tyrosine kinase
which confers neuronal photoreceptor identity to imaginal
disc cells. Genetic studies showed that the Sevenless signal
is relayed to Jun by the Drosophila MAP kinase Rolled.
Through biochemical experiments we have established that
the activation of Drosophila Jun by Rolled involves a direct
phosphorylation of the transcription factor by the kinase on
three specific, evolutionary conserved residues. Our data
indicate that the phosphorylation of Jun by Rolled can trigger
neuronal differentiation in photoreceptor precursor cells of
the eye imaginal disc.

Taking advantage of the information and the genetic tools
gathered in the studies of Jun in Drosophilaeye development,
we have performed a genetic screen for modifiers of a
Jun-induced mutant eye phenotype. This screen has been
successful and led to the identification of a number of novel
genes that appear to interact with Jun during Drosophila
eye development. This project has been greatly aided by an
automated sequencing approach to identify candidate genes
in mutated genomic regions (collaboration with Vladimir
Benes and Wilhelm Ansorge).

A further project addressed the role of ubiquitin-dependent
protein degradation during Drosophila eye development.
These studies confirmed and extended previous studies on
mammalian Jun, as they indicate a regulatory function of Jun
degradation during photoreceptor induction and differentia-
tion.

Signal transduction proteins often participate in multiple
biological responses and are components of more than one
pathway. This appears to be true also for Drosophila Jun.
Recent studies in the laboratory indicate that Jun is, in
addition to its function in the eye, required for "dorsal closure"
a part of early embryogenesis in Drosophila. Interestingly,
in this developmental situation Jun seems to respond to
the JNK-type MAPK encoded by the gene basket. Future
studies in Drosophilawill hopefully shed light on the complex
regulatory network of which Jun is one component.
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Drosophila 14-3-3

14-3-3 proteins have been implicated in a number of differ-
ent signal transduction processes, in particular in the signal-
dependent activation of protein kinases. To begin a genetic
analysis of 14-3-3 function, the Drosophila melanogaster
D14-3-3s locus was analysAd and mutant alleles were
isolated. These studies documented that in a multicelluar or-
ganism 14-3-3 acts as a signalling component downstream
of Ras and upstream of Rat. In this context 14-3-3 appears
to involved in the regulation of both cell proliferation and of
cell differentiation.
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One of the major questions in embryonic development is how
cells become committed and develop into specialised cell
types. Undetermined embryonic cells acquire their identities
by responding to inducers, morphogens or direct cell-to-cell
signalling. We study the signalling cascades that control
embryonic development and have previously shown that
the nuclear Limb deformity (Ld) proteins are essential for
mediating epithelial-mesenchymal interactions during limb
patterning. Furthermore, genetic analysis of the FGF-2 sig-
nalling molecules reveals essential functions during pattern-
ing of the cerebral cortex. These developmental and genetic
studies are complemented by cell-biochemical approaches
to identify interacting proteins.

The nuclear Ld proteins mediate mesenchymal
signalling during limb pattern formation

We showed previously (Haramis et a/., 1995) that the Ld
gene products are essential to maintain the positive signalling
feedback loop between SHH and FGF-4, which controls
patterning of distal limb structures. An essential role for Ld
proteins in AER signalling was excluded by expression of
wt Ld proteins in /d mutant AERs using an Msx-promoter
element. Whereas proximal outgrowth was improved, the
SHH/FGF-4 feedback loop nor patterning of distal limb el-
ements were restored. Furthermore, grafting of /d mutant
posterior limb mesenchyme under a wild-type chicken AER
results in SHH expression, but does not restore polarising
activity. Kuhlmann &Niswander (1997) showed that wild-type
chicken limb mesenchyme is able to restore the SHH/FGF-4

feedback loop and patterning in combination with /d mutant
ectoderm. Taken together these studies show that the Ld
proteins fulfil an essential function in the mesenchyme and
act most likely downstream of SHH. To definitively place
the Ld proteins in the mesenchymal signalling cascade, we
have established a mouse limb bud culturing system. These
cultures enable us to graft cells expressing different signalling
molecules into the posterior limb mesenchyme and to study
possible rescue of FGF-4 expression in the /d mutant AER.
Duprez et a/. (1996) showed recently that the secondary
mesenchymal signal BMP-2 can induce FGF-4. Interestingly,
BMP-2 (but not the other BMPs) is absent during the inductive
period in /d mutant limb mesenchyme and our initial results
indeed indicate that the Ld proteins most likely are essential
for "relaying" the SHH signal to BMP-2.

Our cell-biochemical studies show that Ld proteins co-
localise and interact with Src family members at plasma
membranes. Specific interaction is mediated by the SH3
domain of Src tyrosine kinases and the proline-rich domain
in Ld proteins. As Src family tyrosine kinases have essential
functions in embryonic signal transduction, a direct molec-
ular interaction of Ld proteins with the signalling cascades
controlling limb pattern formation is likely. Furthermore, both
the renal agenesis phenotype associated with all /d alleles
and expression of Ld proteins during inductive processes
suggest general roles in mediating inductive signals. There-
fore, we have created a loss-of-function /d allele by ho-
mologous recombination. Germline transmission has been
obtained and phenotypic analysis of the /dKOallele has been
initiated.
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PLATE 10

The FGF·2 signalling molecule functions
during layer formation in the cerebral cortex

Genetic interaction of Xt (GIi3) and Ld gene products:
Positive and negative regulatory interactions
control establishment of limb polarity

restricted to the developing cerebral cortex, it is possible that
the FGF-2 deficiency is compensated by other FGF ligands
or the altFGF-2 isoform. Therefore, several genetic studies
addressing this issue have been initiated. For example, both
FGF-2 and FGF-6 are expressed in the myotomallineage, but
no muscle phenotypes are observed in single mutant mice.
Double mutant fgf-2/fgf-6 -deficient mice are generated to
study possible functional complementation between FGF-2
and FGF-6 (in collaboration with D. Birnbaum, University of
Marseille, France).

Nuclear FGF·2 proteins: Identification of the
signal and establishment of a culture system
mimicking regulated nuclear translocation

We have identified a glycine-arginine (GR) motif present
only in the two large isoforms, which directs their efficient
nuclear retention. Studies using cultured cells show that
FGF-2 isoforms containing such a GR motif cannot promote
paracrine stimulation of proliferation under serum starvation
conditions. In contrast the small FGF-2 isoform acts in a
paracrine fashion, signals through the FGF receptor and is
internalized and transported to the nucleus of the responding
cells by an unknown mechanism. Interestingly, we have
isolated K-glypican as a protein that specifically interacts
with FGF-2 (in collaboration with Matthias Mann, EMBL).
K-glypican belongs to the family of GPI anchored proteins
which suggest that it might be involved in internalization of
paracrine acting FGF's.

We have previously shown that FGF-2 proteins accumulate in
the nuclei of specific cell-typesduring embryogenesis (Dono
& Zeller, 1994). Three protein isoforms are synthesized by
alternate translation initiation.

In the developing kidney, FGF-2 proteins translocate to the
nuclei of podocytes as these cells become post-mitotic and
differentiate terminally (Dono & Zeller, 1994y. The studies
showed that nuclear translocation of FGF-2 proteins is highly
regulated in vivo but not in cultured fibroblasts, therefore
we have established a cellular system to study regulated
nuclear accumulation. Taking advantage of a transgenic
mouse line expressing an inducible tsT-antigen (Jat et al.,
1991), conditionally immortalised podocyte cell-lines were
established in collaboration with P. Mundel (University of
Heidelberg). Under non-permissive conditions, these cells
become post-mitotic and differentiate along the podocyte
lineage. Most importantly, whereas FGF-2 proteins are dis-
tributed homogeneously in proliferating cells (Plate 11 A),

In addition to the observed developmental defects, FGF-2-
.deficient mice show cardiovascular abnormalities (in collabo-
ration with H. Ehmke, University of Heidelberg). All homozy-
gous mice have a systemically lower blood pressure than
their wild-type littermate (average of 15 mm Hg hypotension).
However, they respond normally to induction of hypertension
by angiotensin-2, indicating that regulation of cardio-vascular
pressure in normal. Previous, non-genetic studies have im-
plicated FGF-2 in regulation of blood pressure, therefore we
are currently aiming to identify the primary cause of the
systemically reduced blood pressure.

XtIXt,lcllldIdlid

ftftJIJ
XtIXt

Analysis of Extratoes (Xt) mutations, which inactivate the
Gli3 zinc finger protein, suggests that the Gli3 gene products
are part of a mesenchymal cascade negatively regulating
SHH (Masuya et al., 1995) and evidence that SHH can
repress Gli3 has also been obtained (Marigo et al., 1996).
To genetically study possible regulation of SHH and limb
pattern formation by both positive (Ld) and negative (Gli3)
regulatory interactions, double homozygous Xt/ld embryos
were created. Analysis of double mutant limb buds (Plate 10)
indicates that low levels of SHH (and polarising activity) are
still detected in double homozygous limbs, but it is not always
properly positioned. Furthermore, some of the mesenchymal
SHH response genes such as Gli are not expressed in Xt/ld
double mutants (Plate 10). These results indicate that levels
and spatial positioning of SHH are controlled by positive
(Ld) and negative (GIi3) regulatory interactions. Truncations
of very proximal skeletal elements in Xt/ld double mutant
limbs indicates that Gli3 and Ld gene products interact before
establishment of the SHH domain (Plate 10).

We have inactivated the murine FGF-2 gene by homologous
recombination to study its essential functions during devel-
opment. Our previous studies of FGF-2 protein distribution
during embryogenesis led us to expect severe embryonic pat-
terning defects, but homozygous mice are born and display
no gross abnormalities. However, morphological analysis
revealed defects in the cerebral cortex of FGF-2-deficient
mice. In particular the number of pyramidal neurons is always
reduced at birth and the overall size of the rostal cortex
is smaller in most homozygous mice. These alterations of
rostral cortex architecture indicated a developmental defect
occurring during cortical layer formation. Indeed, preliminary
results show changes in specific molecular markers during
embryonic patterning of the cortical layers. BrdU incorpora-
tion studies indicate that proliferation of neuronal precursors
in the ventricular zone is normal. We are currently investigat-
ing if cell fate determination, migration or survival of neuronal
precursors are altered. As the embryonic phenotype seems
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they accumulate in the nuclei of differentiating, postmitotic
cultured podocytes (Plate 11 B). For the first time, a defined
cell culture system mimicking the observed regulated nuclear
translocation of FGF-2 proteins during embryogenesis has
been established and will be used to identify interacting
nuclear proteins and study the mysterious nuclear functions
of FGFs.
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At the cellular level, protein-tyrosine kinase receptors (RTKs)
are important components of the signal transduction ma-
chinery controlling cell growth, differentiation and survival.
Developing embryos require signalling by RTKs at almost
any phase of ontogeny, including gastrulation, patterning,
organogenesis and neurogenesis. Our studies focus on
the role of RTKs during the developing nervous system,
particularly their involvement in the regulation of neuronal cell
death and the formation of neuronal networks. During 1996,
the group has begun to explore the mechanisms of action of
these RTKs in vivo and we are beginning to correlate certain
biological functions with the binding and activation of specific
downstream RTK effector molecules.

The Trk family of neurotrophin receptors

During development of the vertebrate nervous system, many
peripheral neurons depend for their survival on neurotrophins
synthesized by the tissues that they innervate. The effects
of neurotrophins are mediated by the Trk family of receptor
tyrosine kinases (TrkAlB/C). Germline-targeted mice that are
deficient in either of the three Trk receptors have shown
that sensory neurons subserving different functions require
different Trk signalling pathways for their survival. In 1996,
we have further analysed the neurotrophin requirements of
the sensory neurons of the embryonic trigeminal ganglion. In
culture, trigeminal neurons switch from an early requirement
for BDNF and NT3, to becoming NGF-dependent. In collab-
oration with A. Davies (St. Andrews), we studied the timing
of neuronal death in the trigeminal ganglia of embryos that
were mutant for trkA, trkBand trkCgenes, which encode the
receptors for NGF, BDNF and NT3, respectively. Our results
demonstrated that TrkB signalling is required for the in vivo
survival of many trigeminal neurons during the early stages of
target field innervation before they become NGF-dependent.
Thus, the in vitro switch in neurotrophin responsiveness also
occurs in vivo (Pinon et al., 1996).
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In contrast to the peripheral nervous system, brains of mutant
mice do not show signs of major cell death, suggesting
that central neurons may have access to other neurotrophic
factors that can compensate for these deficiencies in vivo.
By generating mice that have reduced expression of two
different Trk receptors we could show that TrkB and TrkC
receptors cooperate in promoting survival of hippocampal
and cerebellar granule neurons. Kinetic analysis of neu-
ronal death in the hippocampus showed that dentate gyrus
neurons become dependent on TrkB and TrkC after the
period of naturally occurring cell death, indicating a role
of these receptors in supporting post-mitotic neurons. In
the cerebellum, TrkB and TrkC are specifically required for
premigratory granule neurons, whereas Purkinje cells were
found to be poorly differentiated, but showed no signs of
increased cell death. These results provided the first in
vivo evidence that neurotrophins are essential physiological
survival factors for some central neurons (Minichiello & Klein,
1996).

Eph-related receptor tyrosine kinases
and axon guidance

The family of Eph-related receptors and their cell sur-
face bound ligands have been implicated in a number of
developmental processes, including axon pathfinding and
fasciculation, as well as patterning in the central nervous
system. Using a combination of binding assays, receptor
autophosphorylation and mitogenic assays, we had shown
that Eph receptors could be subdivided into two subclasses:
those that interact with transmembrane (TM) and those that
interact with glycosylphosphatidylinositol (GPI)-anchored lig-
ands (Brambilla et al., 1995). We continued these studies in
1996 (collaboration with J.G. Flanagan) and showed that the
two TM ligands Lerk2 and Elf2 have common and specific
receptors within their subclass of Eph receptors, including
Cek5, Cek10, Elk and Myk1 (Brambilla et al., 1996). In



addition, binding studies using Eph receptor-alkaline phos-
phatase (AP) fusion proteins on cultured cortical neurons
suggested the presence of a novel TM ligand. Such detailed
ligand-receptor interaction studies will be important for the
design and interpretation of in vivo experiments, such as
loss-of-function studies in transgenic mice.

In a different set of experiments, we mapped the ligand
binding domain of Eph receptors to an N-terminal globular
domain of unknown structure. The same domain is used by
both subclasses of receptors to bind TM and GPI-anchored
ligands. Characterization of "structural elements involved in
ligand-receptor interactionswill allowmore fine-tuned genetic
experiments aimed at elucidating the mechanism of action of
these guidance molecules.

In addition, we have continued our genetic experiments in
the mouse to analyse the in vivo function of Eph-related
receptors. In collaboration with T. Pawson (Toronto) we
have analysed two different alleles of the gene encoding
the Nuk receptor. In mice lacking the Nuk receptor, the
majority ofaxons forming the posterior tract of the anterior
commissure migrate in an aberrant path to the floor of
the forebrain, resulting in a failure of cortical neurons to
link the two temporal lobes. These results indicated that
Nuk plays a critical and unique role in the pathfinding of
specific axons in the mammalian central nervous system.
Interestingly, mice expressing a Nuk-t3 gal fusion protein had
a normal anterior commissure, at least in certain genetic
backgrounds, indicating that Nuk has both kinase-dependent
and kinase-independentfunctions (Henkemeyer et al., 1996).
While mice deficient in Nuk exhibited defects in pathfinding
of anterior commissure axons, mice lacking Sek4 receptors
had defects in the second major forebrain axon bundle,
the corpus callosum. The phenotype in both axons tracts
was markedly more severe in sek4/nuk double mutants,
indicating that the two receptors act in a partially redun-
dant fashion. Whereas mice singly deficient in either Sek4
or Nuk were viable, sek4/nuk double mutant mice often
die perinatally, mostly due to a failure of palate closure.
Therefore, Sek4 and Nuk also have redundant functions in
the development of midline facial structures (Orioli et al.,
1996).

The analysis of sek4/nuk double mutants had revealed that
the receptors were expressed in the territories surrounding
the pathway followed by commissural axons and that the TM
ligands were expressed on commissural axons. Moreover,
TM ligands contain a number of conserved tyrosine residues
that may serve as docking sites for phosphotyrosine-binding
domains. We were able to show that these cytoplasmic
tyrosine residues become phosphorylated after contact of
the ligand ectodomain with the Nuk/Cek5 receptor, suggest-
ing that TM ligands have receptor-like intrinsic signalling
potential (collaboration with E.B. Pasquale, La Jolla). Fur-
thermore, the TM ligand Lerk2 is an in vivo substrate for the
platelet-derived growth factor (PDGF) receptor, suggesting
crosstalk between Lerk2 signalling and signalling cascades
activated by tyrosine kinases. These findings suggested
that TM ligands act not only as conventional ligands for
tyrosine kinase receptors, but also as receptor-like signalling
molecules.

Defects in neural and heart development in
mice lacking the ErbB4 neuregulin receptor

In collaboration with G. Lemke (Salk Institute), we had
demonstrated that ErbB4 is an essential in vivo regulator
of both cardiac muscle differentiation and axon guidance
in the hindbrain of the central nervous system (Gassmann
et al., 1995). Mice lacking ErbB4 die at embryonic stage
E10.5 from the aborted development of myocardial trabec-
ulae in the heart ventricle. This prevented the analysis of
the consequences of ErbB4 deficiency at later stages. We
have therefore introduced recognition (loxP) sites for the cre
-recombinase into the erbB4 locus to perform tissue-specific
and conditional targeting experiments. Mice carrying the
erbB4-loxP allele were crossed with transgenic mice ex-
pressing Cre under the promoter of the nestin gene, an early
marker of the neural cell lineage. erbB4-loxPmice expressing
the NesCre transgene showed complete removal of the
ErbB4 protein in brain, similar aberrant axon projections in
the hindbrain as the erbB4 null mice, but no heart defects,
indicating the successful tissue-specific ablation of ErbB4
function. A detailed analysis of these mice is ongoing.

An essential role for signalling by the
HGF/Met receptor in muscle development

Hepatocyte growth factor (HGF) elicits a variety of biological
responses in many different cell types, including proliferation,
survival, motility, and morphogenesis. These activities are
mediated by the Met receptor protein-tyrosine kinase. Acti-
vation of Met results in phosphorylation of carboxy-terminal
tyrosines, two of which were suggested to serve as multifunc-
tional docking sites for several SH2-containing effectors. To
determine the role of these docking sites for the function
of Met in vivo, we have generated, in collaboration with
C. Ponzetto (Torino, Italy), mice expressing Met receptor
signal transduction mutants within the endogenous met lo-
cus. Mutations of both tyrosine residues to phenyl-alanine
essentially mimicked the phenotype previously reported for
the null mutation, including embryonic lethality and lack of
migratory muscle cells. This demonstrated that these two
tyrosine residues are both necessary, and possibly sufficient
for Met receptor signalling. We next mutated one of the two
docking sites in such a way that the effector Grb2 was no
longer able to bind to Met and thereby caused a dramatic
reduction in HGF-induced Ras activation. This mutation was
viable and uncovered a previously unknown role for Met in the
development of secondary myoblasts (Maina et al., 1996).

Analysis of the developing peripheral nervous,system of met
mutant mice revealed an essential role for Met signalling
(independent of Grb2 binding) in terminal branching of inter-
costal nerves. The detailed analysis of HGF/Met function in
peripheral neuron differentiation is ongoing.

A role for Ras-GRF-dependent signalling in
the behavioral response to environmental stimuli

The neuronal-specific guanine nucleotide exchange factor,
Ras-GRF/CDC25Mm, activates Ras signalling in response
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to Ca2+ influx and activation of G-protein coupled receptors
implicating Ras-GRF-dependent signalling in neurotransmis-
sion and plasticity. In collaboration with E. Sturani (Milano,
Italy), we had generated mice lacking Ras-GRF. Homozy-
gous mutants show severe deficits in certain aspects of
learning and memory. Ras-GRF mutants do not learn to fear
and avoid aversive stimuli in classical Pavlovian tasks that
require the function of the amygdala. In contrast, Ras-GRF
mutants behave normally in spatial learning tasks like the
Morris water maze, a test known to require hippocam-
pal function. Consistent witt). apparent normal hippocampal
functions, Ras-GRF mutants show normal NMDA receptor-
dependent long-term potentiation. These results implicate
Ras-GRF-dependent signalling in the physiological response
to aversive stimuli (partly done in collaboration with H.-P. Lipp,
ZOrich; P. Chapman, Cardiff; S. Grant, Edinburgh).

Transgenic core facility

In 1996, the EMBL Transgenic Core Facility, headed by Anne
PIOck-Becklas, generated a number of new knockout and
transgenic mouse lines for groups in the Cell Regulation
and Gene Expression Programmes. In addition, new tech-
niqueswere established, including the generation of germline
chimeras by the morula aggregation technique and long-term
embryo freezing.
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We are interested in how protein kinases transduce the
signals initiated at the cell surface to intracellular targets
involved in cell regulation. As a biological system we are
mainly using Xenopus oocytes, which have proved to be
very useful for studying intracellular signalling and cell cycle
control. Xenopus oocytes are naturally arrested at the G2/M
border of first meiotic prophase. Incubation of the oocyte
with progesterone triggers the meiotic maturation, which
involves germinal vesicle breakdown (GVBD), chromosome
condensation and formation of the metaphase spindles.
The mature oocyte, also referred to as the egg, remains
arrested at metaphase of meiosis II until fertilisation. Pro-
tein phosphorylation is known to play a major role in the
maturation of frog oocytes, and some of the protein kinases
activated during oocyte maturation are also involved in so-
matic cell proliferation and differentiation. In contrast with
these processes, however, progesterone-induced matura-
tion is independent of transcription, but requires de novo
translation of specific maternal mRNAs stored in the oocyte.
The final steps in oocyte maturation involve the activation
of maturation-promoting factor (MPF), which initiates mitosis
by phosphorylating a wide variety of structural and regulatory
proteins.

Activation of pre-MPF

MPF is stored in Xenopus oocytes as an inactive complex
(pre-MPF) consisting of cyclin 8 and the p34cdc2 protein
kinase. The activation of pre-MPF requires dephosphoryla-
tion of p34cdc2 on Tyr15 and possibly also Thr14 by the
Cdc25C phosphatase, an event that probably requires both
the activation of the Cdc25C phosphatase and the inhibition
of the kinases such as Wee1 and Myt1 that phosphorylate
p34cdc2 on Tyr15 and Thr14. Wee1, Myt1 and Cdc25C all
become heavily phosphorylated during oocyte maturation,
although the enzyme(s) responsible for these phosphory-
lations remain to be identified. We have prepared fusion

PLATE 12

Meiotic maturation in Xenopus oocytes. Note the appearance of
a white spot in the animal pole of oocytes which have undergone
maturation.

proteins containing different regions of Cdc25C, Wee1 or
Myt1 and have used these proteins as substrates to analyse
Xenopus cell-free extracts fractionated by conventional chro-
matographic techniques. We have identified several peaks of
activity that phosphorylate the bacterially produced recom-
binant proteins and we are now attempting the purification
and characterisation of the corresponding protein kinases.
We are also using oocyte microinjection and concentrated
cell-free extracts to investigate the ability of known protein
kinases such as p34cdc2, MAP kinase and Polo to phospho-
rylate these substrates.
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The requirement for translation of
specific maternal mRNAs

Protein synthesis inhibitors block progesterone-induced mat-
uration of Xenopus oocytes. One of the proteins whose
translation from maternal mRNA is required for the activation
of pre-MPF and oocyte maturation is the Mos protein kinase.
We recently found that in addition to synthesis of Mos,
activation of free p34cdc2 by newly synthesized proteins
is also required for progesterone-induced oocyte maturation
(Nebreda et a/., 1995). We are interested in the identification
and characterization of novel proteins that, upon proges-
terone stimulation, are synthesized de novo from the pool of
maternal mRNAs stored in the oocytes. For this purpose we
have isolated polysome-bound mRNAs from untreated and
progesterone-stimulated oocytes and we are analysing these
mRNAs using PCR-based techniques and eDNA subtraction
protocols.

Role of the XMpk1 MAP kinase:
identification of novel substrates

Mos is an efficient activator of the XMpk1 MAP kinase,
via direct phosphorylation of the corresponding MAP kinase
kinase (Nebreda&Hunt, 1993; Nebreda et a/., 1993; Posada
et a/., 1993; Shibuya &Ruderman, 1993), and activation of
XMpk1 appears to be required for Mos to induce Xenopus
oocyte maturation (Kosako et a/., 1994). We are looking for
physiological substrates for XMpk1 in Xenopus oocytes. We
have screened a Xenopus oocyte eDNA library using the
yeast two-hybrid system, but so far we have failed to detect
XMpk1-interacting proteins using either wild-type or kinase
dead XMpk1 as a bait. To test the validity of this approach,
we tested in the yeast two-hybrid system proteins that are
known to be phosphorylated by XMpk1 in vitro. In these
experiments, we observed a strong interaction between
XMpk1 and p90rsk, whilst other XMpk1 substrates such as
Elk-1 or MAPKAP kinase 2 interact poorly with XMpk1 in
yeast. We conclude that in the yeast two hybrid system the
inactive and unphosphorylated XMpk1 form may not interact
well with some of its substrates. To bypass this problem, and
given that no constitutively active forms of MAP kinase have
been described yet, we plan to use as a bait various XMpk1
mutants, including for example the gain of function mutants
described in Drosophila and yeast MAP kinases. We have
also randomly mutagenised XMpk1 to select mutant proteins
that show an improved interaction with known substrates in
the yeast two-hybrid system. As an alternative to the yeast
two hybrid system, we have also established conditions to
phosphorylate XMpk1 substrates on nitrocellulose filters by
using in vitro activated XMpk1 and 32p-y-ATP, and we will
use this protocol to screen Xenopus oocyte eDNA expression
libraries for novel MAP kinase substrates.

We are also working on the characterization of the protein
kinase p90rsk which is a substrate for XMpk1 and is known
to form a complex with inactive XMpk1, but its function
during meiosis remains unknown. Two catalytic domains
have been identified in p90rsk, an N-terminal domain (01)
which is responsible for the phosphorylation of exogenous
substrates, and a C-terminal domain (02), whose function
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is not clear. We have prepared truncated forms of p90rsk
containing only either the 01 or the 02 catalytic domain and
we observed that only p90rsk-D2 can interact with and be
phosphorylated by XMpk1 . Furthermore, ectopic expression
in Xenopusoocytes of p90rsk-D2 but not p90rsk-D1 orthe full
length p90rsk can delay progesterone as well as Mos induced
meiotic maturation. To investigate how the p90rsk-D2 exerts
its inhibitory effect we have introduced several mutations both
in full length p90rsk and in p90rsk-D2 and we plan to study
the ability of these mutant proteins to interact with and be
phosphorylated by XMpk1 as well as their effect in meiotic
maturation.

The XMpk2 MAP kinase cascade

In the course of our studies on the role of MAP kinases in
Xenopus oocytes, we cloned a new MAP kinase that we refer
to as XMpk2 (Rouse et a/., 1994), which is 50% identical to
XMpk1. The mammalian homologue of XMpk2 (also known
as p38 or RK) is activated by stress and by cytokines, and lies
in a different signalling pathway to the "classical" XMpk1-like
MAP kinases (Rouse et a/., 1994). In collaboration with
Philip Cohen's laboratory (MRC, Dundee) we have cloned
SAPKK3 (also referred to as MKK6 by other groups), a MAP
kinase kinase family member which is the major activator of
XMpk2/p38 detected in extracts prepared from stress- and
cytokine-stimulated monocytes and epithelial cells (Cuenda
eta/., 1996). Bacterially produced SAPKK3 potently activates
XMpk2 but not XMpk1. We have also observed the specific
activation of XMpk2 by SAPKK3 upon ectopic expression of
both protein kinases in Xenopus oocytes. In spite of the very
low level of expression of the endogenous XMpk2 in Xenopus
oocytes, microinjection of SAPKK3 induces a significant
acceleration of progesterone induced oocyte maturation. We
are currently investigating the interplay between the XMpk1
and XMpk2 MAP kinases in Xenopus oocytes.

To complement the biochemical studies in Xenopus oocytes
we are also generating mutant mice deficient for the
p38/XMpk2 MAP kinase. This should allow us to test the
importance of this MAP kinase cascade for various cellular
responses.
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Regulation of the Src and Abl protein tyrosine kinases

Scientist: G. Superti-Furga

Postdoctoral fellows: D. Barila, Gonfloni*

Assistants: K. Jonsson*, M. Moro*

Tyrosine phosphorylation is a particular form of protein
phosphorylation because it is associated with key decisions
regarding the response of a cell to outside stimuli, like cell
growth after challenge by a growth factor. We think that
investigating the regulation of a chosen few prototypical
tyrosine kinases may serve as key to the understanding
of more complex tyrosine phosphorylation phenomena. We
have designed a basic approach using well-studied tyrosine
kinases in a functional assay in fission yeast, that lacks these
enzymes and their specific regulators and is amenable to
genetics. c-Src and c-Abl are ubiquitous in higher organism,
participate in a variety of cellular functions and have onco-
genic (deregulated) counterparts.

Src

Chicken c-Src is the first cellular protein tyrosine kinase
described and has been studied extensively over the years.
N-terminal of its catalytic domain, Src has a poorly con-
served domain termed "unique" and two small modular
domains capable of protein-protein interactions called SH2
and SH3 domain. Cellular c-Src is mainly regulated by
phosphorylation of a tyrosine residue at the end of the
catalytic domain (Tyr527). Phosphorylation of this residue
by the Csk tyrosine kinase represses the activity of Src.
Using an assay that we have developed in fission yeast,
Schizosaccharomycespombe, we have studied the structural
components of Src necessary for activity and regulation.
The SH2 and SH3 domains, but not the unique domain,
are indispensable to achieve proper regulation. We have
undertaken a detailed mutagenesis of regions of Src that
could participate in regulation by providing the cognate
binding sites for the SH3 and SH2 domains. At the same
time, Rik Wierenga and his collaborators Albert Weijland and
John Williams (Biological Structures Programme, EMBL),
have purified from S.pombe cells Src lacking the unique
domain and regulated by phosphorylation of Tyr527 in the
tail. Together, we have been able to show that regulated Src
in solution is monomeric. The crystal structure of regulated
Src recently obtained by the Wierenga laboratory and our
mutagenesis study have proceeded in a concerted fashion
in the last months and have come together to provide a
coherent picture of the molecular interactions involved in Src
regulation.
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Src regulation: structure-function
(with J. Williams, A. Weijland &R. Wierenga)

In the crystal structure of Src, the SH3 and SH2 domains
are located in the "back" of the catalytic domain (opposite
of the substrate and ATP-binding site, see Plate 13). The
"tail" containing the phosphorylated tyrosine residue (Tyr527)
reaches over to the SH2 domain and binds to it. The SH3
domain binds to the region linking the SH2 domain to the
catalytic domain in a three-partite sandwich involving the
small lobe of the catalytic domain. In this conformation,
inactivity of Src is dual: the catalytic activity is repressed by
displacement of residues important for catalysis and the SH2
and SH3 domains are unavailable for interactions with other
proteins. These multiple interactions suggest a cooperative
effect on regulation. We have identified mutations affecting
each of the involved surfaces (the tail and SH2 domain, the
SH3 domain, the SH2-catalytic domain linker, the catalytic
domain) that severely impair or abolish regulation, indicating
that contribution of each interaction is crucial. Moreover, our
data predict that interference with some of these interaction
by proteins binding to the surfaces involved will result in
differential regulation of the kinase.

Abl

The c-Abl protein tyrosine kinase is homologous to Src and
has the same arrangement of SH3 and SH2 and kinase
domains. The main difference to Src is that Abl does not
contain the C-terminal regulatory tyrosine, but instead has a
big C-terminal domain encoded by a single exon (last exon
domain). The activity of c-Abl is tightly regulated in vertebrate
cells. Several mutations can activate Abl and convert it
into an oncogene. In humans, chromosomal franslocations
result in fusion proteins associated with chronic myelogenous
leukemias and some acute lymphocytic leukemias. Deletion
of the SH3 domain activates Abl and renders it oncogenic,
indicating that the SH3 domain exerts an inhibitory function.
To study c-Abl activity in a cellular environment likely to
lack specific regulators, we have expressed human c-Abl in
S.pombe. c-Abl causes growth arrest followed by death of the
cells. An SH3 domain deletion mutant of Abl is as active as
c-Abl in yeast indicating that the inhibitory effect of the SH3
domain observed in vertebrate cells is mediated by factor(s)
that are absent or non-compatible in yeast.



c-Src c-Abl?

PLATE 13

Cartoon showing the inactive, regulated forms of the c-Src and c-Abl
protein tyrosine kinases. The SH3 domain of both Src and Abl play
a role in the negative regulation of the enzymes. In the case of
Src, the crystal structure and functional studies have shown that the
SH3 domain undergoes an intramolecular interaction with the linker
between the SH2 and catalytic domains. The linker also interacts with
the "back" side of the small (N-terminal) lobe of the catalytic domain.
For convenience, the unique domain of Src is not shown. In the
case of Abl, the SH3 domain interacts with the SH2-catalytic domain
linker just as in Src. While in Src the intramolecular interaction is
phosphorylation-dependent and includes binding of the tail to the
SH2 domain, in Abl it may involve the large C-terminal portion of
the molecule termed "last exon domain" and be caused by folding
enzymes or chaperones.

Novel Abl regulators

By screening a human cDNA library for sequences able
to counteract the lethal effect of c-Abl we have identified
three novel proteins. One protein, that we call SIA113 in
the laboratory (SIA = Sequences Inhibiting Abl), is able to
strongly inhibit the activity of Abl and of Src in yeast. In vitro,
SIA113 binds the SH3 domain and the catalytic domain of
both Abl and Src. In in vitro kinase assays, SIA113 inhibits
the activity of the two enzymes. Co-immunoprecipitation
experiments using extracts from transfected cells suggest
that the protein interacts with Abl in vivo. Experiments in
transfected human cells suggest that SIA113 affects the
ability of Abl to phosphorylate endogenous proteins, possibly
also by altering the localization of Abl. The endogenous
protein is twice the size of the C-terminal portion isolated
in the yeast functional assay, is cytoplasmic and ubiquitously
expressed. The sequence of the full-length cDNA suggest
that the protein has the potential to interact with cytoskeletal
elements.

Abl inhibition by the SH3 domain

Since the SIA113 protein identified in the yeast functional
screen inhibits Abl as well as an SH3 domain deletion form of
it, it may not qualify as an SH3-domain-dependent inhibitor
of Abl. The structural studies on Src, on the other hand,
have shown that the SH3 domain of Src interacts with the
SH2-catalytic domain linker. We are exploring the possibility
that a similar intramolecular interaction occurs also within Abl

(Plate 13). The SH3-domain-dependent Abl "inhibitor" would
then not be a protein binding to the SH3 domain of Abl but
rather a protein (or a protein complex) allowing Abl to acquire
or maintain the intramolecular SH3 domain interaction.
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Developmental Biology Programme

Introduction

The research interests of groups in the Developmental Biol-
ogy Programme concern how the body patterns of multicel-
lular animals are designed and constructed. Specific ques-
tions being addressed include cell asymmetry, intercellular
signalling and signal transduction, control of gene expression
and the resultant specification of cell fate. The Programme is
particularly interested in how these individual processes are
integrated to control growth and form in populations of cells.

It has become clear that the unfertilized eggs of many animals
are asymmetric cells. Molecules that control early stages
of embryonic patterning in such animals are localized to
specific regions of the egg during oogenesis. After fertilization
these determinants can influence the expression of the
embryonic genome so that different genes are expressed
in different regions of the early embryo. Thus the mother
imprints a prepattern on the egg which, in Drosophila,
has been shown to provide the initial asymmetries that
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are used to control formation of the major body axes of
the embryo. The group of Anne Ephrussi is studying the
molecular mechanisms by which asymmetry is imparted on
the egg during oogenesis. Specific areas of interest include
mechanisms of RNA localization and control of translation.

At later stages of development, interaction between distinctly
specified groups of cells is used to generate pattern. Current
ideas about spatial patterning are based on the assumption
that initially simple asymmetries can be used to generate
more complex patterns. This depends on the exchange of
information between cells that differ in some critical way, so
that one can influence the behaviour of another. The groups
of Marek Mlodzik and Stephen Cohen are studying how this
information is generated and transmitted and interpreted at
a cellular level during development of the eyes and limbs of
Drosophila. Specific area of interest include the Wingless,
Decapentaplegic, Hedgehog and Notch signalling pathways.



Axis formation in limb development

Group leader: S.M. Cohen

Staff scientist: F.J.

Postdoctoral fellows: M. Averof, W. Brook, J. Royet*, K. Weigmann*

Predoctoral fellows: T. Lecuit, C. Neumann, H.-T. Ng, M. Strigini*

Assistants: C. Pfeifle*, A.-M. Voie

Pattern formation is the process by which cells in the
developing animal embryo acquire information about their
prospective fate, and through which the body pattern of the
adult animal is generated. The classical grafting experiments
of the experimental embryologists in the early part of this
century led to the idea that the body pattern of the embryo
is built through a cooperative process of cell interaction.
Most influential among these studies was the "organizer"
experiment of Spemann and Mangold, in which they showed
that one group of cells possesses an organizing activity that
can reprogram the developmental fates of other cells and can
thereby specify formation of a secondary body axis in the
embryo. In recent work, several laboratories, have applied
the molecular genetic approaches available in Drosophila to
the question of how pattern organizing centres are estab-
lished and how they function to specify cell fate and control
growth.

The adult appendages of Drosophila develop from imaginal
discs. The discs are established in the embryo as small
clusters of epithelial cells which proliferate and organize the
spatial pattern of the adult appendages during larval devel-
opment. An early step in imaginal disc patterning involves
the formation of developmental boundaries that subdivide
the discs into functionally distinct sub-regions, known as
compartments. Several years ago work from this and other
laboratories showed that short range interactions between
cells in adjacent compartments induces the formation of
organizing centres that pattern the limbs (Diaz-Benjumea
& Cohen, 1993; Basler & Struhl, 1994). Subsequent work
has focused on understanding the mechanisms by which
the organizing centers influence the fates of nearby cells
to specify pattern and control growth. We have shown
that the compartment boundaries serve as the source
of secreted signals .that act at long-range to pattern the
limbs, and more that these signals act as mor-
phogens to specify cell fates in a concentration-dependent
manner.

Progress in the last year has included:

(1) A direct demonstration that Decapentaplegic, a signalling
molecule of the TGF-j3 family acts in a concentration-
dependent manner to pattern the anterior-posterior axis
of the wing. Evidence that additional mechanisms may
be involved in long range patterning was presented as
well (Lecuit & Brook et al., 1996). Related work, in
collaboration with the group of Mlodzik, showed that
Mad is a downstream component of the Dpp signal
transduction pathway (Wiersdorff et al., 1996).

(2) Analysis of the functions of Wingless in mediating the
organizing activity of the dorsal-ventral boundary in the
wing. This work involved characterization of two regula-
tory alleles of Wingless that distinguish how Wingless
functions at the dorsal-ventral boundary from how it
functions in the wing hinge (Neumann & Cohen, 1996a;
1996b), as well as an analysis of the mechanism by which
Wingless expression at the dorsal-ventral boundary is
controlled by interaction between dorsal and ventral cells
(Neumann & Cohen, 1996c). The final stage of this
work is a direct demonstration that Wingless protein
acts as a concentration-dependent morphogen to pattern
the dorsal-ventral axis of the wing (Neumann &Cohen,
1997).

(3) A demonstration that Wingless has two separate early
functions in wing development. Ng et al. (1996) showed
that Wingless acts very early to specify a discrete popula-
tion of cells as the primordium of the wing. This function is
distinct from the later role of Wingless as the long-range
signal generated by the dorsal-ventral organizer.

(4) Analysis of the mechanism of dorsal-ventral patterning in
the leg. Dorsal-veptralpatterning in the leg occurs without
the formation of a compartment boundary. We showed
that mutual repression by Wingless and Decapentaplegic
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sets up a stable regulatory circuit that maintains dorsal-
ventral axis without the need for compartment formation.
In this context Wingless then specifies ventral fates and
Decapentaplegic specifies dorsal fates. (Brook &Cohen,
1996).
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RNA localization and control of translation in embryonic axis formation
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The establishment of antero-posterior and dorso-ventral po-
larity of the Drosophila embryo relies on the correct localiza-
tion of maternally provided determinants in the oocyte, during
oogenesis. One such determinant is oskar, which induces
formation of the posterior pole plasm, the germ plasm of
Drosophila, at the posterior pole of the egg. The pole plasm
contains the determinants of both the germline and of the
abdomen, and is therefore a crucial to proper development
of the embryo. During oogenesis, oskar is localized as an
RNA to the posterior pole of the oocyte. oskar mutants
and mutants in which oskar RNA remains unlocalized in
the oocyte develop into embryos lacking an abdomen and a
germline. Conversely, deliberate mislocalization of oskar to
the anterior pole of the oocyte causes pole plasm assembly
at the anterior and the resulting embryos develop an ectopic
abdomen and functional germ cells in the place of the head.
Hence, oskar is both necessary and sufficient to induce pole
plasm assemby. Furthermore, correct localization of oskar
activity to the posterior pole is imperative, to ensure proper
establishment of antero-posterior polarity.

Localization-dependent translation of asksr
(F.-H. Markussen, N. Gunkel &A. Jenny)

Restriction of oskar activity to the posterior pole of the
oocyte is critical for proper embryonic axis formation and
germline specification. An effective way to achieve such a
restriction is through the localization of oskar as an RNA to
the posterior pole. However, since mislocalization of oskar
activity has such dramatic consequences on development,
tight control of oskar translation is also critical. We are
studying the translational regulation of oskar and have shown
that in mutants in which oskar RNA is not localized, no
Oskar protein is produced. Thus, translation of oskar RNA
is coupled to its localization. In addition, Oskar protein is
required for maintenance of oskar RNA at the posterior
pole, suggesting feedback regulatory control of pole plasm
induction. Pole plasm components that are recruited by

Oskar, such as Vasa and Tudor, are also required for stable
accumulation of Oskar, indicating that they may playa role
in oskar translational control, or that an intact pole plasm is
necessary for Oskar protein stability. Finally, we have shown
that there are several isoforms of Oskar protein, a long and
inhibited form, and a short form which has full Oskar activity.
Translation of the essential "short" Oskar isoform initiates
from the second, internal, "in frame" methionine in oskar
RNA, suggesting complex regulation at initiation. At present
we are determining the mechanism by which translation
is initiated from this second methionine. In addition Oskar
protein is phosporylated and this phosphorylation depends
at least in part on Vasa. We are examining the importance of
this phosphorylation for Oskar activity.

Proteins that bind to the asksr 3'UTR to
regulate localization-dependent translation
(N. Gunkel & T. Vano)

It has been shown that the 3' untranslated region (3'UTR) of
oskar RNA contains signals sufficient to direct its localization
to the posterior pole, as well as signals for posterior-specific
translation. To begin to understand the mechanisms by which
oskar RNA localization and translation are coupled, we
are refining the analyses of the localization and translation
signals in the oskar 3'UTR. This analysis is being carried
out both through analyses in vivo and in, vitro. We are
testing the effect of systematic mutations in the 3'UTR on
RNA localization and translation in oocytes and embryos.
In parallel, we are examining the effect of these mutations
on the binding of several proteins that we have shown
bind specifically to the 3'UTR, and that we suspect play
a role in 3'UTR function. Ultimately we will concentrate
on cloning the genes that encode these proteins. With the
genes in hand, it will be possible to return to genetics and
demonstrate their role in oskar RNA localization and/or trans-
lation, as well as reconstruct oskar translational regulation
in vitro.
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Dynamics of askar RNA localization
(J. Glotzer with R. Saffrich (Biochemical
Instrumentation) &M. Glotzer (Cell Biology))

The cytoskeleton has been shown to be involved in local-
ization of several mRNAs in a variety of cell types including
Drosophila oocytes. Inhibitors of microtubule polymerization
interfere with oocyte-specific oskar RNA accumulation, sug-
gesting that a microtuble-dependent localization mechanism
may be involved during oogenesis. It has not yet been
determined whether localization is an active process. We
have developed an in vivo RNA injection assay and are study-
ing oskar RNA localization during oogenesis, following the
translocation of oskar RNA with real-time video microscopy.
We are investigating which cytoskeletal components, such
as actin filaments and microtubules, are involved in local-
izing oskar RNA at various stages of development in the
oocyte and the early embryo. Our results suggest that oskar
RNA is localized to the posterior even late in oogenesis, at
stages when the cytoskeleton no longer shows an obvious
polarization and when active cytoplasmic streaming is oc-
curring. These experiments have demonstrated that RNAs
can be localized by cytoplasmic flows and binding to an
RNA anchor.

Tropomyosin II is involved in askar RNA localization
(A.-M. Michon, R Tomancak & M. Erdelyi)

In a genetic screen designed to find germline determinants,
we identified the first specific cytoskeletal component in-
volved in oskar RNA localization. Females homozygous
mutant in the cytoplasmic tropomyosin II (Tmll) gene pro-
duce embryos containing a reduced amount of pole plasm,
sufficient to make the abdomen but not the germline. These
develop into sterile but otherwise normal flies. Examination of
the distribution of the pole plasm components in oocytes from
homozygous Tmll mutant females reveals that during early
oogenesis, oskar RNA and its colocalizing partner, Staufen
protein, are enriched in the oocyte as in the wild-type. Later
on, however, oskar RNA and Staufen fail to become localized
to the posterior pole of the mutant oocyte, accumulate
at its anterior margin, and eventually become delocalized
throughout. Cytoplasmic tropomyosin is thought to interact
with the actin network. We are presently carrying out further
analysis of the Tmlliocus to precisely determine the isoform
involved in RNA localization. This will allow us to develop
the molecular and genetic tools to further investigate the role
of tropomyosin and other cytoskeletal components in RNA
localization.

Oskar protein interacts directly with Vasa protein
(W. Breitwieser, F.-H. Markussen with H. Horstmann
(Heidelberg))

To investigate the specific role of Oskar protein in pole
plasm formation, we have been testing which of the known
pole plasm components interact with Oskar. To this end, we
have used a yeast 2-hybrid system, an assay that allows
detection of specific interactions between two proteins in
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vivo. With this assay we have shown that Oskar interacts
directly with both Vasa and Staufen proteins. The yeast re-
sults have been reproduced biochemically, using bacterially
expressed, glutatione-S-transferase-tagged Oskar protein
and both oocyte extracts and Vasa and Staufen proteins
expressed in vitro. The Oskar-Vasa interaction most likely
represents a first step in the assembly of polar granules, the
pole plasm-specific organelles that are associated with the
germline cells throughout their development.

Ftz-F1, a maternal product required for
. activity of the zygotic protein Fushi-tarazu
(A. Guichet, M. Erdelyi, A. Cyrklaff & P. Zavorszky
with H. Krause &J. Copeland (Toronto))

As a by-product of the screen we carried out to identify
germline determinants, we generated several hundred fe-
male sterile mutations which we screened for defects in
antero-posterior polarity. Among these were two maternal
effect, embryonic lethal mutants producing embryos with
a pair-rule phenotype characteristic of fushi-tarazu mutant
embryos. Fushi-tarazu protein is a homeodomain protein
required zygotically for the formation of alternate segments
in the developing embryo. The two maternal mutants we
identified are allelic to one another and map to the Ftz-F1
gene, which encodes a protein with homology to nuclear
hormone receptors. Nuclear hormone receptors and home-
odomain proteins are two classes of transcription factors that
regulate major developmental processes. Both depend on
interactions with other proteins for specificity and activity. We
have shown that the orphan nuclear receptor Ftz-F1 and
homeodomain protein Fushi-tarazu are mutually dependent
cofactors. The proteins interact directly, both in vitro and in
vivo, via a conserved domain in Fushi-tarazu. This inter-
action suggests that other nuclear receptor/homeodomain
protein interactions may occur and be important mod-
ulators of tissue-specific expression in all developing
organisms.
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Pattern formation and neuron specification in the Drosophila eye
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We are interested in the cell-cell interaction mediated mech-
anisms that lead to pattern formation during development,
using the Drosophila compound eye as a model system.
In the developing Drosophila eye cell fates are determined
by local interactions among neighbouring cells. Due to its
repetitive structure of 800 identical unit eyes, or ommatidia,
each comprising 20 cells that can be identified throughout
development, the compound eye provides a unique system
to study cell-cell interactions and differentiation with single
cell resolution.

Development of the eye can be subdivided into several dis-
tinct features. Firstly, the morphogeneticfurrow (MF), which is
the earliest physical sign of patterning in the Drosophila eye,
has to be induced and is marked by the expression of the
decapentaplegic (dpp) gene, a member of the TGF-,B /BMP
family of cytokines. Secondly, the ommatidial founder cell, the
R8 precursor, has to be specified for each unit. The regular
spacing of mature ommatidia is a direct consequence of the
precise array of R8 cells. This spacing pattern is generated
by mechanisms of lateral inhibition. Thirdly, each ommatidial
unit is assembled around the R8 precursor by a stereotyped
sequence of inductive events. The induction of photoreceptor
and accessory cells involves cell-cell interactions that lead
to the activation of signal transduction pathways and genes
specifying the fate and differentiation of the respective cell
types. R8 first recruits neighbouring cells to form a precluster
including 4 other photoreceptors (R-cells), then additional
cycles of induction follow to give rise to the full complement
of 8 R-cells and 12 non-neuronal accessory cells, e.g. the
lens secreting cone cells.

Genetic screens for genes involved in
early eye patterning

To gain additional insights into the early events of eye
development that take place in the MF, we have ectopically
expressed Scabrous (Sca) in all cells in the furrow (normally
Sca acts as a lateral inhibitor and is restricted to the R8
precursor). This causes a disruption of R8 spacing leading to
a phenotype that is similar to sca- mutants (Ellis et al., 1994).
Since this phenotype is dosage sensitive (higher levels, e.g.
copy numbers of the transgene, cause stronger effects), it
was subsequently used in a second site modifier screen to
identify other genes involved in early eye patterning. Besides
new alleles of neurogenic genes (known to interact with sca),
several genes that are required for the progression and/or
initiation of the furrow have been isolated, e.g. the catalytic
subunit of cAMP-dependent protein kinase A (pka) and Mad
(see below). In parallel, a collection of 2nd chromosomal
P-element induced embryonic lethals was screened for a
rough eye phenotype in homozygous mutant clones. Several
mutants with interesting features were isolated, including
pka, patched and RhoA (see below).

Initiation and progression of the
morphogenetic furrow

The hedgehog (hh) signalling pathway is a conserved mech-
anism which acts in inductive processes in both vertebrate
and invertebrate development to direct growth and pattern-
ing. Secreted Hh and Dpp proteins have been implicated
in initiation and propagation of the MF. We have compared
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PLATE 14

Progression of the morphogenetic furrow

The temporal progression of the furrow (MF) is achieved by expres-
sion and secretion of Hedgehog (Hh) in differentiating photoreceptor
precursors. Hh in turn causes inactivation of PKA (and possibly
also Patched) in cells anterior to the differentiating field. Smo is a
candidate gene for the hedgehog receptor based on molecular and
genetic criteria. Inactivation of PKA leads to a derepression of Dpp
transcription and the induction of a MF and differentiation. This will
then in turn lead to novel hh and the circle will repeat
itself and push the furrow more anteriorly. This process is repeated
multiple times over a period of two days to push the MF all across
the eye disc epithelium from posterior to anterior.

The role of Jun during Drosophila development
(with D. Bohmann)

Activation of Ras1 in precursor cells triggers their neuronal
induction. D-jun (the Drosophila homologue of the proto-
oncogene c-jun) is transiently expressed in photoreceptor
precursor cells during their competence to be induced as
photoreceptor neurons. Ras-mediated activation of Jun was
mimicked by mutating the serine and threonine phospho-
rylation sites in Jun to aspartic acid residues. Expression
of this "activated" Jun protein in cone cell precursors can
induce photoreceptor fate independent of activation of the
.Ras pathway. Conversely, dominant negative jun mutants
expressed in specific precursor cells cause loss of photore-
ceptors and the transformation of cone cells to R7 neurons
elicited by constitutively activated Ras pathway is relieved in
the presence of these jun mutants.

] "f?-Dpp
X

Two ETS domain containing nuclear phosphorylation targets
of Ras have also been implicated in R7 induction, Pointed
(Pnt) and Van, as positive and negative regulators of R7 fate,
respectively. Further data demonstrate that Jun interacts with
Pnt in a co-operative manner on the same promoter, and
that this Jun/Pnt mediated synergistic activation is repressed
by Van. In addition, phyl, a putative transcriptional target of
Ras activation in R7 induction is a dominant suppressor of
activated Jun (Treier et al., 1995; Plate 15). A genetic screen
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the regulation and function of hh pathway activity in the
eye and wing discs. Whereas in the wing disc engrailed is
required for ·hh expression, in the hh expression is achieved
independently of engrailed. Regulation of dpp expression
also differs: in the wing disc it is repressed in the anterior
compartment by patched and in the posterior compartment
by engrailed. In the eye, it is repressed posterior to the
MF in the absence of either patched or engrailed activity.
Thus in the eye there are novel aspects to hh pathway
function. We have previously shown that pka and patched are
required for the spatial regulation of dpp expression during
eye development. Loss of pka or patched function induces
ectopic dpp expression followed by ectopic photoreceptor
differentiation. Genetic interactions between pka, patched
and hh, indicate that hh functions to activate dpp by causing
inhibition of Pka and Patched activity (Strutt et al., 1995,
1996; Plate 14).

The Mothers against dpp (Mad) gene is required for dpp
signalling during eye development. Clonal analysis demon-
strates a cell-autonomous function for Mad, and genetic
interactions indicate that Mad is an essential component
of the signal transduction pathway downstream of the Dpp
receptors in responding cells. Mad-mediated dpp signalling
is absolutely required for the initiation of the morphogenetic
furrow in the eye, but has only a minor role in its subsequent
propagation across the eye disc. Dpp signalling is also
required to repress transcription of wingless, and antogonist
of dpp and eye development (Wiersdorff et al., 1996).
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PLATE 15

Schematic model of photoreceptor induction
and specification

The activation of the Ras signal transduction cascade is the central
event. In the R7 precursor cell (right side of schematic cell), this is
achieved via the Boss-Sev interaction, in R1-6 (left side) Spitz and
Egfr are the respective ligand-receptor pair. Activation of Jun and
Pointed and inactivation of Van are common to all precursor cells,
while others including Seven-up and Rough (R1-6, left side) or Sina
(R7, right side) are thought to cause the difference between the
respective photoreceptor cell types.



is now being used to identify other nuclear components of
this cell fate decision that interact with Jun or are potential
target genes.

In parallel, endogenous loss-of-function jun mutants were
generated and molecularly characterized. Their phenotypic
analysis in embryogenesis indicates that Jun is required for
dorsal closure, like basket and hemipterous that encode Jun
activating kinases JNK and JNKK respectively. Surprisingly,
in eye developmentjun-clones have a mild phenotype (infre-
quent photoreceptor loss) suggesting that its function there
might be partially redundant:

The role of the Rho subfamily of
small GTPases in eye development

A new focus in the laboratory is the role of other small
GTPases of the Ras superfamily during eye development.
Our main focus is on members of the Rho subfamily: Rho,
Rac and Cdc42. We have identified RhoA mutant alleles
(see above) that affect eye development (the RhoA null
alleles are cell lethal) and allow us to analyse its specific
requirements in this process. RhoA is required in the gen-
eration of tissue polarity, affecting both ommatidial rotation
and chirality. These phenotypes are not only visible in clones
of hypomorphic alleles, but also following expression of
dominant negative protein forms during the appropriate time.
Interestingly, among the other genes found to be specifically
involved in this process are frizzled (a seven-pass trans-
membrane protein), dishevelled (implicated also in wingless
signalling) and nemo (a putative member of the MAPkinase
family). Our genetic data using activated and dominant
negative forms of these proteins indicate that Rho acts
downstream of Frizzled in a signalling pathway regulating
tissue polarity. Current research is directed to identify other
components of this novel signalling pathway by employing
genetic modifier screens with activated isoforms of these
proteins.

Strikingly, phenotypes elicited by activated Jun and Fos
display, besides extra photoreceptors, also rotation defects
suggesting that the AP-1 transcription factor complex is also
involved in polarity generation.

The Seven-up (Svp) nuclear receptor requires
the Ras pathway for its function in
photoreceptor specification

Svp is expressed and required in outer photoreceptors R1/6
and R3/4 (these cells are transformed to R7 in svp-) and
encodes an orphan steroid receptor. In flies carrying the
sevE-svp transgene Svp is ectopically expressed in R7 and
the cone cells, which causes the transformation of these cells
to R1-6 or R7 depending on the transgene dosage. Using
this phenotype as an assay, we have performed genetic
screens for modifiers of Svp function. A set of genes that has
been identified as modifiers of the phenotype comprise ras 1
and other components of this signal transduction cascade
(Begemann et al., 1995). Analysis of combinations of sevE-
svp with either reduced or increased Ras-activity in the

precursor cells indicates that activation of Ras is essential
for normal svp function. In addition, several novel genes
have been isolated as modifiers that specifically interact with
svp.

TFIIA-S requirement during
photoreceptor induction

Expression and phenotypic analysis of the Drosophila TFIIA-
S gene has shown that in photoreceptor induction TFIIA-S
is specifically upregulated in precursor cells. Hypomorphic
. TFIIA-S alleles affect the identity and development of R-cells.
In addition, the transformation of cone cells to R7 photore-
ceptors induced by constitutively activating the Ras pathway
is dominantly suppressed by TFIIA-S mutants. These data
suggest that TFIIA-S is required in analogy to TAFs during
activated transcription upon Ras/MAPK activation (Zeidler et
al., 1996).

Functional conservation of Svp-related
genes in vertebrate neurogenesis
(with A. Fjose, Bergen)

Several zebrafish members of the svp -subfamily of nuclear
receptors have been isolated (with 80-94% identity). Their
transcript distribution during zebrafish embryogenesis impli-
cates their involvement during the development of the eyes
and the CNS. Retinoic acid treatment of embryos leads
to aberrant expression patterns of the svp -related genes
prior to visible morphological defects. This suggests their
involvement in the complex network required for interpreta-
tion of retinoid signals during vertebrate development. Struc-
ture/function analysis of the zebrafish svp genes is being
conducted using the sevE-svp misexpression phenotype
(see above) and its interactions as an assay for conserved
or divergent functions.
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Structural Biology (including Biocomputing) Programme

Introduction

Structural biology is an integrated part of modern molecular
biology. Structure and function are conseptually unseparat-
able in the classical reductionistic programme of biochem-
istry which still forms the spinal cord of molecular biology.
But also the holistic attitudes linked to current development of
cell or developmental biology, for instance, call for structural
constraints to solidify working models and to make their
predictions more reliable.

There is also an evolving integrative process within the
structural biology itself. NMR spectroscopy and X-ray crys-
tallography. are used in parallel and found complementary
in determination of novel structures. Electron microscopy
and crystallographic methods can support each other in
analysis of large cellular assemblages such as ribosome,
actin filaments or microtubules, and membrane protein struc-
tures. This symbiotic methodological development is a key
strategy to the futu re structural and function analysis of
cellular structures present in cytoskeleton, signalling paths,
transcription and intracellular traffic.

The strength of the Programme has been its multi-disciplinary
approach to structure and function of biological macro-
molecules. As can be seen in the following reports, most
of the research activity is experimental, involving three
major physical techniques (X-ray crystallography, electron
microscopy and NMR spectrometry) which are supported
by strong biochemistry and molecular biology in the Pro-
gramme. However, theoretical analysis of protein structures
on all levels is an important component of our research.
This infrastructure of the Programme will be maintained and
fostered as well as possible in the foreseeable future.

Close contact between the experimental groups and the
Biocomputing Unit is a very valuable resource for the current
research in the Programme. The studies within the groups
engaged with sequence analysis have been seminal for initi-
ation of new projects particularily in the NMR facility. Several

structures of novel protein domains have been first reported
by EMBL teams due to the closeness of theoretical groups
who have made the original discoveries and experimentaion.
Tools developed in the unit are widely used to control the
quality and to restrain errors of the crystallographic and NMR
structures.

The range of research projects is rather wide and diverse
within the Programme. However, structures of membrane,
cytoskeletal and signalling proteins, macromolecular assem-
blages, nucleic acid/protein interactions, protein domains and
topics related to protein folding and protein/ligand interac-
tions are studied by more than one group. Future research
will seek more focus to some of these topics and in par-
ticular, will relate to the activities of the other Heidelberg
Programmes and Outstations.

The Programme has organized several courses that cover
research on membrane proteins, crystallographic and cryo-
electron microscopy technigues, and biocomputing. It is the
host of the Supercomputing Facility in Molecular Biology
which is supported by a large-scale facility grant from EU.
This has brought high-performance computers to the labo-
ratory and financed a large number of training courses and
visiting scientists.

In 1996, Structural Biology Programme started to be pre-
pared for a period of change. Its size counted as the number
of research groups is planned to be reduced from seventeen
groups during the previous years to thirteen groups in 1998.
Several group leaders were looking forward to their due
departure or accepted positions in European academia. Due
to this, the Programme now enters the phase of turnover and
recruiment. In addition, Frank Gannon who served as the
coordinator of the Programme over two years was replaced
by Matti Saraste in the middle of 1996. The Programme's
group leaders wish to express their most sincere thanks to
Frank for his guidance and lucid admistration.
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Cytoskeletal and membrane proteins

Group leader: M. Saraste

Staff scientist: M. Wilmanns

Postdoctoral fellows: S. Banuelos, K. Djinovic-Carugo, M. Gautel, U. Gohlke, T. Olausson

Predoctoral fellows: E. Baraldi, J. Hendriks, M. Hyvonen, J. Pascual, P. Young*

Visitors: A. Clemente*, S. Jansson*, A. Mues*

Assistant: A. Warne

Bacterial cytochrome oxidases

Cytochrome oxidase is a key respiratory enzyme. Enzymes
that oxidize cytochrome c are found both in mitochondria
and bacteria. They are membrane protein complexes which
contain haems and copper ions and operate as redox-linked
proton-pumps. Electrons from cytochrome c are transferred
via a copper centre (CUA) and a haem group to the bimetallic
active site containing a haem iron and another copper
(CUB). CUA resides in a membrane-exposed domain that
also contains a part of the cytochrome c-binding site. In
bacteria, homologous enzymes that use quinol as electron
are also found. Their core structures have been predicted to
be very similar to those of cytochrome c oxidases although
the CUA centre is known to be systematically absent from
quinol oxidases.

We have studied the structure of the cytochrome bo quinol
oxidase complex isolated from E.coli using 20 crystals and
high-resolution electron microscopy. The projection structure
at 6Aresolution has been determined by Uli Gohlke and Tony
Warne. It compares well with the 3D structure of a bacterial
cytochrome c oxidase which has previously been solved by
X-ray crystallography (Plate 16).

In 1996, we also have begun to study a bacterial denitrifica-
tion enzyme that is distantly related to cytochrome oxidases.
This is nitric oxide reductase, or NOR. It has the same
catalytic subunit with conserved haem-binding sites, and a
bimetallic active site similar to that of cytochrome oxidases.
However, the active site appears to be a haem/iron rather
than haem/copper centre. The other interesting difference to
the oxygen-reducing enzymes is that NOR does not conserve
energy in the form of a transmembrane proton gradient. We
wish to explore these differences by structure determination
and functional studies in the future.
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Spectroscopy of the CUA centre

The CUA centre which is peculiar to the cytochrome c oxi-
dazing branch of the oxidase superfamily is a unique copper
site. It has two coppers at the distance of 2.5 A. These are
bridged by two symmetrically positioned cysteine residues,
and two histidines act as the terminal ligands. Two other
ligands, the sulphur atom of a methionine, and a main
chain carbonyl oxygen are also symmetrically arranged with
regards to the Cu-Cu axis. The centre is chemically sym-
metric and behaves as a mixed valence site: it accepts and
donates only a single electron. We have studied the detailed
electronic structure of the CUA centre in collaboration with
several research groups specializing in spectroscopy. Elec-
tron paramagnetic resonance, magnetic circular dicroism and
Raman resonance spectroscopy together with theoretical
calculations have been used to explore the properties of this
novel metal site.

Spectrin repeat and CH domain

Spectrin is the major component of membrane-associated
cytoskeleton in animal cells. The spectrin heterodimer is
made of antiparallel a - and f3 -subunits, each of which
contain repeating units. The canonical repeat (100-110
amino-acid residues) folds into a triple a -helical structure as
revealed by the NMR studies carried out by Jaime Pascual
(Pascual et al., 1996).

The F-actin binding region in spectrin is located in the
N-terminus of the f3 chain. This region is conserved in the
protein family including spectrin, a -actinin, dystrophin and
others. Sequence analysis and electron microscopy have
shown that this actin binding region can be divided into two
related domains which we have termed "calponin homology"



PLATE 16

Two-dimensional projection structure of the E.coli respiratory quinol
oxidase complex has been determined by electron microscopy at
6 A resolution. It is shown in comparison of the crystal struc-

ture of cytochrome c oxidase from Paracoccus denitrificans de-
termined by Hartmut Michel's group in MPI of Biophysics in
Frankfurt.
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or CH due to their homology to the N-terminal·domain
in calponins, actin-binding proteins that regulate smooth
muscle contraction. As a single copy, the CH domain is also
present in signalling proteins such as Vav. Like PH and SH3
domains (see below), the CH domain represents yet another
case of a protein module present both in cytoskeletal and
signal-transducing proteins.

Kristina Djinovic-Carugo and Sonia Banuelos have deter-
mined the crystal structure of a modular CH domain at 2.0 A
resolution. Plate 17 shows the overall architecture of the
domain. It is dominated by four a -helices, each composed
of 11-18 residues, connected by long loops. The structure
shows a new fold that should represent a prototype for the
whole family and can shed light on the mechanism by which
spectrin as well as other proteins containing this protein
module bind to F-actin.

Lipid-binding site of a PH domain

The "pleckstrin homology" or PH domain is particularily abun-
dant in signalling proteins. At least some PH domains specif-
ically recognize phosphorylated head groups of phosphatidyl
inositols. Such an interaction may lead to a mechanism
that can be involved in reversible anchorage of proteins
containing PH domains to cell membranes.

PLATE 17

Crystal structure of a CH domain from human j3-spectrin.
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PLATE 18

Partial structure of the PH domain from Bruton's tyrosine kinase
indicating residues mutated in a human immunodeficiency disease.
The mutations cluster in a putative binding site for phosphatidyl
inositol derivatives.

Bruton's tyrosine kinase (Btk) is an enzyme which is involved
in maturation of B cells. It is a target to mutations causing
X-linked agammaglobulinemia(XLA) in man. Marko Hyvonen
has determined the structure of the amino terminal part
of Btk by X-ray crystallography at 1.6 A resolution. This
part of the kinase contains a PH domain and so-called Btk
motif. Individual point mutations within the Btk PH domain
which cause XLA, can be classified to either structural or
functional in the light of the three-dimensional structure
and biochemical data. All functional mutations cluster into
the positively charged end of the molecule around the
predicted binding site for phosphatidyl inositol-tris-phosphate
(Plate 18). It is likely that these mutations inactivate the Btk
pathway in cell signalling by reducing its affinity for inositol
phosphates, which causes a failure in translocation of the
kinase to the cell membrane.

A small number of signalling proteins contain a Btk motif
that always follows a PH domain in sequence. This small
module has a novel fold which is held together by a zinc ion
bound by three conserved cysteines and a histidine. This
structural information opens new ways to study the role of
the PH domain and Btk motif in the cellular function of Btk
and the molecular basis of its dysfunction in XLA patients.

SH3 fold and WW domain

Matthias Wilmanns has been involved in determination of
several high-resolution structures of SH3 domains and their
engineered variants in collaboration with the Serrano group
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(Viguera et al., 1996). The canonical fold of the Src ho-
mology 3 (SH3) domain is of modular character. A series
of circular permutants of the spectrin SH3 domain were
created by fusing the two termini by a dipeptide and opening
the sequence in different loops. These circular permutants
apparently fold through different folding pathways. We have
crystallized and solved the 3D structures of two circular
permutants that were cleaved in the RT loop and distal loop,
each. As expected, these two circular permutants are folded
as the wild-type SH3 domain. However, the mutant with the
termini at the RT loop loses about 1/5 of all intramolecular
hydrogen bonds, mostly by partial unfolding of the long RT
'loop.

WW is a tiny protein domain which has been named after two
conserved tryptophans that are characteristic for this small
module. As the SH3 domain, it appears to bind peptides
that are rich in prolines. We have collaborated with Hartmut
Oschkinat's group to determine an NMR structure of the WW
domain from the human Yap kinase associated protein in
complex with a proline-rich peptide (Macias et al., 1996; see
the report of the Oschkinat group).

Molecular details of muscle

Mathias Gautel is a visiting post-doctoral scientist in the
group. With Alexander Mues and Paul Young, he has been
studying biochemical aspects of the targeting and control
mechanisms that are involved in myofibrillogenesis of striated
sarcomeres. His team has been able to show how specific in-
teractions between immunoglobulin-like domains of titin and
other myofibrillar components like myosin and C-protein are
involved in determining the spacial position of C-protein, or
correlate to the packing of the myosin rod (collaboration with
P. Bennett, London). Using ultrastructural and biochemical
approaches, the layout of titin in its anchoring regions, the
Z-disk and M-band, could be defined in collaboration with
Kevin Leonard's group and Klaus Weber (MPI in Gottin-
gen). In the Z-disk, a novel, 45 residue repeat has been
identified to provide a variable element in control of Z-disk
thickness.

Sequence-assigned monoclonal antibodies against titin have
been used to define local structure-function relations which
has also elucidated the basic mechanism of titin elasticity.
It has been shown that the I-band immunoglobulin domains
provide extensible linkers that become stiff at high sarcomere
lengths, and that the "PEVK"-region of titin is responsible
for the rubber-like properties. The groups of Sigfried Labeit
and Annalisa Pastore have in parallel studies reached similar
conclusions. Joint work on the molecular structure is focused
on the protein kinase domain of titin (collaboration with
Matthias Wilmanns) and the immunoglobulin domains of titin
in the I-band (with Annalisa Pastore).
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Structural basis of protein-nucleic acid interactions

Group leader: D. Suck

Scientist: T. Ceska

Postdoctoral fellows: R. Ficner, O. Vix*

Predoctoral fellows: H. Raaijmakers, C. Romier, G. Stier*, I. Toro*, E. Wolf*

Assistant: H. Teo

The research of our group is focused on protein-nucleic
acid interactions which we study by a combination of X-ray
crystallography, biochemical techniques and genetic engi-
neering. We are particularly interested in the structure and
function of nucleases and recombinases, DNA-recognition
by transcription factors and tRNA-modifying enzymes.

15 5'-3' exonuclease
(with J. Sayers (Sheffield))

5' -exonucleases are essential enzymes involved in both DNA
replication and repair. Apart from their obvious exonucleolytic
action removing nucleotides from the 5' -end of nucleic acid
molecules such as Okazaki fragments, many 5/-3' exonucle-
ases have been shown to possess intriguing endonucleolytic
activities. T5 5' -exonuclease shares many similarities with
the N-termini of DNA polymerases, however, unlike eubac-
teria, phages such as T5, T4, and T7 express polymerase
and 5' -exonuclease proteins from separate genes. The 2.5 A
crystal structure of T5 5' -exonuclease (Ceska et al., 1996)
reveals a novel motif for binding DNA, the helical arch (Plate
19).

The T5 015 5' -exonuclease is a 33 kDa protein whose
substrates include single- and double-stranded linear DNA,
which is degraded to short oligomers and flap structures
which are first cut at the junction of the single- and double-
stranded DNA. A model consistent with a threading mecha-
nism was proposed where single-stranded DNA could slide
through the arch, formed by two helices containing positively
charged and hydrophobic residues respectively. We are at-
tempting co-crystallization with suitable substrates to confirm
our hypothesis.
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PLATE 19

A ribbon diagram of the T5 5' -exonuclease structure showing the
front of the molecule as DNA would approach the active site. The
two spheres indicate the location of the Mn2+-ions. Some of the
acidic residues complexing the metals are shown (those which are
conserved in this family of enzymes), as well as some of the residues
we believe interact with DNA in the helical arch.



The active site is at the base of the arch and contains two
metal binding sites. Investigation of the mechanism using
biochemical assays of mutants has started, and the structure
determination of the first mutant (K83A) is nearly complete.
This residue is very near one of the metal binding sites
and initial biochemical experiments indicate it is involved
in catalysis. The mutant protein crystallizes in a different
space group (P212121) compared to the native protein (P43),
and the structure determination required locating the two
molecules in the asymmetric unit by molecular replace-
ment. One interesting feature of the mutant structure is the
disorder of the helical arcti region, an observation seen
in other homologous structures, namely the 5' -nucleases
from Taq polymerase and T4 RNaseH. This region of the
molecule, which was stabilized by intermolecular contacts
in the wild-type T5 structure, appears to be inherently
flexible and this flexibility must play a role in its func-
tion.

Soaking metals into the native crystals has yielded the
position of the metal binding sites. 10-20 mM MnCI2 soaked
for several hours is sufficient for binding, and the positions
of the two manganese ions can be observed in difference
electron density maps. They are separated by 8 A, and are
unlikely to both participate in the same hydrolysis reaction,
according to recent biochemical studies.

tRNA-guanine transglycosylase (TGT)

Procaryotic TGT catalyzes the post-transcriptional base ex-
change of the genetically encoded guanine at the wob-
ble position of tRNAs specific for Asn, Asp, His and Tyr
with the queuine precursor 7-aminomethyl-7-deazaguanine
(preQ1). Last year we reported the crystal structure of
Zymomonas mobilis TGT and its complex with preQ1 re-
vealing an unexpected irregular (/3 ,a )s-barrel fold of the
enzyme with a specific preQ1 binding pocket at the C-
terminal face of the barrel. This has led to the proposal of
a model for tRNA binding and recognition (Romier et a/.,
1996a).

To further study the enzymatic mechanism we have used
site-directed mutagenesis and band-shift experiments. The
presence of shifted protein bands after incubation with tRNA
(in the absence of preQ1) follwed by protein denaturation
indicates a base-exchange mechanism involving a covalent
TGT-tRNA intermediate. Inspection of the X-ray structures
and comparison with other prokaryotic TGT sequences
suggested Asp102 as the most likely candidate for the
active site nucleophile. Mutation of this residue into alanine
leads to an inactive mutant unable to form a covalent in-
termediate with tRNA thus confirming its role as active site
nucleophile.

According to our proposed model for tRNA binding recog-
nition of the wobble guanine occurs in the preQ1 binding
pocket. To further investigate the recognition of the wob-
ble guanine in this pocket we mutated Asp156, the major
recognition element for preQ1, into alanine and tyrosine.
Both mutants are inactive in producing the final product,
however, the mutant D156A, but not D156Y, is able to form

the covalent intermediate with tRNA in comparable amounts
to wild-type protein. We therefore conclude that the binding
of the wobble guanine in the preQ1 binding pocket is required
for the cleavage of the glycosidic bond. The X-ray structures
of the three mutants displayed only subtle changes compared
to the wild-type protein showing that indeed the chemical sub-
stitutions and not any unexpected structural rearrangements
are responsible for the observed biochemical results (Romier
et a/., 1996b).

Co-crystallization experiments of TGT with tRNA and tRNA
anticodon stem-loop fragments are under way to further
-study at the molecular level the TGT-tRNA interaction.

DCoH-HNF1

The crystal structure of the tetrameric human/rat liver
PCD/DCoH (pterin-4a-carbinolaminedehydratase/ dimeriza-
tion cofactor of HNF1) revealed an remarkable architecture
of two saddle-shaped dimers reminiscent of the TATA-box
binding protein held together by a central 4-helix bundle
(Ficner et a/., 1995). The bifunctional protein is involved in
the regeneration of tetrahydrobiopterin and at the same time
acts as a transcriptional co-activator of the liver-enriched
transcription factor HNF1 forming a 2:2 heterotetrameric
HNF1/DCoH complex. The mechanism of DCoH-induced
transcriptional regulation as well as the relation between
its regulatory and enzymatic functions are however not well
understood. The discovery of a bacterial homologue (PhhB)
and the expression pattern during Xenopus embryogene-
sis suggest, that it has a regulatory function not only in
the context of HNF1. By a combination of crystallographic
studies, site-directed mutagenesis and biochemical tech-
niques we are trying to shed light on the mechanism of
DCoH-induced transcriptional regulation and its enzymatic
properties.

Using solid-phase DNase I footprinting (in collaboration with
Peter Becker from EMBL) and band-shift experiments we
could show that DCoH indeed modulates the interactions
of HNF1 with nucleic acids (Rhee et a/., 1996). While
we could not detect any direct binding of DCoH to either
DNA or RNA, we found that DCoH did stabilize HNF1/DNA
complexes and promoted interactionswith sub-optimal HNF1
target sequences such as the human a1-antitrypsin TATA-
box region. Surprisingly, we also observed interactions of
HNF1 with RNA, which were completely abolished when
HNF1 was complexed with DCoH.

Using site-directed mutagenisis (collaboration,with S. Ghisla,
University Konstanz) we have identified catalytically essential
residues in DCoH (Koster et a/., 1996a, 1996b). We are
continuing our efforts to crystallize ternary HNF1 /DCoH/DNA
complexes.

We have solved and refined at 1.7A resolution the crystal
structure of PhhB, a bacterial homologue of mammalian
DCoH from Pseudomonas aeruginosa, which apparently
regulates the expression of the bacterial phenylalanine hy-
droxylase gene (Ficner et a/., in preparation). The structure
was solved using the MAD technique and a selenomethion-
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ine labelled protein, since attempts to solve it by molecular
replacement failed. In contrast to the human/rat PCD/DCoH
the bacterial homologue is a dimer in solution and also
crystallizes as a dimer. On the monomer level the proteins are
very similar (with the exception of the N-terminus), however
the relative orientation of the monomers in the dimer is
changed resulting in a considerably smaller radius of curva-
ture of the saddle-shaped f3-sheet surface. The DCoH/PhhB
structures represent a case of a transcriptional coactivator
highly conserved during evolution. It remains to be seen,
whether there exists an underlying common principle for
coactivation.

T4 endonuclease VII
(with B. Kemper (Koln))

DNA-junction resolving enzymes recognize branched DNA
molecules and are important in DNA recombination and
repair. T4 endonuclease VII (endo VII) was the first en-
zyme shown to resolve Holliday structures, but in contrast
to other resolvases has a rather broad substrate speci-
ficity and recognizes a variety of structural perturbations in
DNA including base mismatches, bulky adducts, 3-armed
V-structures, cruciforms, and heteroduplex loops (West,
1992). In the presence of divalent cations (Mg2+, Mn2+)
endo VII nicks both strands 3' of the helical branch point,
whereby the cleavage patterns and the relative cleavage
efficiencies are influenced by the local nucleotide sequence.
Endo VII, a homodimer of 2 x 18 kDa, is the product of
gene 49 of phage T4 and its major function appears to
be the resolution of branch points prior to packaging of
the DNA into the phage head. The involvement of endo
VII in DNA packaging, genetic recombination and mismatch
repair has been demonstrated in vivo. Recently, it has been
shown, that ·mismatch cleavage by endo VII can be used
for screening for mutations in DNA (Vouil et al., 1995).
Sequence comparisons and mutational studies indicate a
modular structure of the enzyme. The three putative do-
mains are an N-terminal zinc-binding domain containing four
cysteines, a central domain with some sequence homology
to T7 endonuclease I, and a C-terminal domain showing
some similarity with endonuclease V (Giraud-Panis et a/.,
1995).

We are aiming for the determination of high resolution crystal
structures of endo VII and its complexes with mismatched
and cruciform DNA as a basis for understanding the mech-
anism of recognition and cleavage of branchpoints by the
enzyme.

Small, needle-shaped crystals of the wild-type protein ex-
pressed in E.coli were obtained using the hanging drop
technique. The monoclinic crystals, space group C2, contain
a dimer in the asymmetric unit and diffract to about 1.8A
at liquid nitrogen temperatures using synchrotron radiation
(BL19, ESRF). A number of mutants have been constructed
in Dr. Kempers laboratory which still bind, but do not cleave
DNA. In contrast to wild-type endo VII that is toxic to the
host cell, these mutants are expressed in large amounts in
E.coli and are used for co-crystallization experiments with
mismatch oligonucleotides.
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Other projects

Cre recombinase; DNase I; single-strand specific nucleases
P1 and S1; Myb/DNA complexes; structural studies of bHLHZ
proteins.
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Structural basis of macromolecular assembly and sorting

Group leader: S. Fuller

Scientist: D. Starks-Browning

Postdoctoral fellows: S.J. Butcher*, D. Chretien, F. de Haas*, T. Wilk

Predoctoral fellows: I. Ferlenghi, E. Mancini*

Visitors: T. Booth*, H. Cheng*, C. Fennel*, C. Hall*, E. Nasson*, F. Rey*, H. Saibil*, S. Stolyova*

Assistants: M. Clarke, A. Engelhardt<>, B. Gowen, R. Heinkel<>

Understanding of the assembly and function of macromolec-
ular complexes is central to cell, developmental and structural
biology. Such an understanding must be based in a firm
and reliable knowledge of their structure and of the way
that this structure is modulated by biological processes.
The combination of cryo-electron microscopy with image
reconstruction provides a uniquely powerful way to study
these assemblies because it allows the determination of
native three-dimensional structure as well as the observa-
tion of changes within them. Our group is studying several
membrane and cytoskeletal assemblies for which control of
assembly and disassembly has important functional conse-
quences.

Alphavirus structure
(M. Clarke, B. Gowen, E. Mancini, I. Ferlenghi
with H. Cheng (Stockholm), M. Keilian (Bronx)
and S. Cusack & R. Ruigrok (EMBL, Grenoble)

Work on these enveloped animal viruses has proceeded
to an exploration of the early stages of fusion which occur
after contact with the target membrane. Time-resolved cryo-
electron microscopy of Semliki Forest virus (SFV) has been
used to show that the initial contact with the target membrane
occurs across a face of the virion and is accompanied by
profound distortion of the target membrane. We are now
using specific gold-labelled lipid probes to identify the begin-
ning of mixing within the complex and studying the effect of
lipid composition on the phenomenon. We are also studying
mutants with altered assembly and lipid requirements to
characterize the corresponding structural alterations. Work
has also continued on the three-dimensional crystals of SFV
to define the organization of the virion within the crystal and
obtain crystals with a higher degree of order.

Enveloped bacteriophages
(S.J. Butcher, E de Haas, R. Heinkel with
D. Bamford (Helsinki) and U. Skoglund (Stockholm))

We have been using cryo-electron microscopy of the en-
veloped bacteriophages PRD-1 and l/J -6 to identify the struc-
tural changes which occur in membrane viruses during their
maturation. In the PRD1 system, nucleic acid packaging
causes an ordering of the membrane components of the
system with essentially no change on the exterior of the
virion. The l/J -6 procapsid structures, in contrast undergo
striking conformational changes and rearrangements. We
are proceeding to higher resolution with these systems by
using novel image processing methods such as the recently
developed COMET technique.

Tick borne encephalitis
(I. Ferlenghi &B. Gowen with S. Harrison (USA),
EX. Heinz (Vienna) & E Rey (Gif-sur-Yvette))

Flaviviruses are small, icosahedral enveloped viruses which
include some of the most important and implacable
pathogens known to man. The virion encapsidates its RNA
in an internal icosahedral capsid which is surrounded by an
envelope containing two transmembrane proteins, M and E.
Flavivirus structure remains poorly understood. Recently the
structure of a dimeric soluble fragment of the fusion protein
(E) of tick borne encephalitis virus has been solved by X-ray
crystallography. We have determined the structure of the
whole immature virion and found the positions of the E dimer
and of M, which inhibits membrane fusion in the complex.
Expression of the E protein together with the M protein leads
to production of membranous particles which lack both a
genome and a capsid. We· have shown that these particles
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PLATE 21

The schematic shows the combination of indi-
vidual domains to build HIV p55gag particles of
variable sizes.

PLATE 20

Surface view of a three-dimensional reconstruc-
tion of a recombinant particle formed by expres-
sion of only the E and M proteins. Notice that
the E protein dimers are now bent and the pre-M
protein masses are lost due to cleavage during
maturation.

are also icosahedral and contain the E protein in a somewhat
bent form on the surface (Plate 20). As this work proceeds to
higher resolution, we should be able to define the contacts of
the E proteins in the virus and examine the changes which
accompany maturation and low pH mediated fusion.

Human immunodeficiency virus
(T. Wilk with V. Vogt (USA), H.-G. Krausslich (Hamburg),
E. Barklis (USA) and M. Way (EMBL))

Retroviruses are intriguing structural systems. A great deal
of evidence shows that these particles can form with variable
diameters and contain variable amounts of nucleic acid. The
conventional view of the particle is that it is icosahedral so that
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variable triangulation numbers must be invoked to explain
the range of sizes. Expression of HIV p55gag proteins in a
baculovirus system produces particles which resemble the
authentic immature HIV particle. Cryo-electron micrographs
of these particles showed that they were not icosahedral
but rather comprised a set of ordered domains bounded
by faults. The radius of curvature of the individual domains
was approximately 700Aand they were formed by flat facet
like regions. Averaging of the protein subunits in the facets
showed that they were arranged as a dimer of trimers on a
net with angle near to that expected for hexagonal symmetry.
A similar organization is seen in two-dimensional crystals
grown from the carboxy-terminal region of the gag protein on
lipid layers. The observations from cryo-electron microscopy
yield a picture of the HIV particle in which ordered domains
come together to form particles of varying sizes (Plate 21).
This work does not demonstrate the HIV particle itself is
never icosahedral but rather that particle formation does not
require icosahedral symmetry. We have used mutagenesis to
confirm the organization of the gag protein domains predicted
by the model. We have also investigated the role of actin in
HIV particle formation and demonstrated that an inhibitor of
actin filament formation disorders the domain structure of the
gag proteins.

Supercomputing resource for molecular biology (SRMB)
(D. Starks-Browning &R. Heinkel)

The SRMB is an EMBL and EU funded project which brings
European molecular biologists to EMBL to use our compu-
tational resources and receive training in high performance
computing. In total, more than 50 visitors were supported with
projects in the areas of sequence comparison, molecular
dynamics, image analysis, crystallographic computing and
protein design. We have also given several coures in high
performance computing in molecular biology which enable
a more efficient use of computational resources both in
Heidelberg and in the visitors' home institutions.



Microtubule and centriole structure
(D. Chretien &B. Gowen with C. Gonzalez (EMBL))

The function of microtubules is intimately tied to their po-
larity. For example, some microtubule motors always move
toward the plus end of the microtubule (Le. away from
the centriole) while others always move toward the minus
end. By combining tilting experiments with cryo-electron
microscopy of centriole grown microtubules, the relationship
between an arrowhead pattern on skewed microtubules and
the microtubule polarity was defined. Labelling of centrioles
with antibodies to y-tubulin shows that there are two mor-
phologically separate populations of this molecule in the
structure: one in the pericentriolar material and a second
in the centriole core. These two populations are normally
indistinguishable however in the Drosophila embyro two
antigenically distinct populations can be seen. We have used
antibodies to these different y-tubulin isoforms to show that
the two populations are developmentally regulated in a way
that explains the extreme dynamism of microtubules in the
embryo.
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Experimental and theoretical analysis of protein folding

Group leader: L. Serrano
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Assistant: I. Angrand*

To understand protein folding it is necessary to characterize
the thermodynamics and the kinetics of the folding reaction
and therefore to determine the structure and energetics of the
unfolded state under native conditions, folding intermediates,
transition state and folded state. Only the folded state,
the average properties of the unfolded state and stable
folding intermediates are amenable to a detailed structural
characterization by NMR or X-ray diffraction (in the case of
the folded state), while transient intermediates and transition
states need to be characterized by kinetic methods. In
our group we are trying to understand the conformational
properties of the different states prior to the folded state, by
using a wide variety of techniques and approaches. Our goal
is not only to have a description of the folding process of
a particular protein, but to infer general rules and develop
algorithms that have predictive power on other proteins and
can be used for rational design.

PLATE 22

Understanding the different factors determining
secondary structure formation and stability

We have de novo designed a simple, context-free, model
linear peptide system to fold into a regular f3 -hairpin struc-
ture with a type I' f3 -turn and three-residue f3 -strands.
Circular dichroism (CD) and NMR analysis of this peptide,
in aqueous solution show that the peptide folds into the
expected conformation. Structural characterization of three
peptide variants in which some of the strand side-chains
have been substituted by Ala, demonstrates that inter strand
side-chain/side-chain interactions, are essential for f3 -hairpin
formation. This simple model system could be the equivalent
of polyalanine-based peptides in the study of a -helix forma-
tion, helping to isolate the factors behind f3 -sheet formation
and contribute useful information for the de novo protein
design.

Stereo view of the superimposed 10 best
calculated structures from residue 3 to 10 of
the de novo designed peptide BH8 that folds
as a f3 -hairpin. (a) Backbone atoms. (b) All
non-hydrogen atoms.
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Secondary structure in protein folding and stability

The specific role of local interactions in protein folding and
stability is controversial. Statistical mechanics arguments
point out that local interactions must be weak in stable folded
proteins. However, site-directed mutagenesis has revealed
that local interactions make a significant contribution to
protein stability. Finally, computer simulations suggest that
correctly folded proteins require a delicate balance between
local and non-local contributions to protein stability. To anal-
yse experimentally the effect of local interactions on protein
stability, each of the five a-helices from CheY and the two
from procarboxipeptidase A were independently enhanced
in its helical propensity, using a helix/coil transition algorithm
developed in our group (AGADIR), which does not alter the
overall hydrophobicity or protein packing. The increase in he-
lical propensity has been evaluated by far-UV CD and NMR
analysis of the corresponding peptides. We have found that
protein resistance to chemical and temperature denaturation
is achieved by increasing helical stability. In some favourable
cases a thermoresistant protein is obtained (folded at 90°C).
The introduction of favourable local interactions by mutational
redesign can also be used to increase the folding speed
of certain proteins, showing that not all proteins in nature
have been optimized for rapid folding, contrary to what has
been theoretically indicated. This behaviour is probably also
shared by other polypeptides with highly unstructured dena-
tured states. Our results support the idea that optimization
of protein stability and cooperativity involve a specific local
versus non-local ratio.

Kinetic analysis of protein folding

Protein engineering analysis has been used as a tool to
determine the structure of the transition state of two different
proteins: CI-2 and barnase. The structure of the transition
state of both proteins is quite different. While in CI-2 no
region is fully native and it looks like an expanded form of
the folded state, in barnase several regions are folded and
the rate-limiting step seems to be the consolidation of the
hydrophobic core. We have analysed by the same procedure
the 129 aa a/f3 parallel protein of E.coli, CheY. The picture
obtained from the equilibrium and kinetic analysis of several
mutations scattered through all the protein is different from
that found in barnase. Based on the experimental results
and the structure of CheY, the protein can be divided into
two subdomains (from f3 -strand 1 to f3 -strand 3 and from f3-
strand 3 to the end). While the structure of the first subdomain
in the transition state resembles that found for the CI-2
protein, the second subdomain is compact but unstructured.
The packing of the first a -helix against f3 -strands 1 and 2,
seems to be the nucleus around which the rest of the protein
folds. Comparison of the transition state of barnase, with
those of CheY and CI-2, indicates that different proteins
could have different transition states, which will probably
depend on the energetics and the position of the rate-limiting
step in the folding pathway. CheY appears to fold through
a nucleation-condensation mechanism as has been found
for CI-2. The rate-determining step in some multi-modular
proteins could be the formation of a stable domain, with the
less stable domains folding after the major rate-determining
step.

PLATE 23

Superimposition of the ribbon representation of the crystallographic
structures of wt11 and the two SH3 permutants: S19-P20s and
N47-D48s.

Proteins could have different
transition states for folding

The structures of the transition states for folding of a -spectrin
SH3 domain and two circular permutants (S19-P20s and
N47-D48s) have been examined at the level of eight individ-
ual residues by analysis of the folding kinetics of strategically
distributed point mutants. Although the crystal structures of
the folded forms of the three species are virtually identical
the transition states are considerably different, suggesting
that there should not be a univocal relationship between
these two states in a protein. The transition state of a
protein can be envisioned as an ensemble of related confor-
mations in which enough "non-specific" native interactions
have been established to excel the associated entropic
cost.

Protein design

SH3 domains are in general quite promiscuous and the
same peptide can bind to different SH3 domains with similar
poor affinities (i.e. 3BP1 peptide to Abl and Fyn-SH3).
By using existing biocomputing tools, as well as simple
physicochemical reasoning, we have designed mutations in
the 3BP1 peptide, so that the affinity for Abl-SH3 increases
20-fold, while that for the closely related domain, Fyn-SH3,
decreases 10-fold. Recently in collaboration with Mathias
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Wilmanns, we have crystallized the complex formed by
Abl-SH3 and one of the rationally designed high affinity
peptides. Resolution of the structure could help to further
understand the principles behind protein-protein interactions
and to further improve the affinity and selectivity of proline-
rich peptides for SH3 domains.
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Structural biology of membrane proteins and muscle proteins

Group leader: K. Leonard

Staff scientist: B. Bullard*

Postdoctoral fellow: J. Clayton, V. Guenebaut*

Predoctoral fellow: T. Wendt

Assistants: D. Goulding*, M. van Straaten

Membrane proteins

We are studying large membrane protein complexes by
electron microscopy, either as single particles in detergent or
as periodic arrays (sheets or helical tubes) in lipid bilayers.

In collaboration with Hanns Weiss (University of DUsseldorf)
we are working on the large (f'.J800 kDa) complex I from Neu-
rospora crassa mitochondria. This redox enzyme consists
of more than 30 subunits and our present goal is to map
their positions in the membrane and cytoplasmic parts of the
molecule using antibody labelling and subunit disassembly.
The complex I molecule is L-shaped, with one arm lying

PLATE 24

(a) Single particle average for Neurospora crassa complex I labelled
with fAB fragment (see text). Position of fAB is shown by circle.
Scale bar is 10nm.

within the plane of the inner mitochondrial membrane and
the other projecting into the matrix space. We have now
succeeded in labelling the 49 kDa subunit with Fab fragment.
This shows that this subunit is located close to the cleft in
the cytoplasmic arm of the complex (Plate 24a). In collabo-
ration with Thorsten Friedrich (University of DUsseldorf) we
have recently obtained images of the E.coli complex. This
is about 50% of the molecular weight of the Neurospora
enzyme, with about half as many subunits. Surprisingly, this
complex also shows the same L-shape with similar overall
dimensions (Plate 24b). A more detailed comparison of the
two complexes will help to identify the position of the extra
subunits found in the mitochondrial enzyme.

(b) Single particle average for E.coli complex I. The enzyme has
the same characteristic L-shape as the Neurospora enzyme.
Scale bar is 10nm.
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PLATE 25

Three-dimensional reconstruction of the Lethocerus troponin com-
plex from single particles adsorbed to a lipid monolayer. The axis of
the tropomyosin rod (which is not visible in the reconstruction) would
run at right angles to the plane of the page. Scale bar is 10 nm.

Muscle proteins

We are studying cytoskeletal proteins and proteins which
regulate contraction in insect flight muscle. Biochemistry
and immuno-Iocalisation of proteins are conveniently carried
out with flight muscle from the giant water-bug Lethocerus
indicus, while cONA cloning and sequencing are done with
the corresponding Drosophila proteins.

The troponin-tropomyosin which regulates the interaction
between actin and myosin has been isolated as a sta-
ble complex from Lethocerus flight muscle. The complex
forms 20 arrays when adsorbed to lipid surface monolayers.
Although these arrays are not well-ordered, it has been
possible to treat the individual troponin "heads" as single
particles for tomographic analysis. A reconstruction obtained
by combining data for over 600 particles is shown in Plate
25.

In collaboration with the groups of Annalisa Pastore and
Siegfried Labeit at EMBL we have been studying high molec-
ular weight modular proteins in insect muscle. Kettin is a
700 kOa protein found in insect Z-disc, which is similar to titin
but contains only class II domains separated by 35 amino-
acid (AA) linker sequences. We have now established by
immunolabelling of frozen sections that kettin extends from
the centre of the Z-disk (N-terminus) into the I-band region of
the sarcomere (C-terminus) (Plate 26). Binding and electron
microscopy (EM) studies have shown that kettin binds to
F-actin and causes it to associate laterally (bundling). This
would be consistent its role in stabilising the Z-disk.
A Drosophila actin mutant which does not form normal
flight-muscle thin filaments· has been shown to have short
lengths of actin protruding from the Z-disk. The length of the
filaments is equal to the length of kettin and the actin may be
stabilized in this region by kettin.
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With R. Simmons (visitor to Pastore group) and Heinz Harber
(EMBL) optical tweezer measurements were made on iso-
lated kettin to establish the length and elasticity.

As part of an EU Human Capital & Mobility Network we
have been studying the troponin complex which regulates
contraction in Drosophila flight muscle. The flight muscles of
some insects are activated by a stretch preceding each cycle
of contraction which allows high wing beat frequencies (up
to 1000 Hz).

There is an additional troponin component in insect flight
.muscle which may be a sensor for stretch activation.
Troponin-H (TnH) is a fusion protein of tropomyosin and
a repeating proline-rich sequence. Using MALOI mapping
of the Drosophila proteins (with the Peptide Group, EMBL)
we have identified glutathione S-transferase (GST-2) as a
component of the thin filament in Drosophila flight muscle.
GST-2 is bound to TnH and is released from the thin filament
by specific digestion of TnH. If TnH is a stretch sensor, GST-2
may be required for bindng of TnH to other components of
the sarcomere.

We are also characterizing dominant flightless mutants re-
covered during screens for Tn-H mutants. One maps at
chromosome position 3:44-52 close to both f1ightin and
monoplane genes. This mutant, which is probably a point
mutation induced chemically, has a similar phenotype to
monoplane (wings held at right angles to the body; Plate 27)
and may facilitate genetic analysis of the monoplane gene
which is a present unknown. A second mutant we have found
is probably a new flight muscle specific actin mutation.

PLATE 26

Thin frozen sections of Drosophila flight muscle labelled with anti-
body to the C-terminus (upper panel) and N-terminus (lower panel)
of kettin. The kettin molecule extends from the centre of the Z-disk
to a short distance out from the edge of the Z-disk.



PLATE 27

Flightless mutant of Drosophila showing the "wings held out" pheno-
type.
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Structural studies of proteins and protein-ligand complexes

Group leader: R.K. Wierenga
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Predoctoral fellows: C.K. Engel, V.E. Modis

Assistants: A. Kanellopoulos*, j.R Zeelen

Proteins are the "sophisticated masters of the cell" (Hoi,
1996). Therefore cellular processes can only be fully un-
derstood if the properties of proteins are understood. For a
good understanding of the sequence-structure and structure-
function relationships of proteins it is required to know the
structure of the protein. This information must be combined
with data from other techniques, such as modelling, molecu-
lar biology and spectroscopy. We study the structure-function
relationship of several enzymes, which can be grouped
together into three different projects: monoTIM, f3 -oxidation
enzymes and tyrosine kinases. An important aspect of each
project is the "design"-cycle: first the structure of a new
variant (obtained for example by loop changes) is predicted,
or the mode of binding of a ligand in its binding pocket is mod-
elled. Subsequently it is attempted to verify these predictions
by protein crystallographic methods. Table 1 summarizes
some of the crystallographic data of the 9 different structures
which are currently being studied. Further details of these
studies are given in the subsequent sections.

Table 1

Crystal structures which are currently being refined

Protein (source) Ligand resol. R-factor

ml1TIM (variant of monoTIM) 2PG 2.6A 23.1%

vTIM (Vibrio marinus) sulfate 2.7 A 20.0%

vTIM (Vibrio marinus) 2PG 2.7 A 19.2%

tTIM (Thermotoga maritima) sulphate 2.9A 22.6%

ITIM (Leishmania mexicana) 2PG 1.8 A 11.9%

thiolase (Saccharomyces
cerevisiae) - 1.8A 18.7%

hydratase (rat) acetoacetyl-CoA 2.5A 20.9%

hydratase (rat) octanoyl-CoA 2.5A 20.4%

Src (chicken) - 2.4A 24.0%

Table 1: Vibrio marinus and Thermotoga maritima are pyschrophilic
(optimal growth at 4°C) and thermophilic bacteria, respectively. The
comparison of their structures might reveal structural determinants
related to thermal stability. The ITIM structure is interesting because
one of its dimer interface residues is a glutamate, whereas in all
other sequences (more than 30) a glutamin is observed. 2PG is
2-phosphoglycollate.
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monoTIM

This project addresses two questions: (1) what is the
importance of dimerization for the proper functioning of
triosephosphate isomerase (TIM) and (2) is it possible via
loop modelling techniques to change the substrate specificity
of monoTIM.

The first question concerns a better understanding of the
functional properties of TIM. TIM is a very stable dimer; what
happens if the wild-type subunits oligomerize into a dimer?
Previously we have characterized a monomeric variant,
monoTIM, which was made by deleting the long dimer
interface loop. Now, another variant has been constructed,
RE-TIM, which differs from wild-type by only two point
mutations at the tip of the dimer interface loop. This variant is
also a monomeric protein. The thermal stability of RE-TIM
is lower than for wild-type TIM. RE-TIM has the same
catalytic properties as monoTIM (Table 2). From the RE-TIM
studies it is inferred that also wild-type monomeric subunits
have some stability and are catalytically active. It is also
inferred that these monomeric subunits have flexible loops
which rigidify at the dimer interface on dimerization, causing
a thousand-fold increase of k cat and a ten-fold decrease
of Km.

Table 2

Some kinetic constants for
wild-type TIM, monoTIM and RE-TIM

kcat Km Ki(2PG) Ki(PGH)

(min-1) (mM) (JLM) (JLM)

wild-type TIM 3.7 105 0.25 ± 0.05 26± 7' 8±1

monoTIM 3.1 102 4.1 ± 0.6 52± 7 500 ± 100

RE-TIM 1.3 102 1.4 ± 0.2 34± 5 1750 ± 300

Table 2: monoTIM and RE-TIM are monomeric variants of try-
pansomal TIM. 2PG (2-phosphoglycolate) is a substrate ana-
logue. PGH (phosphoglycolohydroxamate) is a transitionstate
analogue. These kinetic measurements concern the conver-
sion of D-glyceraldehyde-3-phosphate into dihydroxyacetone phos-
phate.



PLATE 28

Superposition of the modelled
structure of loop-1 (1 MTM in
the PDB) in thin lines and its
experimental structure (1 ML1 in
the PDB) in thick lines. The
Ca -atoms of the framework a-
helices and f3 -strands were used
for the superposition. The mod-
elled stretch concerns the region
Lys13 to Ser20.

The second topic concerns protein engineering studies. The
ultimate goal is to change the substrate specificity of mono-
TIM by changing the sequence of some of the loops near
the active site. As a first step it was decided to rigidify loop-1
which is disordered in all the liganded structures of monoTIM
(Schliebs et al., 1996). The program ICM, developed by R.
Abagyan (Skirball Institute, New York), was used as a mod-
elling tool. The calculations indicated that the loop should be
made one residue shorter; eventually the 8 residue loop was
changed into a 7 residue loop. The new variant (m11 TIM) was
made, purified and characterized. The enzymatic properties
were identical to monoTlM, despite the fact that the loop-1
residues, immediately following after the catalytic lysine were
completely changed. The crystal structure of this variant
could be determined at 2.6 Aresolution. The superposition of
the modelled and experimental structures (Plate 28) results
in a rms difference of 0.5 Afor the 28 main chain atoms; this
is a very good agreement.

,a-oxidation enzymes

The f3 -oxidation pathway consists of four different enzymatic
activities. Our structural studies have been focused on the
peroxisomal thiolase and the mitochondrial hydratase. These
two enzymes catalyze completely different reactions, but the
substrates are very similar, since both substrates are fatty
acid derivatives of CoA. The thiolase structure (unliganded)
has now been refined at 1.8Aresolution (collaboration with
W.-H. Kunau, Bochum). One peculiar feature is a cluster
of buried polar residues (including waters) in the C-domain
between helix Ca 3 and the f3 -sheet of the C-domain (Plate
29). Docking experiments with acetoacetyl-CoA into the
active site pocket, have resulted in a proposal for the
mode of binding of acetoacetyl-CoA. The molecule binds
in an extended conformation with the acetoacetyl-moiety
near the two active site cysteines (Cys125 and Cys403)
(Plate 30).

PLATE 29

The cluster of buried polar
residues in the C-domain of thio-
lase. The buried polar residues
are between the helix Ca 3
and the f3 -sheet of the C-
domain. The complete Ca -trace
of the C-domain is shown in
thin lines. The side chains of
Glu341, Arg383, Gln384 and
Glu391 point into the polar clus-
ter, which extends to the active
site (near Asn343) as well as to
the other side of the protein (near
Glu391). The four black crosses
are buried water molecules.
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PLATE 30 PLATE 31
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Activation of Src-Ll U. The incorporation of radioactive phosphate
into the Src substrate peptide. Different peptides were tested for
their ability to activate Src-LlU at different concentrations. Counts per
minute incorporated into the substrate (CPM) are plotted against the
peptide concentration. Phosphorylated (open circles), unphosphory-
lated (open triangles) poloyoma middle T peptide or phosphorylated
Src-tail peptide (open squares) have been examined. Control reac-
tions were carried out without enzyme (filled squares). Activation
is only observed for the phosphorylated middle T peptide which is
known to have a high affinity for the Src-SH2 domain.

Gly405

Cys403

HS

/1 2 3

CoA-S (4
-S

His375
Cys125

The schematic position of the modelled acetoacetyl group, close
to Cys125 and Cys403. S(Cys125) is activated (by His375) for
nucleophylic attack on the C3-atom; this results in the formation
of the covalent fatty acyl-S- (Cys125)-intermediate. This attack is
facilitated by the hydrogen bond between the oxygen atom of the
C3 atom and N(Gly405). Cys403 possibly protonates the leaving
acetyl-CoA molecule.

Two hydratase structures have been determined, both at
2.5 A resolution (collaboration with J.K. Hiltunen, Oulu).
These crystal structures are of complexes with two active site
inhibitors: acetoacetyl-GoA and octanoyl-GoA, respectively.
Both crystal forms were obtained by cocrystallization. In the
complex of acetoacetyl-GoA the acetoacetyl group is pointing
to a loop region (Engel et al., 1996). In the octanoyl-GoA
complex the residues of this loop region are disordered due to
the presence of the longer fatty acid moiety (the acetoacetyl
group consists of 4 carbon atoms whereas the octanoyl group
has 8 carbon atoms).

A detailed comparison of the currently known structures
of protein-GoA complexes has been carried out (Engel &
Wierenga, 1996). From these studies it emerged that there
are no conserved sequence or structure motifs specifically
for GoA-binding.

Tyrosine kinases

Tyrosine phosphorylation plays an important role in the reg-
ulation of many cellular processes. We have been involved
in structural studies on chicken Src, expressed in Schizo-
saccharomyces pombe. Purification protocols have been
developed which can be used for the purification of different
constructs, whenever the kinase domain is present (Weijland
et al., 1996). Most of the efforts have been concentrated
on phosphorylated at Tyr527. The phosphorylation
site has been confirmed by mass spectrometric methods
by the group of Matthias Mann. This construct, which does
not contain the unique domain, but which includes the
SH3, SH2 and kinase domain, is the down-regulated form
of Src. It can be activated by adding a phosphotyrosine
containing peptide with affinityforthe SH2 domain (Plate 31).

This construct has been crystallized. The crystals diffract to
2.2 Aat the European Synchrotron Radiation Facility (ESRF)
(collaboration with Andrew Thompson, EMBL-Grenoble).
The structure could be solved by molecular replacement and
is currently being refined (Plate 32). The Src mutagenesis
data of the Superti-Furga group is beautifully complementary
to the structural data. In the meantime the structures of the
regulated form of human Src (Xu et al., 1997) and human
Hck (Sicheri et al., 1997) have also been described.

PLATE 32

The structure of the closed form of chicken Src. The SH3-domain
(upper left) interacts with the upper lobe of the kinase domain (upper
right) via the linker peptide between the SH2-domain (lower-left) and
the kinase domain. The C-terminal tail of the lower lobe of the kinase
domain (lower right) is bound to the SH2 domain.
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Src is phosphorylated at Tyr527 by another tyrosine ki-
nase, Csk. Purification protocols have been developed for
purification of Csk, expressed in E.coli, and crystallization
experiments have been initiated.
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Structure analysis of membrane proteins and signal recognition particle (SRP)

Group leader: I. Sinning
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Visitors: C. Fiore*, H. Savage*, J. Swedberg*

Assistant: C. Svensson

Our group has been focusing on membrane proteins and pro-
teins involved in targeting to membranes. After concentrating
on our projects with membrane proteins in the two previous
research reports, this time more details on the progress
with the signal recognition particle are presented and the
membrane proteins will only be summarized briefly.

We have been able to determine the structure of bacterial
LHII from 20 crystals by cryo-electron microscopy at 7 A
resolution (Hugh Savage &Guillermo Montoya; collaboration
with Werner KOhlbrandt). We have been able to show by
a detailed comparison with the X-ray structure of the LHII
complex from another organism that both methods - X-ray
crystallography and cryo-electron microscopy - give the
same result despite the differences in the sample preparation
and the techniques used. We have continued with the cy-
tochrome bc1 complex (Simon Rogers &Guillermo Montoya)
and have cloned and expressed the bc1 complex from a new
organism. We have been involved in the crystallization of a
number of carrier proteins and receptors. This effort will be
continued in the future.

Signal recognition particle (SRP) and SRP receptor

Newly synthesized proteins destined either for secretion or
incorporation into the cytoplasma or endoplasmic reticulum
(ER) membrane are targeted to the membrane translocation
apparatus by SRP and the SRP receptor. In bacteria the
SRP consists of only one protein (Ffh) and a 4.5S RNA,
whereas in eukaryotes six polypeptides and a 7S RNA are
involved. In addition, the receptor homologue of E.coli also
consists of only one protein, FtsY, whereas two polypeptides
(SRaand SR[3) are found in higher organisms. Recognition
of the signal peptide as well as RNA binding are mediated
by the M-domain of Ffh, which corresponds to SRP54 (in
mammals), whereas FtsY corresponds to SRa. All these
proteins have a conserved GTPase domain in common which
occurs togetherwith a so-called N-domain. It has been shown
that Ffh and FtsY form a complex in the presence of the
SRP-RNA and stimulate each others GTPase activity. This
is the first example of two GTPases acting as GAPs for each
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other. The GTPases of the SRP family comprise a distinct
sub-family of GTPases and no structure of any member of
this family has been available.

We have been focusing on the structure determination of
FtsY, which recently has been shown to be required for the
insertion of a number of membrane proteins. FtsY is active
as monomer with MW 54 kOa and can be found attached to
the membrane as well as in the·cytoplasma. It consists of
three domains: an acidic domain, the N-domain and the G-
domain. Using a construct provided through a collaboration
with Joen Luirink (Amsterdam), crystals of the NG-domain
(MW 33 kOa) have been obtained by Cecilia Svensson. The
crystals diffract to 1.6 A(ESRF, Grenoble). They belong to the
monoclinic space group P21 with cell dimensions a=32.2 A,
b=79.59A and c=59.21 A and [3=94.45°and contain one
molecule per asymmetric unit. Selenomethionine protein and
a Pb derivative were used by Guillermo Montoya for solving
the structure. The NG-domain can be divided into three
segments: the N domain, the GTPase domain and an a-[3-
ainsertion in the effector region (Plate 33). The G domain has
an al[3-fold similar to other GTPases such as p21 ras, EF-G
and transducin Ga. The four consensus elements (G1-4) are
well conserved, but a detailed comparison with the structure
of p21 ras showed that the GTP binding site in FtsY is much
more open than in p21 ras. This explains the low binding
affinity for GTP and analogues. Furthermore', the insertion
in the effector region seems to stabilize the nucleotide-free
form of the protein by a number of hydrogen bonds with the
G2 region. A number of rearrangements are necessary for
GTP binding - which also involve the G4 region (which gives
nucleotide specificity). From our structure we see that the
G4 region is hydrogen bonded to the interdomain interface.
A structural change of G4 upon nucleotide binding is likely
to be transmitted through the N-domain to the functional
domain (the M-domain in Ffh). Based on our structure, we
can propose a model for the interaction between FtsY and
Ffh, which involves the interdomain interface between the
Nand G domain. This model will be tested by Olaf Mol,
Claudio Moser and Kai te Kaat, who have started to work on
different SRP components to obtain more information on the
interaction between them.



PLATE 33

Structure of the NG domain of FtsY at 2.2 Aresolution. The N domain
is on the bottom and consists of 4 helices (A-D). The G-domain has
an a/{3-fold and is in the upper part of the structure with the insertion
(a2-{33-a3) at the surface of the protein. The P-Ioop is indicated.

a4

PLATE 34

(a) Crystals of PAPS reductase belong to the space group C2221
with cell dimensions 8=82.7 A, b=95.7 A and c=109.8 A. The
crystals often contain a large cavity and can grow to a maximum
size of about 0.1 x 0.1 x 1 mm. They diffract to 1.9 A at BL4

(a)

PAPS reductase

This projects relates to our interest in electron transfer
processes (see also cytochrome bc1 complex). Reduced
sulphur is needed by prototrophic organisms as source for all
sulphur-containing metabolites. Assimilatory sulphate reduc-
tion is carried out by a number of enzymes, with PAPS reduc-
tase catalyzing the reduction of phospho-adenylylsulphate
(PAPS) to sulphite and PAP, using thioredoxin as electron
donor. In E.coli PAPS reductase consists of 244 amino-acids
(MW 28 kDa) and is encoded by the cysH gene. The protein
does not contain any co-factors and is only active as a
homodimer. It is not known, how the enzyme stores two
electrons before it transfers them to the substrate. From
biochemical data it is known that reduction is accompanied
by a large conformational change as the apparent molecular
weight changes from 46 kDa of the oxidized protein to about
62 kDa of the reduced form. Cecilia Svensson obtained
crystals of the reduced form of the protein (Plate 34a). After
many unsuccessful heavy atom soaks the structure has been
solved by Hugh Savage using a Pt and an Ir derivative.
PAPS reductase has an a/{3-fold, which is reminiscent of the
nucleotide binding fold (Plate 34b), which is not surprising
as PAPS reductase can also be described as a nucleotide
binding protein and a modified version of the P-Ioop has
been identified in the protein. A DT-motif has been proposed
as a sulphate binding motif in PAPS reductases and ATP
sulphurylases (Bork & Koonin). However, based on our
structure this motif is not involved in binding to the sulphate
group of the substrate, but is involved in binding the purine
ring of the nucleotide. A number of conserved argnine and
lysine residues are present in the substrate binding site,

a9
(b)

(European Synchrotron Radiation Facility, Grenoble) and about
2.5 Ain-house.

(b) Ca ribbon representation of PAPS reductase. The P-Ioop (P),
the DT-motif (D) and the flexible loop (F) are indicated.
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which will test by mutagenesis for their role in reducing
PAPS. Recently, the structure of GMP synthetase has been
determined (Tesmer et al.) and PAPS reductase shows a
striking similarity to the ATP pyrophosphatse (ATP PPase)
domain of GMP synthetase (1 gpm). ATP sulphurylases -
which are PPases - are closely related to PAPS reductase
and sequence conservation and mechanistic similarities
suggest that they have a similar fold. This indicates that
PAPS reductases, ATP sulphurylases and ATP PPases have
evolved form a common ancestral nucleotide binding fold,
which has been modified to,?lccommodate the sulphate group
in the protein. We will continue with the oxidized form of the
protein to understand how PAPS is reduced to sulphite and
also how thioredoxin interacts with the protein.
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Crystallographic methods

Group leader: P.A. Tucker

Engineer: P. Herde

Predoctoral fellows: B. Agianian, R Kanellopoulos*, M. Mapelli*

Visitors: S. Adinolfi*, G.R Pal*,

Assistant: H. van der Zandt

The aim of the group is to implement and develop methods
that facilitate macromolecular crystal structure determina-
tions. The group therefore supports the X-ray laboratory
equipment, crystallographic software and much of the graph-
ics software. It is felt, however, that this task is more effectively
realized when closely connected with an active research
effort using the supported facilities.

X-ray instrumentation

A double focusing mirror system has been installed for use
with one of the image plate scannners. Although tests indi-
cate improved signal-to-noise ratios for diffracted intensities,
in particular for small crystals, the improvement is not as great
as expected. Methods for reproducibly aligning the system
are being implemented.

Electron density map fitting

Some improvements to the method of locating templates
in poor quality electron density maps (previous research
reports) were made. Unfortunately before the procedures
could be made available for general use a program using
essentially the same methodology (Kleywegt & Jones, in
press) became available. We have therefore concentrated
on producing the code designed to locate, from a map and a
main chain backbone, which part of the (protein) sequence a
stretch of electron density belongs to. The algorithm chosen
has been shown to produce a useful signal and the majority
of the code is completed.

Proteins involved in replication of the viral genome

Adenovirus ssDNA binding protein (DBP)
(with D. Tsernoglou (Rome) and P.C. van der Vliet (Utrecht))

We have continued trying to improve our model of DBP
in complex with DNA. Last year we reported that we had
measured data to 6 A resolution close to the Zn edge
at the ESRF. Despite confirming the positions of the zinc
atoms these data did not improve the phasing obtained
by a previously reported molecular replacement solution.
Although we have attempted to model the DNA around the
protein core, and consider that each molecule protects 11
bases, we remain unable to describe in detail the interaction.

Further analysis of DBP mutants has shown that, on a
double-stranded DNA template and during strand displace-
ment synthesis, the ability of DBP to oligomerize is the driving
force for ATP independent DNA unwinding. It substitutes
for a helicase which is not present in the adenovirus repli-
cation system. We have also produced a set of mutants
of the "hinge" region of the protein (N512P, V513L and
512NVS514----+512PPP514) with the aim of reducing the
flexibility of the hinge. We are now investigating the effect of
these mutations on the cooperativity of DNA binding.

Adenovirus preterminal protein
(pTP)/polymerase(pol) complex
(with P.C. van der Vliet (Utrecht))

The 80 kDA precursor-terminal protein (pTP) and the
140 kDa DNA polymerase (pol), together with DBP (see
above), are the components of the adenovirus DNA replica-
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tion machinery encoded by the virus. The two proteins form a
tight 1:1 complex which is responsible for the initiation of repli-
cation using a protein priming mechanism. Elongation then
follows and only requires the DBP and the polymerase. Both
pTP and pol have been produced in a baculovirus expression
system but the expression efficiency is suboptimal and we are
working towards expressing the proteins on a larger scale.
Purification protocols for both the complex as well as the
individual proteins have been developed and crystallization
trials are in progress.

NS2 from bluetongue virus
(with P. Roy (Oxford))

NS2 from bluetongue virus is a ssRNA binding protein
involved in viral morphogenesis. The N-terminal region of
NS2, which spans residues 1-177, is the RNA binding
region and (see last year's report) is apparently the part
of the protein responsible for the formation of the crystals
we have so far obtained. Constructs for expression of this
in both E.coli and baculovirus systems have been made.
The major problem is the insolubility of the domain either
as N- or C-terminal His-tagged or as a C- or N-terminal
GST-fusion proteins. Currently we are trying to engineer a
tabacco etch virus (TEV) protease cleavage site between
the first 177 amino-acids (aa) and the rest of the protein
to obtain a specific cutting site where we can control the
rate of cleavage and therefore the rate of formation of the
N-terminal portion of the protein. By this means we hope
to obtain crystals that are more homogeneous and therefore
diffract to higher resolution. The C-terminal domain (residues
178-357) has been seperately expressed as aN-terminal
His-tagged protein. The protein is soluble and is monomeric
in solution and crystallization trials have been initiated.

LEF3 from baculavirus

This is a 43 kDa non-sequence specific ssDNA binding pro-
tein produced by baculovirus, which we believe functions in
DNA replication. The protein was previously isolated, purified
and shown to bind to ssDNA. Crystallization trials have been
carried out during the year and microcrystals obtained under
some conditions. Optimization of crystallization conditions by
a batch method is in progress.

ICPB from Herpes simplex virus 1
(with N. Stow (Glasgow))

ICP8 is the major Herpes simplex virus DNA-binding protein.
It consists of 1196 amino-acid residues and is located in
the nucleus of infected cells. ICP8 has been identified as
an essential gene product for viral replication and is one
of the seven proteins necessary and sufficient for viral
DNA synthesis in transfected cells. It is a multifunctional
protein which is also involved in DNA recombination and
repair, in the organization of cellular and viral proteins on
prereplicative sites and in the regulation of gene expression.
We have established a purification protocol for the protein
and shown that under reducing conditions and lower protein
concentrations it is monomeric in solution. Crystallzation
trials have so far been unsuccessful. Currently we are trying
to determine the minimal DNA binding domain by a set of
limited proteolysis experiments.
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PLATE 35

Fibres formed by the 55 kDa construct of the Drosophila GAGA
factor. The width of the fibres is approximately 50 A.

Other collaborative projects

GAGA transcription factor
(with P. Becker (EMBL))

A 55 kDa construct of the Drosophila GAGA factor com-
prising residues 136-518, which omits the oligomerization
(POZ) domain, was previously expressed and purified and
the protein shown to be active according to a footprint-
ing assay. Crystallization trials undertaken during the year
were unsuccessful. It was noted that protein solutions at
the concentration used for crystallization trials were rather
viscous. Electron microscopy (in collaboration with Kevin
Leonard) shows that the protein forms fibres (Plate 35).
We have shown that fibre formation is dependent on protein
concentration. Subsequently a construct (136-444) without
the C-terminal glutamine-rich domain was expressed and
purified. Electron micrographs show that this protein does not
form fibres and we therefore deduce that fibre formation is
a consequence of the glutamine-rich domain. Crystallization
trials with the smaller construct are still in progress.

Concanavalin A complexes
(with S. Hamodrakas (Athens))

The structures of a ConA complex with 2,2,6,6-tetramethyl-
piperidine-l-oxyl-4-yl-a-D-glucopyranoside has been deter-
mined and analysis of the structure is being completed.

Publications during the year

Bhattacharya, P. &Wild, D. (1996). A new edge detector for
gray volumetric data. Comput. BioI. Med., 26, 315-328

Engel, C., Wierenga, R. & Tucker, P.A. (1996). A removable
arc for mounting and recovering flash-cooled crystals. J.
Appl. Cryst., 29, 208-210
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Kanellopoulos, P.N., Tsernoglou, D., van der Vliet, P.C. &
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Mechanisms and catalysis of disulphide-coupled protein folding

Group leader: T.E. Creighton

Staff scientists: N.J. Darby, J.

Postdoctoral fellows: W. English*, M. Mariani*

Predoctoral fellow: T. Kortemme

Assistants: E. Penka, R. Vincentelli

The main goal has been to elucidate the mechanisms of
protein folding coupled to disulphide bond formation and of
the in vivo catalysts of these processes from both eukaryotes
and prokaryotes.

Disulphide-coupled protein folding pathways

Previous work had established the kinetic pathway of disul-
phide formation and folding in reduced bovine pancreatic
trypsin inhibitor (BPTI). The conformational basis of the
pathway had also been elucidated by determining the con-
formations of all the important folding intermediates. This is
the most detailed protein folding pathway known, and it is
currently being used to determine the effects of catalysts of
such folding.

Catalysts of disulphide formation

Protein folding coupled to disulphide formation is catalyzed
in vivo by a group of enzymes that are related to thioredoxin;
each has a -Cys-X-X-Cys- motif at its active site, which cycles
between the dithiol and disulphide forms.

Catalysts of the bacterialperiplasm

The major catalysts of the periplasm of Escherichia coli,
DsbA and DsbC, were identified genetically by others and
characterized biochemically by this group. Considerable
progress has been made in obtaining a quantitative de-
scription of the reaction mechanisms of these catalysts with
their substrate proteins. For both proteins, the contribution of
binding interactions and the unusual chemistry of the active
site cysteine residues has been established. The remaining
challenge is to understand the structural basis of these
factors. Crystals of DsbC labelled with selenomethionine
were prepared for the group of Peter Metcalf, to assist in
their determination of the crystal structure.
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The functions and mechanisms of the proteins DsbD, DsbE,
and DsbF, discovered by S. Raina and D. Missiakas (Univer-
sity of Geneva) to be involved in disulphide formation, are
being characterized. They differ from the oxidative DsbA and
DsbC systems in appearing to be part of a parallel system
that functions primarily as a reductant.

The eukaryotic catalyst,
protein disulphide isomerase (PDI)

PDI is a large complex protein, consisting of 491 residues,
that catalyzes both disulphide formation and rearrangement
in the eukaryotic endoplasmic reticulum, as well as having
other functions. The structural basis of these functions is
being determined by using protein engineering to dissect PDI
into its individual domains. The number and limits of these
domains have been elucidated by a combination of protein
engineering to produce appropriate fragments comprising at
least one domain, followed by proteolysis to trim unstructured
residues from the termini. This approach resolved some
uncertainties about the number and identities of the domains
of this protein. At the present time, the modular structure of
the polypeptide chain is believed to consist of four domains, in
the order a-b-b'-a', with a further segment of acidic residues
at the C-terminus; all of these domains have been prepared
as stable individual species.

The structure of the a domain had been determined by
heteronuclear multi-dimensional NMR (in collaboration with
K. Dijkstra and R.M. Scheek, University of Groningen) and
the same was done for the b domain (see Plate 36). As
expected from its amino-acid sequence, the structure of the
a domain is similar to that of thioredoxin, which functions
as a reductant of disulphide bonds in most organisms.
The sequence of the b domain is not related detectably
to any known protein other than the b' domain, but it was
found, unexpectedly, also to have the thioredoxin fold. The
active-site cysteine residues of the normal thioredoxin fold,
which are present in the a and a' domains, appear to have



PLATE 36

Ribbon depictions of the folded
structures of the a (left) and
b (right) domains of protein disul-
phide isomerase determined us-
ing heteronuclear multidimen-
sional NMR.

been deleted. The sequence of the b' domain shows limited
similarity to that of b, indicating that they may be homologous.
In that case, the b' domain should also have the thioredoxin
fold; its structure is being determined by NMR methods. The
bulk of the sequence of human POI would therefore consist of
four thioredoxin-like modules, two of which are functional in
thiol-disulphide exchange reactions typical of the thioredoxin
family, whereas the other two are not.

The functional and stability properties of the isolated domains
are being determined and compared to those of the intact
protein. This has been complemented by preparation of
various proteins in which the domains are combined or
mutated. This information is being used to build a complete
description of the catalyst and to understand the structural
basis of POI's complex functions.

protein, the less stable the disulphide form. This stabilization
of the reduced form appears to occur primarily by stabilization
of the thiolate anion of the accessible cysteine residue. The
greater the stabilization of the thiolate anion, as measured
by its pKa value, the more stable the reduced protein and the
less stable the disulphide form. The most oxidizing proteins,
OsbA and the POI a domain, have cysteine thiol pKa values
as low as 3.5 and 4, respectively, compared to a normal
cysteine pKa value of 8.7. The molecular mechanism of
this stabilization of the thiolate anion involves its position at
the N-terminus of an a-helix, and the precise mechanism
is being elucidated using model helical peptides and the
isolated a domain of POI. The contributions of the position
at the N-terminus of the a-helix and of interactions with
neighbouring ionized residues have been estimated in the
POI a domain.

Determinants of disulphide bond stability
in the thioredoxin fold

A remarkable property of the catalysts of disulphide forma-
tion, OsbA, OsbC, and the POI a and a' domains, is that
they form very unstable disulphide bonds at their active
sites. In contrast, the homologous protein thioredoxin forms
a disulphide bond that is up to 7 kcallmol more stable. These
differences are consistent with their different functions, as
thioredoxin is a reductant, the others oxidants. Surprisingly,
the structures of these disulphide bonds are indistinguish-
able, despite their great differences in stability.

It now appears that it is not the disulphide bonds themselves
that differ, but the reduced forms of the proteins. With the
oxidative proteins the more stable the reduced form of the

These studies were extended to E.coli thioredoxin, as its
accessible cysteine residue is generally considered to have
a somewhat low pKa value in the region of 6.7 to 7.5. This
would be consistent with the low pKa values observed in
OsbA and POI a domain, but inconsistent with the general
relationship with disulphide bond stability, for lhe disulphide
bond of thioredoxin is much more stable than would be
expected. Using the same direct techniques developed for
the other proteins, reduced thioredoxin was shown to have
an accessible thiol group with an elevated pKa, in the
region of 9. This is then quantitatively consistent with the
general relationship between pKa value and disulphide bond
stability observed with the other thioredoxin-like proteins. The
structural basis of the 5 pH unit pKa difference between
OsbA and thioredoxin, two very similar proteins, is only partly
understood.
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Sequence and structure analysis of proteins and genes

Group leader: P. Argos

Scientists: T. Etzold, J. Heringa*, G. Vogt..
Postdoctoral fellows: O. Carugo, T. Dandekar, F. Eisenhaber, D. Frishman*, J .. Gracy, C. Ramu*, J. Selbig*, T. Thanaraj*, A. Ulyanov*, G. Verde

Predoctoral fellows: R Lijnzaad*, S. Sunyaev*, D. Walther

Visitors: F. Du*, R. Konig*, A. Koschel, H. Sommerfeldt*, J. Weare*, S. WolI*

The research group focuses on the theoretical analysis of
the sequence and structure of proteins and genes as well
as associated molecular biological databases. The work
begins with examination and development of sequence and
structure databases to elicit basic structural and folding
principles and then attempts to move forward to the ultimate
goals of predicting tertiary structure from only a knowledge
of the primary sequence as well as retrieving, analysing, and
synthesizing available molecular bioinformation. The specific
projects of 1996 are described within this wider framework.

Sequence analysis

Automatedprotein sequence database classification

A fully automated process has been developed that classifies
entire protein sequence databases resulting in alignment of
homologous sequences. The successive steps of the proce-
dure are based on compositional and local sequence sim-
ilarity searches followed by multiple sequence alignments.
Global similarities are detected from the pairwise comparison
of amino-acid and dipeptide compositions of each protein. Af-
ter the elimination of all but one sequence from each detected
cluster of closely related proteins, the remaining sequences
are compiled in a suffix tree which is self-compared to detect
local sequence similarities. Sets of proteins which share
similar sequence segments are then weighted according to
their closeness and multiply aligned using a fast hierarchical
dynamic programming algorithm. Computational strategies
were devised to minimize computer processing time and
memory space requirements. The accuracy of the sequence
classifications has been evaluated for 12,462 primary struc-
tures distributed over 342 known families. The percentage of
sequences with missed or incorrect family assignments was
6.8 on the test set. This low error level is comparable with that
of the manually constructed PROSITE database (4.4%) and
is substantially better than that found for the automatically
built PRODOM database (34.9%).

Two similar amino-acid sequence segments located on the
same protein or on homologous proteins at notably different
distances from their respective N- or C-termini may indicate
structural domain boundaries. The automated method just
described combines such positional constraints derived from
various detected pairwise sequence similarities to delineate
the modular organization of the considered proteins. The
procedure has been applied to a non-redundant data set of
26,990 proteins whose sequences were taken from the PIR
and SWISS-PROT databanks and shared less than 60%
sequence identity amongst pairs. The resultant clustering,
delineation, and multiple alignment of 24,380 sequence
fragments yielded a new database of 4,364 domain families.
The database, called DOMO, will be available on the Internet
through the World Wide Web (WWW).

Automated information search in
molecular biological databanks (SRS)

SRS is an algorithm, available on the Internet, that searches
information in more than 100 molecular biological databases
and also provides hypertext links corresponding to cross-
references in many of the databanks (see Research Reports
1993-1995). The latest year concluded the release 5.0 of
SRS which involved a major rewrite of several components.
SRS5 features a completely new WWW interface with many
additional functions including the definition of views for dis-
playing retrieved entries and the integration of homology
search programs such as Blast, FASTA or the Smith and
Waterman search on the BioAccelerator. These latter func-
tions are unique to SRS.

The parsing power of the Icarus language, developed at
EMBL to interpret commands and syntax, widens the range
of databanks that can be integrated such that any infor-
mation available in ASCII can be indexed. Icarus also al-
lows more easy integration of hypertext linking the various
databases. The use of views provides single table displays
of the linked information. The SRS5 WWW server has the
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URL ..http://www.embl-heidelberg.de/srs5/.. which also gives
access to complete documentation of Icarus and server
maintenance.

Principles of protein folding and stability

Protein thermal stability, hydrogen
bonds, and ion pairs

Researchers in both academia and industry have expressed
strong interest in comprehending the mechanisms responsi-
ble for enhancing the thermostability of proteins. Many and
different structural principles have been postulated for the
increased stability. Sixteen families of proteins with different
thermal stability were theoretically examined by comparing
their respective fractional polar atom surface areas and the
number and type of hydrogen bonds and salt links between
explicit protein atoms. In over 80% of the families, correla-
tions were found between the thermostability of the familial
members and an increase in the number of hydrogen bonds
as well as an increase in the fractional polar surface which
results in added hydrogen bonding density to water. ThOs
increased hydrogen bonding may provide the most general
explanation for thermal stability in proteins. The number of
ion-pairs was also found to increase with thermal stability in
two-thirds of the families tested; however, their rate of addition
was only about one-sixth that for internal hydrogen bonds
amongst the protein atoms. Preferred residue exchanges and
surface atom types useful in engineering enhanced stability
were also examined.

Protein sequence and structure patterns
based on residue contacts

The identification of correlations between sequence patterns
and structural motifs is a prerequisite in the development
of protein structure prediction methods. The prediction ac-
curacy indicates whether these correlations are discerned.
An approach has been developed to identify long range
relationships between sequence patterns and structural mo-
tifs by varying the granulation of the structure description.
Since interaction amongst residues is a major determinant
in protein folding, contact environments are considered that
are formed by two triplets of 3 sequentially neighbouring
residues and described by vectors whose components ex-
press contact strengths on an atomic level. Through testing
various classification schemes including their resolution and
optimizing several parameters, discernible relationships be-
tween sequences and folds were explored. It was found that
about 10 residue contact structural classes are optimal for
prediction.

Differential coding ofprotein secondary
structural types on messenger RNA

Tricodon regions on messenger RNAs corresponding to a
set of proteins from Escherichia coli were scrutinized for
their translation speed. The fractional frequency values of
the individual codons as they occur in mRNAs of highly
expressed genes from Escherichia coli were taken as an
indicative measure of the translation speed. The tricodons
were classified by the sum of the frequency values of the
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constituent codons. Examination of the conformation of the
encoded amino-acid residues in the corresponding protein
tertiary structures revealed a correlation between codon
usage in mRNA and .topological features of the encoded
proteins. ex -helices on proteins tend to be preferentially
coded by translationally fast mRNA regions while the slow
segments often code for f3 -strands and coil regions. Fast
regions correspondingly avoid coding for f3 -strand and coil
regions while the slow regions similarly move away from
encoding ex -helices. Structural and mechanistic aspects of
the ribosome peptide channel support the relevance of se-
quence fragment translation and subsequent conformation.
The differential coding is related to the reported kinetic
data on the formation and stabilization of protein secondary
structural types during protein folding. The observed absence
of such strong positive selection for codons in non-highly
expressed genes is compatible with existing theories that
mutation pressure may well dominate codon selection in non-
highly expressed genes. The results should prove significant
in optimally engineering genes for expression and protein
folding.

Computing hydrophobic regions on protein surfaces

The hydrophobic part of the solvent accessible surface of
a typical monomeric globular protein consists of a single
and large interconnected region formed from faces of apolar
atoms and constitutes about 60% of the solvent accessible
surface area. The direct delineation of hydrophobic surface
patches on an atom-wise basis is thus impossible. Experi-
mental data indicate that, in a two-state hydration model, a
protein can be considered as unified with its first hydration
shell in its interaction with bulk water. If the surface area
occupied by water molecules bound at polar protein atoms is
removed, only about two-thirds of the hydrophobic part of the
protein surface remains accessible to bulk solvent. Moreover,
the organization of the hydrophobic part of the solvent ac-
cessible surface experiences a drastic change such that the
single interconnected hydrophobic region disintegrates into
many smaller patches. It is only these remaining hydrophobic
surface pieces which probably play an important role in intra-
and intermolecular recognition processes such as ligand
binding, protein folding and protein-protein association in
solution conditions. These observations lead to an accurate
analytical and quick technique for the automatic determina-
tion of hydrophobic surface patches of proteins which can
be computationally simulated by a small radial increment of
solvent accessible polar atoms, followed by calculation of the
remaining exposed hydrophobic patches. A radial increase of
0.35-0.5 Aresembles the effect of tightly bound water on the
organization of the hydrophobic part of the solvent accessible
surface.

Derivation of solvation energy from
protein hydrophobic patches

For the first time, a direct approach for the derivation of an
atomic solvation parameter from macromolecular structural
data alone has been found. The specific free energy of
solvation for hydrophobic surface regions of proteins can be
delineated from the area distribution of hydrophobic surface
patches. The resulting value is 18 cal/(mole A2) with a statis-



tical uncertainty of ±2 cal/(mole A2) at the 5% significance
level. It compares favourably with the parameters for carbon
obtained by other authors who use the crystal geometry
of succinic acid or energies of transfer from hydrophobic
solvent to water for small organic compounds. Thus, the
transferability of atomic solvation parameters for hydrophobic
atoms to macromolecules can be directly demonstrated. A
careful statistical analysis also shows that surface energy
parameters derived from thermodynamic data of protein
mutation experiments are clearly less reliable.

Hydrophobic patches on protein
subunit interfaces

A survey of hydrophobic patches on the interfaces of protein
subunits has shown many consistent characteristics. There
are more large patches on interfaces than on protein exteri-
ors. The distribution of the sizes of the largest patch in each
subunit interface peaks at about 500 A2, albeit one patch
displayed 2600 A; and yet there is no correlation between
the size of the largest patch and the size of the interface
surface. Interestingly, the size distribution of the largest
interface patches strongly resembles that for monomeric
proteins surfaces. If a hydrophobic patch displays any overlap
with the interface, this overlap tends to be large which could
well be significant in the process of subunit association
and recognition. There is a very high coincidence between
the largest patches on a subunit's exterior surface and
the interface: in 90% of the proteins examined, either the
largest or the second largest constituted a significant portion
of the interface. This should prove valuable in studies of
protein-protein association. If the subunit association site of a
polypeptide chain is not known, the largest or second largest
patch is then the most likely candidate. They are also the
best mutagenesis targets if oligomerization potential is to be
altered. Further, if the tertiary structure of a subunit is known,
the two largest hydrophobic patches would greatly limit the
search space for docking oligomers. The complementarity
of contacts of patches on different subunits was found to be
low in that large patches on one subunit do not often mostly
cover large patches on the associating subunit. The shielding
of hydrophobic surface from water appears more important
than contacts between similarly sized apolar surface patches.

Clustering of non-rotameric sidechains
in protein structures

The spatial positioning of non-rotameric sidechains was
studied in a set of well refined protein tertiary structures.
A criterion for non-rotamericity was used which ensures that
non-rotameric residues show a significant energetic strain.
The analysis was performed only on residues in buried pro-
tein cores to have confidence in the experimental sidechain
placements. In a significant fraction of around 30% of the
proteins, clusters of two or more non-rotameric sidechains
existed with high amounts of strain. Clusters of up to six
residues were also found. Although non-rotameric residues
are associated with distinctively higher crystallographic tem-
perature factors than rotameric sidechains, when in clusters
they show smaller temperature factors which suggests that
such non-rotameric clusters may well be a means to lower a
protein core's internal energy where folding requires a mini-

mum number of strained sidechains. Non-rotameric residues
also show a significantly tighter packing than rotameric clus-
ters of the same number of sidechains such that extensive
hydrophobic contacts would compensate for their increased
strain. Although non-rotameric residues are predominantly
found in helical and strand secondary structures, they mostly
prefer coil regions. If in a helix, the first N-terminal turn is
dramatically preferred.

Correlation between protein sidechain
mobility and conformation

Thermal factors of protein atoms as determined by X-ray
crystallographic techniques show a tendency to be larger
in side-chains with unfavourable local conformations rather
than in those displaying conformational energy minima. It
follows that sidechain atoms are more mobile if they are in
a non-rotameric configuration and that the stereochemistry
of protein structures cannot be fully assessed without con-
sideration of thermal factors that monitor flexibility in various
regions of the protein.

Prediction of protein structure

Ab initio backbone topology prediction
with the genetic algorithm and
readily available experimental data

Specific residue interactions as revealed from a few and
readily available experiments can be quite important in
shaping a protein's tertiary topology by complementing basic
and general folding principles. This experimental information
was employed in structure prediction (mainchain topology)
based on sequence knowledge and the genetic algorithm
with its ability to optimize simultaneously many parameters.
Examples investigated included the distribution of cysteinyl
S-S bonds, protein sidechain ligands to iron-sulfur cages,
cofactor-ligands, crosslinks amongst sidechains, and con-
served hydrophobic and catalytic residues. Use of such inter-
actions resulted in an improvement in the predicted topology
(0.4-6.6 Aroot-mean-square-deviation in the positions of the
backbone Ca-atoms relative to those observed) compared
to those from simulations relying only on basic protein fold-
ing principles. For several examples the resultant topology
depended critically on knowledge of the few and specific
interactions such that the relationship between predicted
and observed Ca-positions was near random without their
use. The combined methodology (experimental data and the
genetic algorithm) should prove helpful in settings where
experiment and theory can cooperate in successive steps
to elucidate an unknown structure.

Secondary structure prediction from
protein sequences

An accurate secondary structure prediction has been devel-
oped which relies on a query and related sequences. The
most novel aspect of the approach is its reliance on local
pairwise alignment of the sequence to be predicted with
each related sequence rather than utilization of a multiple
alignment. The residue-by-residue accuracy of the method is
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75% in three structural states after jack-knife tests. The gain
in prediction accuracy compared to the existing techniques,
which are at best 72%, is achieved by secondary structure
propensities based on both local and long-range effects,
utilization of similar sequence information in the form of
carefully selected pairwise alignment fragments, and reliance
on a large collection of known protein primary structures. The
method is especially appropriate for large-scale sequence
analysis efforts such as genome characterization where
precise and significant multiple sequence alignments are not
available or achievable.

Future of secondary structure prediction accurary

The accuracy of secondary structure prediction for a protein
from knowledge of its sequence has been significantly im-
proved from the efforts of many researchers by about 7%
to the 70-75% range by inclusion of information residing
in sequences similar to the query. The scientific literature
has been inconsistent, if not negative, regarding chances for
further improvement from the vast knowledge to be provided
by genome sequencing efforts. By applying a prediction tech-
nique, particularly sensitive to added sequence information,
to a standard set of query sequences with related primary
structures taken from chronologically successive releases of
a large protein sequence databank, it is shown that prediction
accuracy can be expected to reach 80-85% with a large
10-fold increase in present sequence knowledge (Plate 37).
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Thus, even with present prediction approaches, improvement
can still be expected, albeit still limited.

Protein function and evolution

Accessibility to internal cavities
and ligand binding sites

Protein structures are flexible both in solution and in the solid
state. X-ray crystallographically determined thermal factors
monitor the flexibility of protein atoms. A method utilizing
such factors has been proposed to delineate protein regions
through which a ligand can exchange between binding
site and bulk solvent. It is based on the assumption that
thermally excited protein regions are excellent candidates
for opening a ligand channel. Computationally simple and
inexpensive, the method analyses directions from which
thermal factors can propagate within the protein, resulting
in thermal motion paths (TMPs). Applications to engineered
T4 Iysozymes, where an artificial internal cavity can host
hydrophobic molecules, and to sperm whale myoglobins,
where the active site is completely buried, yielded results
in agreement with other independent structural observations
and with previous hypotheses. Further new features could
also be suggested. The proposed TMP analysis should be
useful in exploring other biological systems and may help
avoid the computationally expensive dynamics simulations
in certain applications.
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Superposition of NAD's (black
stick depiction) and surrounding
atoms (gray) from various NAD-
binding proteins with and with-
out similar mainchain topology.
There is some conservation of
generally hydrophobic groups
about the adenine region and
of an extended chain segment
acting as a J3-strand hydro-
gen bonding to the diphosphate
moiety; in the nicotinamide re-
gion little conservation is evi-
dent since various and different
catalytic reactions occur in the
vicinity.

Non-rotameric sidechains in the
vicinity of protein ligand binding sites

A study was performed using an extensive set of ter-
tiary structural protein-ligand complexes. It was found that
sidechains strained non-rotamericconformations preferred
to be in regions spatially near ligand and substrate binding
sites. Clusters of two or more such sidegroups even more
dramatically preferred such locations. Asp, His, and Asn were
the favoured non-rotameric residue types near ligands. They
can obviously function as catalytic or ligand binding residues.

Using 20 pairs of protein complexes and their associated
apo tertiary structures, sidechain conformational alterations
were studied as structures go from the unbound to the bound
state for one or more ligands. Of the 20 structural pairs,
11 showed more non-rotameric residues in the complex
than in the associated apo form, while 5 pairs displayed
no net difference. Over 11 complexes with increased strain,
a net 29 sidechains become non-rotameric in the complex
from being rotameric in the apo form. Similarly, only 9
sidechains switch to non-rotameric in 4 apo forms with more
strain than the associated complexes. This results in a 3.2
fold preference for increased strain in complexes. From the
residue compositions over three states (non-rotameric in
complex only, non-rotameric in complex and apo, and non-
rotameric in apo only), Leu and negatively charged and polar
residues had strong preferences for being non-rotameric in
complexes. These residue types are thus likely candidates to
serve in protein engineering experiments as strain-inducing
residues for complexes. It might well be that the increased
energy in the strained complexes enhances catalysis and

also forces catalytic products out of their bound states, after
which the remaining apo forms pass to a lower energy
conformation.

Conserved stereochemistry of
protein binding sites: the canonical
NAD(P)-dependent enzymes

The ubiquitous redox cofactors, NAD and NADP (nicoti-
namide adenine dinucleotides), are very similar molecules
despite their participation in substantially different biochemi-
cal processes. NADP differs from NAD in only the presence
of an additional phosphate group esterified to the 2' -hydroxyl
group of the ribose at the adenine end, and yet NADP is con-
fined with few exceptions to the reactions of reductive biosyn-
thesis while NAD is used almost exclusively in oxidative
degradations. The discrimination between NAD and NADP
is therefore an impressive example of the power of molecular
recognition by proteins. The many known tertiary structures
of NAD(P) complexes affords the possibility for an analysis
of their discrimination. A systematic showed that
(1) the NADP coenzymes are more flexible in conformation
than those of NAD; (2) while the protein-cofactor interactions
are largely conserved in the NAD complexes, they are quite
variable in those of NADP; and (3) in both cases the pocket
around the nicotinamide moiety is substrate-dependent. The
conserved and variable interactions between protein and
cofactors in the respective binding pockets were examined
in detail (Plate 38). Discrimination between NAD and NADP
is essentially a consequence of the overall pocket and not
of a few residues. A clear fingerprint in NAD complexes is
a carboxylate sidechain which chelates the diol group at
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the ribose near the adenine while in NADP complexes an
arginine sidechain faces the adenine plane and interacts
with the phosphomonoester. The latter type of interaction
might be a general feature of recognition of nucleotides
by proteins. Other features such as strand-like hydrogen
bonding between the NAD(P) diphosphate moieties and
the protein are also significant. The NAD(P) binding pocket
properties should prove useful in protein engineering and
design.

Evolution of ligand bindil)g domains:
the canonical NAD(P)-dependent enzymes

Nicotinamide adenine dinucleotides are among the more
diffuse redox cofactors. In spite of their stereochemical
similarity where the only difference is a phosphomonoester
on the ribose near the adenine of NADP, they show different
biochemical reactivities with NAD behaving as an oxidant
and NADP as a reductant. NAD(P)-dependent enzymes
generally share a common open a/{3-fold with few excep-
tions only recently structurally characterized. A study of
the molecular evolution of the NAD(P) binding domains,
possible given the large number of known molecular struc-
tures, addressed two main questions: can a common fold
exist in different biological systems (divergent evolution) and
does a relationship exist amongst similar biological systems
which display different folds (convergent evolution)? Both
the structure of mono- and dinucleotide binding domains
were classified by cluster analysis based on the similarity
evaluated by their main-chain Ca superposition. Moreover,
the cofactor conformations and the stereochemical charac-
teristics of their pockets were also classified by analogous
methods on the basis of the published tertiary structures.
Two main results appeared: (1) the classification of the
mononucleotide binding domains is different from that of the
dinucleotide binding folds; (2) both divergent and convergent
evolutionary pathways can be hypothesized, the latter less
frequently observed and less pronounced but nevertheless
evident. The generally accepted hypothesis that dinucleotide
binding domains have evolved by gene duplication of primor-
dial genes coding for the smaller mononucleotide binding
domains is acceptable, but the two halves of the result-
ing dinucleotide binding domains are evolutionarily uncor-
related. The N-terminal mononucleotide binding domain is
less variable than the C-terminal half, probably because it
involves the binding of the ADP moiety of NAD(P) invariant
in all examined systems. There is evidence to postulate
that evolutionary pathways for NAD(P)-dependent enzymes
are both divergent and convergent. In fact nearly all com-
binations of similarity/dissimilarity in overall fold, cofactor
conformation, and cofactor binding pocket structural charac-
teristics for each enzyme pair examined are possible. The
NAD(P)-dependent enzymes apparently provide a canon-
ical example of a biomolecular evolutionary principle that
"anything goes".
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Molecular modelling, simulation and design

Group leader: R. Wade

Postdoctoral fellows: B. Das*, Fl. Gabdoulline, V. Lounnas, S. LOdemann, I. Shrivastava*, S. Tomic*
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The main focus of this research group is the study of
biomolecular interactions using computational techniques.
Modelling and simulation can provide a microscopic picture
of events that may be difficult to investigate experimentally
and can assist the identification of features that are important
in determining molecular recognition. This information can be
used for predictions of ligand-receptorcomplex formation and
to design ligands and protein mutations to produce desired
ligand-receptor interactions. Our work can be roughly divided
into three topics: protein-protein recognition, protein-small
molecule recognition, and protein structure, stability and dy-
namics. The main advances on these topics during the year
are summarized in the following report. Further information
on some of our projects can be obtained from ourWeb pages
at http://www.embl-heidelberg.de/Externallnfo/wade.

Protein-protein recognition

Diffusional association

Protein association events are ubiquitous in biological sys-
tems. Association of some proteins and the subsequent re-
sponses are diffusion-controlled in vivo. Hence, it is important
to be able to compute bimolecular diffusional association
rates for proteins. For this purpose, we have used the Brow-
nian dynamics simulation methodology, which we previously
applied to simulate enzyme-substrate association (Wade,
1996).

We simulated the diffusional encounter of the extracellular
ribonuclease, barnase, and its intracellular inhibitor, barstar
(Gabdoulline & Wade, 1997a). Their interaction is among
the strongest known between proteins and their associ-
ation occurs very fast (at t".J109 M-1s-1 at 50 mM ionic
strength (Schreiber & Fersht, 1996)). Experimental rates
for a series of mutants could be reproduced well if the end-
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point of diffusional motion was defined using intermolecular
residue contacts (see Plate 39). The ionic strength depen-
dence of the association rate was correctly modelled only
when "effective charges" (Gabdoulline &Wade, 1996) were
used to compute electrostatic forces. We are now applying
this method to other proteins, including (with T. MOiler &
H. Oschkinat (Berlin/EMBL)) the association of IL-4 with its
receptor.

Ribbon representation of barnase (bottom) and barstar (top) as
arranged in the crystal structure of the complex. The contours
enclose the electrostatically favourable positions for the centre of
barstar. In Brownian dynamics simulations, the proteins are steered
towards each other by electrostatic interactions to form an encounter
complex (the end-point of diffusional motion) defined by formation of
two of the residue contact pairs shown by lines at the interface. In
the encounter complex, barstar tends to be shifted from its position
in the bound complex towards the guanine binding loop of barnase
(at upper right).



PLATE 40

(a) Interface computed between human growth hormone (left) and
its high affinity receptor (right). Atomic hydrophobicity (black:polar;
grey:non-polar) was superimposed on the interface and is shown
on its 20 projection for the hormone (b) and the receptor (c).

Complementarity in the interfaces can be observed as well as the
large hydrophobic patch in the middle of the interface which is
important for binding affinity.
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Binding specificity

To examine the specficity of recognition of proline-rich pep-
tide segments of proteins by the WW domain, homology
models of WW domains from five signal transduction proteins
were constructed based on the NMR structure of the YAP65
WW domain solved in H. Oschkinat's group (Macias et
al., 1996). Differences in specificity were found but precise
peptide docking was hindered by the rather flat and non-polar
nature of the binding face. Further docking and molecular
dynamics simulation analysis of the WW domain is on-going.

Analysis of.protein surfaces and interlaces

We developed a numerical algorithm to compute analytically
defined surfaces of molecules on to which properties may
be mapped and analysed by projection to two dimensions
(Gabdoulline & Wade, 1997b). We are applying this tool to
analyse molecular similarity and protein interfaces (see Plate
40).

Protein·"small molecule" recognition

Structure activity relationships (SARs)

We have pursued two approaches to derive SARs from
analysis of the 3D molecular interaction fields (Wade, 1993)
of a series of compounds with measured activities. These
methods can be applied when the 3D structure of the
macromolecular target is unknown.

Comparative molecular field analysis (CoMFA)

The effects of data pretreatment, data scaling and vari-
able selection on 3D quantitative SARs derived by CoMFA
(Cramer et al., 1988) were studied for a set of phospholi-
pase A2 inhibitors with G. Cruciani & M. Pastor (Perugia),
A. Palomer (Barcelona) and F. Gago (Madrid) (Ortiz et al.,

1997). Optimal protocols were derived and comparison of the
results with those from comparative binding energy analysis
(Ortiz et al., 1995a,b) showed the ability of CoMFA to produce
qualitative receptor maps.

Compound classification by similarity indices

We have extended the use of similarity indices (Carbo &
Domingo, 1987) to the comparison of classes of molecules.
S. Tomic from the laboratory of B. Kojic-Prodic (Zagreb)
is applying this technique to classify auxin plant growth
hormones and anti-auxins. The classification is helpful for
rationalizing ambiguities in activity data in the literature and
predicting the activities of new plant growth substances and
herbicides.

Ligand binding modes and affinities

Cytochrome P450cam binds (1 R)-camphor, its natural sub-
strate, and (1 S)-camphor with similar affinity at 300 K
but spectroscopic data from our collaborators (H. Schulze,
C. Jung (Berlin) &G. Hui Bon Hoa (Paris)) indicate looser
binding of (1 S)-camphor and greater hydration of the active
site which may account for its lower product yield on reaction.
To provide an atomic detail picture of the binding of these two
compounds, we performed molecular dynamics simulations
(Schulze et al., 1996). These showed that, while steric hin-
drance was not responsible for differences in ,binding, (1 S)-
camphor was more mobile than (1 R)-camphor in the active
site. Consistent with this, preliminary crystallographic data
from I. Schlichting (Dortmund) indicate that (1 S)-camphor is
more disordered in the active site than (1 R)-camphor.

Cytochrome P450cam has a buried active site making it a
good model system for testing and developing methodology
to compute absolute ligand binding affinities while accounting
for solvation effects. We computed the binding free energy
of (1 R)-camphor to cytochrome P450cam by thermodynamic
integration from molecular dynamics simulations. For this, it
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PLATE 41

Conformations found in the protein data bank from proteins display-
ing (a,b) (i-1 )cisproline-aromatic and (c,d) aromatic-(i+2)amide inter-
actions. (a) (1-3) three conformations with the aromatic ring packed

over the (i-2)Ca H. (b) the aromatic ring packs over the (i-1)CYH.
(c) parallel and (d) perpendicular (with an aromatic hydrogen-bond)
arrangements of the (i+2)N-H bond and the aromatic ring.
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was necessary first to compute the extent of solvation of
the active site. In agreement with the experimental fit of the
disordered electron density, occupation of the active site by
six water molecules was energetically most favourable. The
binding free energy of camphor to cytochrome P450cam
was then evaluated from comparison with its computed free
energy of hydration (Helms & Wade, 1997). The results
show the feasibility of obtaining accurate binding free en-
ergies for sizeable ligands (11 non-hydrogen atoms) by free
energy perturbation techniques when solvent contributions
are properly accounted for and perturbation pathways are
well-designed.

Enzyme mechanism

We recently obtained a significant improvement in the accu-
racy of pKa predictions with continuum electrostatic calcula-
tions by parameter optimization (Demchuk & Wade, 1996).
With X. Raquet, visiting from the laboratory of J-M. Frere
(Liege), this new protocol was applied to compute the pKas of
residues in two class A t3-lactamases, enzymes responsible
for resistance to penicillins and related t3-lactam compounds.
In contrast to a previous theoretical analysis but consistent
with recent experimental data (Damblon et al., 1996), the
results indicate that the lysine in the active site is not the
general base in the acylation step and provide support
for a mechanism in which a carboxylate group fulfills this
role.

Protein structure, stability and dynamics

Peptide structure and dynamics
in aqueous solution

Although short peptides are usually structurally disordered in
aqueous solution, particular peptide sequences can display
local structure which is important for their binding and folding
properties. We are performing simulations and conforma-
tional searches of two local interactions detected by NMR
by Johan Kemmink & Tom Creighton in peptides excised
from bovine pancreatic trypsin inhibitor: aromatic-(i+2)amide
(Worth &Wade, 1995) and (i-1 )cisproline-aromatic. We find
that, for both types of interaction, there are at least two major
and distinct peptide conformations in the folded state that
arise as the result of different combinations of interatomic
interactions (see Plate 41).

Protein thermostability

A. Arraztio, visiting from the group of J. Berenguer (Madrid),
constructed homology models of the glucosamine-amino-
transferase domain of glucosamine-6-phosphate synthase
from T.thermophilus and E.coli. After the model was made,
the crystal structure of the E.coli enzyme was solved (Isupov
et al., 1996). Comparison. validated the models which are
being used to design mutations to improve thermostability.

100



A factor distinguishing the proteins from thermophiles and
mesophiles in these models and some other proteins is the
occurrence of more salt-links in the thermostable proteins.
We are performing continuum electrostatic calculations to
quantify the effect of differing numbers of salt-links in ener-
getic terms in glutamate dehydrogenases (Yip et al., 1995)
from a mesophile and a hyperthermophile.
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Structure and function of intracellular modular proteins

Group leader: A. Pastore

Postdoctoral fellows: S. Improla, H. Kharrat, D. Thomas

Predoctoral fellows: G. Musco, L. Vangelista

Visitors: D. Benaki*, M.A. Castiglione Morelli*, F. Fraternali*, A. Politou*, I. Segalas*, R. Simmons*

For the last five years, our group has carried out research
along two independent lines which belong to fundamental
areas of molecular biology: (1) muscle assembly and regu-
lation, with specific attention to two giant proteins, titin and
nebulin and (2) the study of the molecular mechanism of
genetic disorders. In 1996, the last year of our activity at
the EMBL, these two projects have advanced along the lines
described below.

Muscle proteins

Titin
(S. Improta, C. Muhle-GolI, A. Politou,
M. Pfuhl &. D. Thomas)

Titin plays an important role in assembly and mechanical
properties of vertebrate muscles. Titin filaments (ca. 1 ,um
long) span half of the sarcomere length and join the Z-disk to
the M-line. The functions of titin vary along the sarcomere: in
the A-band, it regulates the assembly of the thick filaments
via interactions with myosin and C-protein; in the I-band, it
acts as an elastic connector between the thick filaments and
the Z-disk and prevents the thick filaments from moving from
the centre of the sarcomere; finally, in the M-Iine, it is an
integral part of a protein meshwork. Titin is also thought to
determine the length of the muscle fibre acting as a sort of
molecular ruler. The structure determination of titin fragments
both in isolation and in interactions with the surrounding
proteins is important to increase our understanding of how
muscles are assembled and regulated. Titin is the largest
known single-chain polypeptide having a molecular weight
of 3 megadaltons. However, although huge, titin is one of
the most elegant examples of how multiple copies of very
similar folds can have different stabilities and adapt to a highly
diversified range of functions: more than 80% of its length is
assembled by repeats of two types of modules, named type
I and type II and belonging, respectively, to the fibronectin
type III (Fn-3) and immunoglobulin (Ig) superfamilies. While
the size of the whole molecule is unapproachable to most of
the high resolution techniques, the highly modular structure
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divided into small units of 100-200 amino-acids makes
this system perfectly suitable for NMR studies. Most of
what is currently known about the structure of titin modules
has been determined by our group at EMBL. Recombinant
fragments have been expressed in E.coli in collaboration
with M. Gautel and S. Labeit and the structures of isolated
modules representative of different consensus sequences
and functions has been solved' by NMR (Pfuhl & Pastore,
1995; Improta et al., 1996; Muhle et al., 1997).

During 1996, we have concentrated our attention to the
question of which role type II domains play in titin elasticity.
Stretches of tandem Ig domains are present in the I-band,
together with a PEVK-rich region. It was demonstrated by
independent studies carried out by M. Gautel (EMBL) and
W. Linke (University of Heidelberg) that while the PEVK
region provides tensile tension upon stretching, the poly-Ig
region is extensible but not elastic. Characterization of the
structure and dynamic of the poly-Ig interface is therefore
important for understanding the molecular basis of this
extensible properties. A double-domain, the smallest unit
containing the Ig interface, was extensively studied by several
complementary techniques also in collaboration with other
groups. The overall picture coming from NMR and SAXS
studies is that the domains have a mostly extended confor-
mation with interdomain angles of about 150 degrees. The
interfaces are relatively stiff suggesting that no major motions
will be possible around these linkers. Attempts in crystallizing
a double domain are currently in progress !n collaboration
with Paul Tucker.

Another important goal over the last year has been the
structure determination of type I modules carried out in
collaboration with Michael Nilges. Type I modules have been
suggested to be intracellular members of the fibronectin type
III (Fn3) domain family. Along the titin sequence they are
exclusively present in the region of the molecule located in
the sarcomere A-band. This region has been shown to inter-
act with myosin and C-protein. One of the most noticeable
features of type I modules is that they are particularly rich
in semi-conserved prolines, since these residues account for
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The structures of three representative type I and type II modules of
titin as solved by NMR and their locations in the molecule.
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about 8% of their sequence. From the 126 copies of type I
modules found in cardiac titin, a representative seqUEfnce
(A71) was selected and expressed. The domain is very stable
and well behaved from the NMR point of view. Secondary
structure was achieved by 15N and 1H NMR (Muhle et al.,
1997) and structure calculations are currently in progress.
Our data show that type I domains of titin have the Fn3
fold as proposed, consisting of a three- and a four-stranded
J3-sheet. A71 was structurally aligned to other extracellular
Fn3 modules of known 3D structure. The alignment shows
that titin type I modules have closest similarity to the first
Fn3 domain of Drosophila neuroglian. When the two sheets
are placed on top of each other to form the J3-sandwich
characteristic of the Fn3 fold, eight out of ten prolines are
found on the same side of the molecule and form an 'exposed
hydrophobic patch. This suggests that the semi-conserved
prolines might be relevant for the function of type I modules,
providing a surface for binding to other A-band proteins.

Nebulin
(M. Pfuhl & A. Politou)

Nebulin a large protein (600-800 kDa) located in the thin
filament of striated vertebrate muscle - is assumed to bind
and stabilize F-actin. Complete sequence determination of
human nebulin has only recently been accomplished and
shown a uniform modular structure along the whole length
of the molecule. Up to 97% of the sequence is assembled

by repeats of a sequence motif 35 amino-acids long. This
architecture suggests that a structural and functional un-
derstanding of such a large molecule may be possible by
characterizing single repeats and reconstructing from them
the behaviour of the whole molecule.

In previous years, we studied the conformational behaviour of
single repeats chosen from the limited sequence information
then available. During 1996, we have extended and general-
ized our previous work to the whole molecule and determined
the structure of the Src homology 3 (SH3) domain present at
the molecule C-terminus, in the sarcomeric Z-disk.

Extensive sequence analysis of the single repeats reveal a
progressive N- to C-terminal divergence that is mirrored by
an increase of the a-helix propensity. We selected single
repeats representative of the different regions of the molecule
and studied the conformational and binding properties of syn-
thetic peptides spanning these sequences. Our results have
shown that all the peptides have an appreciable tendency to
fold as transient helices in aqueous solution as observed by
CD and NMR studies in excellent agreement with theoretical
predictions (Pfuhl et al., 1996). A higher helical tendency of
repeats near the C-terminus was observed. Analysis of the
influence of charged media as well as TFE on the folding
of single repeats strongly suggested that the mechanism by
which the nebulin a-helix is stabilized is mostly electrostatic.
While all peptides have some tendency to bind to F-actin,
peptides with higher helical content were shown to have a

103



higher binding affinity to F-actin. Considerably varying effects
were observed for the peptides on F-actin viscosity and
polymerisation.

Structure determination of the nebulin SH3 domain was also
accomplished by NMR in 1996 (Politou et al., 1996). This
domain is the only globular region in nebulin. The topology
of the nebulin SH3 domain has the general features of
other SH3 structures, Le. it consists of two triple-stranded,
antiparallell3-sheets arranged at right angles to each other,
of a single turn of a 3-10 helix and of a l3-sheet hairpin
comprising the RT loop 01 SH3 domains. The structural
features of the exposed hydrophobic patch known to function
as a binding site for polyproline ligands are conserved in
the nebulin SH3 domain. Although attempts of identifying the
substrate have so far failed, the structural similarity with other
SH3 domains allow us to model the interactions with typical
polyproline ligands. Our data on the nebulin fragments will
also allow to reconstruct the most important features of the
nebulin structure.

Towards a structural understanding
of genetic diseases (H. Kharrat &G. Musco)

The increasing accumulation of protein sequences has al-
lowed the identification of several genes involved in human
genetic diseases and of the proteins encoded by them. This
information has opened new avenues to approach hereditary
disorders at a molecular level and correlate their genetics
with a more thourough understanding of the mechanisms
which dictate the disfunctions. One such genetic disease
with very large impact on the world population is the fragile
X syndrome.

The fragile X syndrome is an X chromosome-linked dominant
disorder and the most frequent heritable cause of mental
retardation in humans, with an incidence of approximately
1 in 1200 males and 1 in 2500 females. Appearance of
the syndrome correlates with the presence of a large trin-
ucleotide expansion (CGG) and with the methylation of a
CpG island within the promoter region 'of the FMR1 gene.
The length of the trinucleotide expansion correlates with
clinical severity of the effect. FMR1 encodes an RNA binding
protein which is either absent or mutated in patients affected
by the syndrome. Sequence analysis of the FMR1 protein
has suggested that RNA-binding might be related to the
presence of two KH modules. The K-homology (KH) module
is an evolutionarily conserved sequence motif of about 70
amino-acids. It was originally identified in single or multiple
copies in a wide variety of quite diverse proteins which all
work in close association with RNA. Accumulating evidence
suggests that the KH module itself is a RNA binding motif.
We have recently solved the structure of a representative
KH motif from vigilin (Musco et al., 1996). This choice was
dictated by uncertainty in identifying the boundaries of the
KH motif in FMR1. Our work allowed us to redefine the
boundaries of the entire KH sequence family and suggested
the exact domain boundaries necessary to obtain the two
KH modules of FMR1 as folded chains. During the last year
we have tested our hypothesis and solved the structure of
the first KH domain of FMR1. This shows a very compact
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Structure of the KH domain from repeat 1 of FMR1.
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structure with an al3-fold. One of the loops, which contains
a conserved GxkG motif, is exposed and flexible in our
structure thus suggesting a possible functional role of this
loop in RNA binding. It is our intention for the future to solve
the structure of a KH/RNA complex.

Allergenes
(L. Vangelista)

More than 20% of the world population suffers from type I
allergic symptoms, which range from rhinitis to asthma. The
study of plant allergenes and of the mechanism which in-
duces allergic reactions is therefore of very high importance.
In collaboration with groups in Vienna and Milano, we have
started a structure characterization of Bet v1 (from birch) and
Lol pI! (from rye grass).
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Biological NMR spectroscopy
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NMR spectroscopy yields important information about the
structure and dynamics of proteins and nucleic acids in
solution. The application of three- and four-dimensional NMR
allows the routine determination of protein structures up to
15 kDa. Further developments, such as partial deuteration,
have extended the range of NMR spectroscopy to proteins
with a molecular weight of approximately 35 kDa. We are
interested in two aspects of biomolecular NMR: the devel-
opment of NMR techniques for improving data collection,
and the determination of protein structures with emphasis
on protein ligand interactions. The biological questions ad-
dressed concerned the mode of interaction between protein
domains involved in signal transduction mechanisms and
their presumed ligands. In this respect, the interaction of
the WW domain, a new poly-proline binding motif, with a
prolin-rich peptide was studied.

Further development of NMR techniques is necessary to
provide spectra of superior quality, and to improve the speci-
ficity of its information content. The first issue aims also at
techniques applicable to large proteins, whereas the latter
is important as a basis for automation. Along these lines,
studies seeking to establish an optimal deuteration level of
larger proteins were undertaken. Solid state investigations
on uniformly label/ed, precipitated chlorophyls showed the
potential of solid state NMR for structure determination
of biomolecules. The development of a program for the
automated assignment of multi-dimensional NMR spectra
progressed considerably.

The structure of the WW domain
from human VAP65 in complex with
a proline-rich target peptide
(M. Macias)

The WW domain has recently been identified as a new family
analogous to Src-homology 2 and 3 (SH2, SH3), pleck-
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strin homology (PH) and phosphotyrosine-binding (PTB)
domains, which are present in a variety of proteins involved
in signal transduction. Its name refers to two tryptophans
which are highly conserved. The basic module has been
predicted as consisting of approximately 38 amino-acids with
a high content of hydrophobic, aromatic and proline residues.
It is present in the Yes-kinase-associated protein (YAP),
dystrophin, various ubiquitin-protein ligases, the transcription
factor activator FE65 and proteins binding to formin. Some
of these proteins contain two or more copies.

The domain from human YAP65 (huYAP) which contains only
one copy, and which has been shown to bind to proline-rich
peptides with a consensus sequence PPxY in vitro. The
biological relevance of the interaction between proline-rich
ligands and WW domains is supported by Chan et al. who
have screened expression libraries for proteins binding to
formins which are proteins important for limb and renal
development. Using the proline-rich C-terminus of a formin
as a probe, this screen resulted in eight different clones
encoding proteins that contain either SH3 domains (three)
or WW domains (five). This suggests that WW domains
may function as alternative recognition sites for proline-rich
peptide ligands. It is worth noting that similar ligands bind to
SH3 domains which have until now been regarded unique in
recognition of prolylpeptides.

We have determined the structure of the WW domain from
huYAP in complex with the peptide GTPPPPYTVG (Plate
44). The structure consists of a slightly bent three-stranded
{3-sheet, which binds the proline-rich peptide utilizing stacked
aromatic residues. Tight contacts between those aromatic
residues and the prolines are observed, and the tyrosine
is accommodated on a relatively hydrophobic area of the
protein surface composed of a leucine, threonine methyl
groups, and a histidine. This explains the specificity of
our WW domain with respect to a motif including large
hydrophobic residue following the proline sequence.
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Molscript representation of the model describing the interaction
between the YAP65 WW domain and a proline-rich peptide.

NMR investigations concerning the role
of the sugar moiety in glycosylated
recombinant human granulocyte-colony
stimulating factor
(V. Gervais)

Human granulocyte-colony stimulating factor (hG-CSF) is a
haematopoietic growth factor which plays a major role in the
stimulation of the proliferation and maturation of granulocyte
neutrophil cells. With the recent increased understanding
of its biological properties in vivo, together with available
preparations of recombinant hG-CSF, this growth factor has
become an essential agent for clinical applications. The
presence of an O-linked carbohydrate chain at position
133 greatly improves the physical stability of the protein.
To clarify the molecular basis for the stabilization effect
of saccharide moieties on hG-CSF, the whole glycoprotein
expressed in CHO cells has been investigated using 20 1H
NMR spectroscopy and 20 1H-detected heteronuclear 1H-
13C experiments at natural abundance and compared with
the non-glycosylated form. The present NMR study reports
assignments of 1Hand 13C resonances of the bound saccha-
ridic chain N-acetylneuraminic acid a(2-3) galactose b(1-3)
(N-acetylneuraminic acid a(2-6)) N-acetylgalactosamineand
demonstrates the a-anomeric configuration of the N-acetyl-
galactosamine-threonine linkage. It also provides preliminary
results suggesting that the carbohydrate moiety reduces
the local mobility around the glycosylation site which could
be responsible for the stabilizing effect observed on the
glycoprotein.

Automated assignment of
multidimensional NMR spectra
(D. Croft)

Automated assignment of NMR spectra is an important
requirement for "large scale structure determination" which
may be regarded as a necessary analytical tool within
genome projects. There have been several attempts to
automate the process of spectral assignments. However,

none of the approaches works in the manner of an expert
system with minimal, or no manual interference. In most
cases, the signals present in two, three or four-dimensional
NMR spectra are detected by certain peak picking routines,
and the resulting frequencies (one for each dimension) and
amplitudes are collected in so-called peak lists. Noise and
incomplete information require usually manual editing of
these lists, and the c.ombination of peaks to pattern requires
attention by an operator. We are experimenting with pattern
recognition routines which deliver the frequencies of whole
peak pattern, such as amino-acid side chains and/or chosen
backbone topologies using a mask scanning technique. Pre-
·liminary results confirm its potential for complete automation
and, thus, large scale structure determination.

Small membrane proteins by
solution-state NMR
(H. Patzelt, B. Simon & H. Oschkinat)

Currently, possibilities are being explored for the investigation
of small membrane proteins in detergent solution. The test
case is bacteriorhodopsin, with the intention of obtaining a
refined structure of the chromophore environment of some
of the photocycle intermediates. In preliminary experiments,
suitable NOESY spectra of solubilized bacteriorhodopsin
have been obtained, showing NOEs due to protons of the reti-
nal. A number of samples containing one or two protonated
amino-acids (and also protonated retinal), in an otherwise
deuterated protein, yielded non-trivial NOE which can be
used as distance constraints in structure calculations. In
addition, 13CJ H HMQC correlations of bacteriorhodopsin
in the presence of light and without light were obtained,
allowing an assignment of retinal protons of the two forms
of bacteriorhodopsin in the dark-adapted state. It is intended
to explore the methodology necessary for the investigation of
small membrane proteins further and to calculate the struc-
ture of the chromophore environment of the dark-adapted
form of bacteriorhodopsin.

Labelling concepts in solution and
solid state NMR (EMBL labelling facility)
(J. Ashurst &S. Moulton)

The quality of structures determined by NMR improves
when isotope labelling is applied. For larger proteins it is
indispensable. To serve the scientific community in Europe,
13C,15N-labelled media are produced on the basis of photo-
autotrophically growing organisms.

Recently, new labelling concepts involving protein deutera-
tion were shown to be essential for structure determination
of large proteins in solution. Although complete deutera-
tion of non-exchangeable sites is useful for the assign-
ment of backbone resonances, the so-called CBCANNH
and CBCA(CO)NNH techniques require, of course, samples
with some protons at the respective carbons. On the other
hand, dilution of protons decreases relaxation, and hence
enhances sensitivity to a certain extent. To determine an
optimum deuteration level, samples with 0, 50 and 75% 2H,
98% 13C and 15N of an SH3 domain were prepared and
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signal intensities measured for different correlation times.
Long correlation times were achieved by adding glycerol and
cooling the sample. It turned out that a deuteration level of
approximately 60% is optimal.

Solid state NMR is developing into an important technique
for structural investigations on intact membrane proteins.
Although there is in principle an equivalent to NOESY in solid
state NMR, Le. dipolar correlation spectroscopy, its applica-
bility was so far limited to selectively labelled samples be-
cause of the expected line broading due to too many dipolar
interactions in uniformly labeiled samples. In an earlier inves-
tigation, the possibility of measuring uniformly labelled sam-
ples was studied by means of u-13C-chlorophyl aggregates.
A two-dimensional MAS dipolar correlation spectrum showed
relatively narrow lines, and demonstrated the usefulness of
uniform carbon labelling in solid state NMR. This approach
was then applied to study protein-pheophytin interactions
in the photosynthetic reaction center R26 of Rhodobacter
sphaeroides. It was found that the two pheophytins show
similar chemical shifts, which is interesting in view of the
asymmetry of the primary charge separation process.
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NMR structure refinement

ARIA: Ambiguous restraints for iterative
assignment of HOE spectra
(F.-R. Chalaoux &D. Gherman)

With the arrival of heteronuclear NMR techniques, the true
bottleneck in NMR structure determination has shifted from
the assignment of resonances of single nuclei to the inter-
pretation of the NOE spectra, which contain the essential
distance information. Two major tasks need to be performed:
first, peaks containing useful structural information have to
be selected, and second, the peaks have to be assigned
to unambiguous contacts between protons. Over the last few
years, we have developed a method, called ARIA (ambiguous
restraints for iterative assignment), to automate both tasks.
The method is based on the use of ambiguous distance
restraints (Nilges, 1995) for ambiguous NOE peaks, and
empirical rules for explicit assignment and selection. It is
implemented in a series of routines linked to X-PLOR. We
have recently extended the method to the treatment of
multi-dimensional spectra. To facilitate the setting up of a
new structure determination project, we have developed a
general organizational format for the data, allowing easy
simultaneous use of several spectra. We are developing a
graphical user interface, and automatic scripts to convert
data from several different interactive NMR spectra analysis
programs.

ARIA has by now been extensively tested in a number
of applications with experimental data in conjunction with
manual assignment (Kharrat et al., 1995; Musco et al., 1996;
Kemmink et al., 1996; Nilges et al., 1997). It was used for
the first time from the very start of a structure determination
for the N-terminal domain of the E.coli Arg repressor (in
collaboration with Maria Seelander-Sunnerhagen & Gottfried
Otting, Karolinska Institute, Sweden, and Janette Carey,

Princeton University, USA). The domain, the fold of which
could not be predicted based on its primary sequence,
is 78 amino-acids long and predominantly helical, leading
to substantial overlap and ambiguity in the NOE spectra.
The almost complete resonance assignments and lists of
NOE peak positions and volumina from two homonuclear
spectra in H20 and D20 were used, and structures were
calculated using ARIA and X-PLOR without assigning a
single NOE crosspeak by hand, achieving several months of
work in a few days of CPU time. The peak assignments were
then checked manually. ARIA made almost all assignments
correctly, and most of the peaks excluded by ARIA turned
out to be either noise peaks or could be attributed to errors
made on data input. The fold of the protein and most of the
side-chain positions are unaltered in the refined structure.
The protein belongs to the class of winged helix-loop-helix
proteins, and its closest structural analogue is histone H5.
This analogy is interesting, since the Arg repressor has a
role in DNA organization. Using the recently solved structure
of the C-terminal hexamerization domain and footprinting
results, we could model the complex of the Arg repressor
hexamer with DNA.

Protein dynamics

Structure accuracy and internal dynamics
(F.-R. Chalaoux)

Distance data generated from a long molecular dynamics
trajectory were used to study the effect of internal dynamics
on the accuracy of NMR structures in detail. This model data
set includes the effects of internal dynamics in a very realistic
way. A series of structure calculations using different error
estimates were performed. The accuracy of each calculated
structure was measured as the RMS difference to the regu-
larized coordinate average of the trajectory.
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The results are quite interesting and somewhat surprising.
Consistent with previous model calculations by others, we
observe that distance restraints derived from NOEs signif-
icantly affected by internal dynamics seriously distort the
structure, leading to large deviations from the coordinate
average of the dynamics trajectory even in rigid regions.
Increasing error bounds uniformly for all distance restraints
relieves the strain on the structures. However, the accuracy
improves only little. Significant improvement of accuracy can
be obtained by identifying the NOEs most seriously affected
by internal dynamics (using and excluding them from
the calculation. Contrary to standard paradigm (more loose
restraints are better than fewer precise ones), the highest
accuracy was obtained by setting bounds rather tightly, and
using only a fraction of the restraints.

Essential spaces described bymolecular
dynamics simulation and ensembles of
NMR structures
(R. Abseher)

The essential space is the subspace of the conformational
space of biomolecules that is accessed by correlated motions
with large amplitudes. These modes, which constitute only a
small fraction of the total number of degrees of freedom,
account for a high percentage of the total fluctuation a
biomolecule can undergo and are frequently connected to
biological function.

Various approaches are apt for a definition of the essential
space, relying either on experimental or simulated data. In the
field of molecular dynamics simulation (MDS), trajectories of
the f3-spectrin pleckstrin homology domain (PH domain) have
been computed that cover nanosecond timescales. Two dif-
ferent simulation methods have been employed, viz. a com-
putationallyexpensive solvated simulation using the particle
mesh Ewald method for treatment of Coulomb interactions
and a vacuum simulation using an implicit solvent model
allowing the coverage of the above-mentioned nanosecond
timescales. Large amplitude concerted motion is observed
for the two loops (residues 12-23 and 66-74) of the PH
domain that are responsible for ligand binding and a short
a-helix (residues 41-46) which moves as a rigid body.

With the MDS data at hand, the limits of dynamics information
that can be obtained from ensembles of NMR structures is
explored. Each of the NMR structures of the PH domain at-
tempts to fulfill all experimental restraints. Inconsistent NOE
restraints have been removed during the refinement. The
resulting family of structures shows a locally varying spread.
This spread may be indicative of mobility. In fact, there is
significant overlap between the essential spaces defined
by MDS and NMR structure ensembles. The definition of
essential space by NMR structures is significantly improved
when higher energy structures obtained from the refinement
are taken into consideration. As the higher energy structures
are predominantly a result of NOE restraint violations, this
finding illustrates the conflict between appropriatedescription
of mobility and the attempt to simultaneously satisfy all dis-
tance restraints. Further strategies addressing the problem
of underestimated mobility in NMR structure determination
are under development.
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Structure prediction

Use ofmean-force potentials for predicting
tertiary structure of coiled coils
(S.O'Donoghue)

Mean-force potentials (MFPs) - also called knowledge-
based potentials are derived from the database of three-
dimensional structures of proteins. They are an attempt to
capture general entropic and energetic principles of protein
folds. These potentials have proven successful in detect-
ing errors in experimentally determined protein structures,
.and remote homologies. We have investigated the use of
MFPs, combined with a standard internal energy function
(CHARMM), for predicting protein tertiary structure. As a
simple test system, we chose to work with leucine zip-
pers for which the backbone geometry can be described
by just three free parameters. Exploiting this simple ge-
ometry, we developed a grid search strategy that for a
given sequence can search over the space of all physically
possible coiled coil geometries and find the global energy
minimum. We have applied the grid search method to
three leucine zipper sequences: the homodimers of GCN4
and Jun, and the Jun-Fos heterodimer. In each case, the
search for the lowest total energy converges convincingly
towards a single lowest-energy structure about 1 A RMSD
from the experimental structure (Plate 45). A more sig-
nificant measure of the success of the MFP is that the
RMSD between the lowest energy structure and the struc-
ture on the grid closest to the experimental structure was
only about 0.5 A. We conclude that the grid search strat-
egy is a powerful method for predicting leucine zippers,
and that the MFP is very promising for structure predic-
tion.

Exhaustive PH-domain modelling
(N. Blomberg)

The PH domain occurs in many proteins with a role in
signal transduction or cytoskeletal organization. The pre-
cise function of the domain is still unclear, but it has
been shown that some PH domains bind to phospho-
lipids or phospholipid headgroups, and that most of the
PH domain containing proteins function close to mem-
branes. Consistent with membrane localizing function of
the domain is the strong electrostatic polarization found
in all experimentally solved structures so far. We have
built homology models for the complete kown PH-domain
sequence family (about 100 sequences) and analysed the
electrostatic properties and the spatial distribution of amino-
acids for the models, to investigate the conservation of
these properties. Test calculations with the known struc-
tures showed that these properties can be modelled reli-
ably despite the low sequence homology within the family
(20%).

PH domains cluster in two groups. The first, containing
the majority of sequences, has electrostatic properties and
amino-acid distributions similar to the experimentally de-
termined structures. The second group has very different
properties, e.g. reversed dipole moments and/or negative



PLATE 45

The plate shows the backbone atoms for three
leucine zipper structures: the GCN4 homodimer
(left), theJun homodimer (middle), and the Fos-
Jun heterodimer (right). In each case, the exper-
imentally determined structure is given in thick
lines, and the superimposed predicted structure
(Iowe'st energy structure from the grid search) is
given in thin lines. The f3-carbon atoms for the
a- and 8-position residues are also shown (in
green). The backbone RMSDs for the superimpo-
sition between experimental and predicted struc-
tures are: 0.96 Afor GCN4, 0.91 Afor Jun-Jun,
and 1.2 Afor Fos-Jun.

total charge. 'Interestingly, the majority of the domains in the
second group occur in the protein either linked to a cdc24
homology domain, or together with a second PH domain.
These differences were not evident in an analysis based on
primary sequence alone.

The results show that the electrostatic polarization is indeed
strongly conserved for most PH domains, consistent with a
general role in membrane localization and/or phopsholipid
binding. It is however more difficult to imagine the same
function for the second group, where adaptation to a dif-
ferent function, e.g. binding to a different ligand, may have
occurred during evolution, when the domain is linked to a
cdc24 domain or occurs as an internal repeat. Our study
also underlines the usefulness of homology modelling as a
general sequence analysis tool.

Experimental studies

Titin
(C. Muhle-GolI)

We are continuing the refinement of the three-dimensional
structure of a fibronectin type III-like domain of Titin (Muhle-
Goll et al., 1996). The refinement proved more difficult than
anticipated due to very broad lines in the spectra. The

structures allow more detailed comparison to the fibronectin
domain with the highest sequence homology (28%, from
neuroglian). The overall backbone RMS difference between
the two domains is at present below 2 A. The C-terminal
polyproline helix found in the neuroglian fibronectin domain
is very well conserved.

BRC-domains of BRCA2
(N. Blomberg & C. Nay-Thumm)

Mutations in the breast cancer susceptibility gene 2, BRCA2,
are a major contributor to inherited breast cancer in both
females and males. The gene codes for a large protein,
3418 amino-acids, which has no obvious homologues in
the databases. However, a closer analysis of the sequence
reveals eight repetitive units covering almost 'a third of the
protein (Bork etal., 1996). We have expressed and purified
one of these domains. Preliminary results from NMR and
CD spectroscopy show that this domain is unstable and
probably not folded. Since the number of aligned sequences
is small, the assignment of domain boundaries is tentative.
We are therefore trying to define domain boundaries by
expression of different constructs. We have also expressed
a tandem domain consisting of the two C-terminal repeats
to investigate if interdomain interactions are important for
domain stability.
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Biocomputing Unit

Introduction

The Biocomputing Unit was established in 1996 to provide
an interface between the experimental scientists and the
computational facilities at EMBL. It is a service unit with a
strong research component. The unit provides web servers,
tools and data with a view to harnessing the powers of
bioinformatics for experimental research. The three groups
forming the unit already have many collaborations with
experimental scientists at EMBL and elsewhere. The groups
work tightly together, but have their own specialities and
strengths.

The Bork group primarily focuses on comparative genome
analysis, analyses of disease genes, domain identification
in modular proteins and prediction of protein function from
sequence data. The Gibson group provides a sequence
analysis service for EMBL and works on the development
and application of software for multiple sequence alignment
and on fast and sensitive sequence database searching.
The Vriend group provides a structure modelling service
and focuses on three-dimensional (3D) aspects of protein
structures. These include software design for 3D modelling
and maintenance of structure-related databases. Software
applications include the determination of optimal antigenic
peptides, design of thermostable mutants and prediction of
contacts between proteins.
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Multiple alignment and sequence analysis

Staff scientist: T. Gibson

Assistants: C. Ramu*, C.

Friedreich's ataxia protein

Distribution of FRDA/CYAY homologues

+ ? + +

(Birney et al., 1996). An improvement to the sequence pro-
files prepared by ProfileWeight is the application of weighted
sample variance to lower the gap penalties according to
length variation at existing INDELS.

Archaea

(Gram+) (Gram-)
(y-Purple) a-Purple
E. coli Bacteria

PLATE 46

The gene for the inherited neurodegenerative disease
Friedreich's ataxia (FA) was successfully cloned as a result
of a large collaborative study this year. However, the gene
did not seem to yield any good insight into the nature of
the underlying defect. We undertook database searches
and other sequence analyses with the FA protein frataxin.
We found that homologues of frataxin were present in the
purple bacteria but not in other prokaryotes, including my-
coplasma and methanococcus, which have been completely
sequenced. Since mitochondria evolved from a symbiotic
purple bacterium, prokaryotic phylogeny places frataxin in
the mitochondrion (Plate 46). Other considerations suggest
that the function will likely be in DNA maintenance or repair
(Gibson et al., 1996). Thus this finding has been useful
in suggesting a research program studying the integrity of
mitochondrial DNA in FA and progress is expected to be
rapid. A project to soJve the frataxin structure is under way
at EMBL with Gunter Stier, Giovanna Musco and Annalisa
Pastore.

Sequence analysis service

The service aims to provide education, advice and the
installation of some new computational facilities for sequence
analysis. We are now being consulted on a regular basis and
are in a position to run courses to train users in software
usage. We· are developing World Wide Web pages, and
considerable effort went into improving the standard WWW
interface of the Bioccellerator, so that it can function as
a central part of the service. The Bioccellerator can do
a number of sensitive database search permutations. We
are emphasizing the protein v. DNA frameshifting capability
for searching EST databases. Because of the high error
in the ESTs, they contain many frameshifts, and the Bioc-
cellerator provides the most sensitive way to search ESTs
that is currently available. ESTs are useful for identifying
previously unknown homologues, which is particularly im-
portant in vertebrates, as these now appear to be poly-
ploid with up to four paralogous genes sharing overlapping
function.

In collaboration with Julie Thompson (Strasbourg), Des Hig-
gins (EBI and Cork) and Ewan Birney (Sanger Centre), we
have continued to maintain and develop the two software
packages outlined in the 1995 research report. Release 1.6
of the multiple alignment program Clustal W (Higgins et
al., 1996) included a gap penalty masking scheme so that
secondary structure information can be used to guide gap
placement if a solved structure is available. The WiseTools
package for database profile searches allowing frameshifting
has been further refined and has gone on general release

Software development

The group has been established with the aim of setting up an
in-house sequence analysis service, to cover for the move
of many computational activities to the EBI at Hinxton. We
take the view that the best teaching will be done by active
researchers, hence, we will be aiming for a mix of 50%
service and 50% research and development. Much of 1996
was spent in getting established. During the course of the
year, Chenna Ramu and Christine Gemuend joined the group
and, in September we acquired a fast, dedicated sequence
comparison machine, the Bioccellerator, built by the Israeli
company Compugen. We are also working closely with the
groups of Peer Bork and Gert Vriend in the Biocomputing
Unit to develop an integrated WWW server.
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Three-dimensional modelling
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General

1996 saw the birth of the Biocomputing unit at the EMBL.
Besides doing research, this unit has a service role, and the
three-dimensional modelling unit has spent lots of time during
the first year to prepare for its service work. Almost all work
in the group is done with the program WHAT IF. This program
has been distributed to very many laboratories all over the
world, and much time and effort is continuously invested in
maintaining and improving this program.

Protein nucleic acid interactions.

An extensive study was made of protein-nucleic acid com-
plexes. Understanding nucleic acids sequence-structure re-
lations and the rules that govern nucleic acid-protein com-
plexes were a prerequisite for modelling these complexes.
Nucleic acid specific force fields were designed, and a series
of nucleic acid specific algorithms were implemented in the
WHAT IF program.

Three-dimensional modelling

During 1996 work on the homology modelling facilities in the
WHAT IF program have continued. An EU grant allows us to
approach this problem with more rigour than was possible in
the past, and it allows us to collaborate more intensively with
scientists in related fields (energy calculations, alignment
methods, etc.) in order to further improve the quality of the
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models. The possibility to model DNA and RNA was added,
and it is now possible to model protein-nucleic acid com-
plexes rapidly and reliably. This latter possibility was used
for several in-house projects, most noticebly TFB complexes
with Henk Stunnenberg, Oct-dimer-DNA complexes with
Hans Scholer and the steroid receptors with Francis Stewart.

Just like in 1994, WHAT IF also did very well in the 1996
world-wide modelling competition organized by the CASP
committee. A WWW-based homology modelling server was
installed.

Coordinate reconstruction from stereo figures

The three-dimensional coordinates remain secret for an ever
increasing number of X-ray or NMR structures. Commercial
interest and simple sloppyness are the main reasons for this
unpleasant problem. For molecular biologists at EMBL this
often meant that a nice picture in a hard to read article was the
only available structural information. Software to reconstruct
three-dimensional coordinates from stereo figures already
existed a long time, but the quality of the reconstructions
was not very good. We have written a new program which
uses all information in the stereo figure in an objective way.
Previous programs would only use endpoints of lines in
the figure, and these endpoints needed to be (subjectively)
identified by the user. The newly written software uses a
novel optimization strategy, trying to reproduce the (scanned)
stereo plot as good as possible. The program has been put
to use succesfully for several EMBL projects.



Protease stability

Together with the groups of G. Venema in Haren, the Nether-
lands, and V. Eijsink, As, Norway, we have been working
for more than 10 years on the understanding of the stability
and function of neutral proteases at the atomic level. This
year several major breakthroughs were achieved. We have
managed to engineer a protease that can be boiled for many
hours without any loss of activity. We have also managed to
engineer a neutral protease that is much less dependent on
calcium for its stability. Neutral proteases are very aspecific
and consequently they are atJtolitycally degraded at elevated
temperatures. This autolysis is an irreversible process, and
therefore none of the thermodynamical analysis methods
which are normally used for protein stability measurements
can be applied. Together with H. Berendsen in Groningen,
the Netherlands, the mathematics behind the kinetics and
irreversible thermodynamics were worked out. A computer
program to simulate the observed stability versus tempera-
ture curves was written, and this program is now used to help
us better understand the intricacies of combined mutations.

Predict functional residues
from correlated mutations

At present models can be built for about 10 percent of all
sequences given to us by our colleagues. We are designing
software to extract as much information as possible for the
other 90 percent. This is done by a novel multiple sequence
analysis technique called correlated mutation analysis. The
basic ideas behind this method are that if a residue is
conserved throughout a protein family it is important. If it is
very conserved, it is very important. Very conserved residues
normally are important for the function of the protein, and
not so for maintaining structural characteristics, unless
these structural characteristics are essential for the function.
In other words, nature can always mutate a residue if it is
not directly involved in the protein function. If however, there
are fine detail functional differences between the members
of a family, one can expect differences in functional residues.
These sequence differences normally correlate perfectly
with the functional differences. Also, functional differences
are never determined by just one residue. To change the
function of a protein at least a couple of residues must be
changed. We added a search facility to the WHAT IF program
which allows us to detect residues that stay conserved,
but when they mutate, tend to mutate in tandem, so called
correlated mutations. This method is still in its infancy, and
eVOlution is still teaching us newaspects of structure-function
relations every time we apply this method for a new project.
Nevertheless, correlated mutation analysis is now routinely
used in about ten laboratories, and many new aspects of
many different molecules have been discovered.

Protein structure validation

The structure validation project is an EU-sponsored collab-
oration with several groups in Europe, two of which are
located part-time at the EBI. Although primarily aimed at the
detection of errors in X-ray protein structures, the software

that was designed can also be used to verify models which
were built by homology. During the year several new options
were added to the validation part of the WHAT IF program
(which is called WHAT-CHECK). WHAT-CHECK is now used
to validate every X-ray structure that is deposited in the
Protein Data Bank (PDB). As soon as their partner at the
EBI, the Macromolecular Structure Database (MSD), is fully
operational, they wi!1 also integrate WHAT-CHECK in their
production process.

G protein-coupled receptors

In many cases homology modelling is not possible because
no suitable template structure can be found. In most of those
cases, however, a lot of other information is available, and
often, when all this other information can be extracted and
intelligently combined, the questions raised by for example
the molecular biologist can also be answered without building
a model. Rapid access to large volumes of data of a highly
heterogeneous nature is a prerequisite for such analyses.

G protein coupled receptors (GPCRs) were selected as a
super family on which to test the heterogeneous database
techniques that we are developing. The results have so far
been very encouraging, and the WWW pages that are the
result of our work are used very frequently by people all over
the world (http://swift.embl-heidelberg.de/7tm/).

Courses, workshops, etc.

In 1996 we gave five WHAT IF user courses, one of which at
the EMBnode in Oslo. These courses had on average 10 par-
ticipants. Togetherwith Chris Sander we organized an EMBO
workshop on "Protein Modelling" at the EBI. A WWW-based
course "Homology Modelling for Beginners" was prepared
(see http://swift.embl-heidelberg.de/workshop/ws.html).This
course will be given in 1997, and if interests exists, in
subsequent years too.
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Comparative genome analysis

Visiting group leader: P. Bork

Visiting postdoctoral fellows: N. Brown*, Y.-D. Cai*, Y. Diaz*, H. Hegyi, M. Huynen*, Y.R Yuan..
Visitors: A. Bansal*, A. Hatzigeorgiou*, E. Koonin*, J. Lai*, V. Morozov*, J. Schultz

The main goal of this group is to exploit the information
contained in biological sequences. The group focuses on
several topics that require both method development and
their application: (1) functional predictions, (2) analysis of
disease genes, (3) classification and evolution of modular
proteins and (4) genome comparisons.

These scientific tasks require a critical evaluation of the data
stored in public databases and a detailed knowledge of the
software accessing it; information has to be filtered and errors
have to be recognised. Whenever possible the results of
computational sequence analysis are used in collaboration
with other groups to guide further experiments. As part of a
collaborative project of the Biocomputing unit, we provide
web servers to make special bioinformatics tools easily
accessable.

Functional predictions from sequence

Database similarity searches allow functional predictions for
the majority of genes, in particular when sensitive tools
such as motif and profile searches are used to detect very
remote homologues. Even very distant similarities can reveal
functional features that often lead to surprising insights
into the biology of molecules. We are developing methods
(with Martin Vingron, DKFZ) that use phylogenetic trees to
clarify the orthology/paralogy for a given database search
match. In addition, we are incorporating information from
the various ESTs into our database search strategies. This
was crucial for the identification of secreted molecules in-
volved in developmental regulation as extracellular glyco-
syltranferases (Yuan ef al., 1997). These may represent a
new class of signalling molecules that modify carbohydrate
moieties on cell surface proteins. Indeed, preliminary results
from Stephen Cohen's group (Developmental Biology Pro-
gramme) demonstrate glycosyltransferase activity for these
proteins.

Sequence analysis of disease genes

We apply sensitive database search techniques to predict
functional and structural features of disease genes. We have
detected internal repeats in the breast cancer gene BRCA2
(Bork ef al., 1996) that are the basis for a collaboration with
Michael Nilges' group aimed at the structural characterization
of these repeats. More precise functional predictions were
possible for BRCA1, a breast cancer gene for which even
the cellular localization was not clear. The detection of a
duplicated C-terminal domain (BRCT) that is present in
various other nuclear proteins (Koonin ef al., 1996) supports
a role as a nuclear DNA-binding protein. A more fine-
grained analysis of all the proteins containing the BRCT
domain revealed that they are all involved in DNA-damage
responsive cell cycle checkpoints (Bork ef al., 1997). Udo
Heinemann's group at the MDC in Berlin is now trying to
determine the three-dimensional structure of the domain and
several experiments have been set up at the NCI (NIH) to
deduce the function of the BRCT domain. In the meantime,
a transcription factor activity for the BRCT domain has been
reported (Chapman & Verma, 1996).

In a collaboration with Millenium Pharm. Inc. (Boston), our
analysis of the gene responsible for the Chediak-Higashi
syndrome revealed the presence of HEAT and WD40 re-
peats that usually occur in intracellular proteins; a modular
architecture similar to yeast protein kinase VPS15 points
to a role in vesicle-associated transport consistent with the
disease phenotype (Nagle ef al., 1996). These predictions
are now supported by independent reports on the gene and
its homologues.

As we found several other undetected domains in disease
genes, we were prompted to do a systematic analysis of
the more than 70 positionally cloned human disease genes
that were publically available in 1996. In collaboration with
scientists from the NCBI (Mushegian ef al., 1997) we could
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show, for example, a high correlation of these disease genes
with signal transduction molecules that, in turn, appear to be
mostly multidomain proteins.

Classification and evolution of modular proteins

The classification of protein modules not only facilitates the
analysis of a large fraction of human genes, but it also allows
the evolution of modules to be traced and contributes to the
functional understanding of multidomain proteins (Bork etal.,
1996c).

In 1996, we have continued our collaborations on domains
that we have discovered in previous years such as the
signalling modules WW (Bork & Sudol, 1994) (with Marius
Sudol, Matti Saraste, Hartmut Oschkinat, Rebecca Wade
and colleagues) as well as PTB/PI (Bork &Margolis, 1995)
(with Ben Margolis). In collaboration with Chris Ponting
(Univ. Oxford) a new putative signalling domain, DEP, was
identified (Ponting & Bork, 1996) and collaborations have
been established with Mathias Wilmanns, Annalisa Pastore
and Matti Saraste and colleagues to obtain structural and
functional features.

We have also started to trace the evolution of enzyme
activities that are involved in signalling and that are frequently
surrounded by multiple regulatory domains. The analysis
of one of these, the protein phosphatase PP2C family,
revealed a surprising relation to prokaryotic phosphatases
including SpoE11. This link, in turn, allowed us to refine the
'alignment and to predict the active site residues (Bork et
al., 1996b) which 'were later confirmed by X-ray studies.
We have also analysed the evolution of all recognizable,
classical protein kinases in yeast. Three information re-
sources were used: (1) phylogenetic trees of the catalytic
domains, (2) association and correlation with regulatory
domains in the non-catalytic regions and (3) distribution
of the kinase genes in the complete genome (see Plate
47). The study shows that there is little similarity between
the modular architecture of yeast and animal kinases de-
spite the high sequence conservation within the catalytic
domains.

Multidomain proteins have also been identified in the course
of comparative genome analysis of bacteria (Koonin & Bork,
1996) raising further doubts about "exon shuffling" as the
universal mechanism of domain shuffling.

YPRI06W

PLATE 47

(a) Phylogenetic tree of 114 cat-
alytic domains of yeast clas-
sical protein kinases. GCN2
kinase contains two catalytic
domains. All known kinase
subgroups are present ex-
cept the tyrosine kinases.

(b) Summary of known domains
identified in yeast
protein kinases. Only 18 ki-
nases contain known do-
mains; not one of the more
than 20 SH3 domains iden-
tified in the yeast genome
is coupled with a protein ki-
nase.

(a)

BUBI

AGe

YJL057C

YCKJ
HRR25

CDC7

ELM1

YPL141C
KIN4

MKKI
MKK2

SSK22

YMR291W
MEKI

CMK2
CMKI

.10

CAKI
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SCYI

CaMK

(c) Chromosomal location of the
114 yeast protein kinases.
There is no obvious pat-
tern in the distribution of ki-
nases on particular chromo-
somes although duplications
of genes and larger regions
within chromosomes can still
be traced.
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Genome comparisons

Comparing genomes only became possible very recently
with the availability of complete (mostly bacterial) genomic
sequences: six were already publicly accessible in 1996.
There is hope that a comparison of complete genomes
provides answers to a variety of open questions about their
evolution, genetic mechanisms, gene regulation etc.

For systematic studies, we are now working on programs
and strategies to compare many genomes and to store
the information appropriately for further analysis. In collab-
oration with Eugene Koonin and colleagues (NCBI, NIH),
we have compared the first complete bacterial genomes
(M.genitaliumand H.influenza) to obtain information about
their metabolisms (Tatusov et al., 1996) and about evo-
lutionary events that can only be identified when having
the complete genomes in hand. We were thus able to
quantify a phenomenon that we call "non-orthologous gene
displacement" (Koonin et al., 1996b): genes in two different
organisms that are not homologues or that are only distantly
related (paralogues) are frequently found to perform the
same function Le. equivalent functions can be realized by
non-orthologous genes in different organisms (Koonin et al.,
1996b). This has consequences for the reconstruction of
metabolic pathways and for the identification of drug targets.

Data quality checks in sequence databases

As our work relies heavily on the quality of the data, we have
to check them before incorporating them into the analysis.
Despite the increasing quality in sequencing, it is becoming
more and rnore difficult to maintain a realistic overview of
the wealth of information (Bork &Bairoch, 1996). Erroneous
sequences are stored in the databases and might lead
to wrong functional predictions (Bork, 1996a). Correct ge-
nomic sequences are often wrongly translated into proteins
as current gene prediction methods have limited accuracy
(Burset & Guigo, 1996). Thus, we are combining various
complementary methods to improve gene identification and
to detect sequencing errors.

Sequence analysis web servers

To pass on experience in sequence analysis and as part of
the collaboration with the groups of Toby Gibson and Gert
Vriend, we are developing several public web servers; see
our home page: http://www.bork.embl-heidelberg.de/. The
blast2 server (a more sensitive version of blast with the ability
to handle gaps) allows fast sequence database searches
as it is parallelized and runs on 4 processors. The results
are hyperlinked to various molecular databases and concise
graphical representation speeds up the evaluation of the
output. Our sequence alerting system provides the oppor-
tunity to search the daily updates of databases with a given
query sequence. The user is automatically alerted by email
if "his/her" query sequence matches newly incoming data.
An error check of nucleotide sequences is provided using
several algorithms that utilize information about homology
and codon usage. We are in the process of enlarging our
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library of cartoons displaying various extracellular modular
proteins and coupling it with our library of alignments covering
more than 100 well-defined domains that frequently occur in
modular regulatory proteins.
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Gene Expression Programme

Introduction

The Gene Expression Programme was marked by a number
of changes in personnel over the recent period, including
the calendar year of 1996. The well-known EMSL turnover
system has seen the departure of two of the most established
groups from Gene Expression, these of Angus Lamond
and Henk Stunnenberg, and this will be followed at the
beginning of 1997 by David Tollervey leaving for Edinburgh.
All three have been part of the Programme since close to
its inception, and have contributed substantially to both the
form and function of the Programme as well as to its scientific
reputation. Turnover is an essential part of EMSL and we
support the principle. Nevertheless, we wish to thank our
former colleagues for their scientific and organisational input
into the Programme. They will be hard acts to follow.

Scientifically, the changes to the Programme caused only
a minor change in overall direction. Gene Expression still
strives to cover many aspects of the pathway from the gene
to the protein, and the emphasis on mechanistic studies
remains.

Starting in the cytoplasm, the mechanisms of initiation of
translation and their control are moving more and more into
the centre of molecular biologists' interest, not least due to
the realization that the expression of important positional
determinants in early development is regulated in part at
the translational level. This has been a topic of interest in
the Programme for a number of years, and detailed study
of the mode of inhibition of translation initiation by the iron
regulatory protein (IRP-1) continued. IRP-1 binds to the
5' end of the mRNA, near the cap, and it is therefore
conceptually straightforward to envisage how it blocks the
steps of initiation that follow from the function of eIF4F, which
binds to the cap. It is harder, and therefore for the scientist
more interesting, to imagine how proteins binding to the 3'
end of an mRNA affect the initiation events that occur on
the 5' end. Nevertheless, both positive and negative effects
on translation by proteins that bind at or near the 3' end
of mRNAs are seen. One of the more exciting discoveries
of last year was the identity of proteins that bind to the
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3' UTR of 15-lipoxygenase mRNA, whose translation is
regulated during erythroid differentiation. These proteins bind
and prevent translation of the protein. Their characterization
will allow progress towards the molecular details of how they
interfere with the translation process.

Moving one step back from translation, the mRNA has to be
transported from the nucleus to the cytoplasm. Transport of
RNA from the nucleus in general is a second topic that has
been under investigation. The nuclear cap-binding complex
(CSC) is the only cellular RNA-binding factor thus far shown
to actively participate in nuclear export of RNA. CSC has
an important role in mediating U snRNA export, but a less
necessary auxiliary role in mRNA export. Nevertheless, CSC
does move out of the nucleus with mRNAs as well as
with U snRNAs, and one of the discoveries made this year
was the mechanism by which CSC is removed from the
exported RNA to make way for eIF-4F (see above) binding
and translation initiation. This involves interaction of CSC with
the importin heterodimer, the nuclear protein import receptor.
This interaction is not only required for CSC reimport to the
nucleus, but also to release the RNA in the cytoplasm. In
so doing, it provides directionality to the export process,
ensuring that CSC carries RNA out of rather than into the
nucleus.

In the nucleus, genetic studies of pre-mRNA and pre-rRNA
processing continued to produce considerable progress.
The groups engaged in these projects also collaborated
to reconstitute, for the first time, a pre-rRNA processing
event in vitro using purified components. This opens the
way to detailed mechanistic studies of MRP, the nuclease
which carries out the reaction. Genetics is always good for
surprises, and one of the biggest this year was the discovery
of a possible cellular target for the effects of lithium, well
known for its use as a drug in the treatment of manic
depression. The data suggest that lithium could have its
effect by inhibiting the activity of exonucleases required for
the production and degradation of various cellular RNAs,
including mRNA and rRNA.



A new departure for the Programme in the area of pre-mRNA
processing came with the addition of a group studying
the regulation of alternative splicing. Many pre-mRNAs are
spliced in more than one way to produce alternative mRNAs
encoding different proteins. A paradigmatic example of such
regulation is the cascade of proteins involved in controlling
sex determination in Drosophila. The new group is studying
the mechanisms by which the sex-lethal protein, which sits
near the top of the hierarchy of gene products involved in
sex determination, controls the splicing of various introns.
Their latest discovery is that the protein appears to be
multi-functional, influencing t11e splicing of different introns
in different ways.

A second example of differentiation under study is the
fascinating question of the determination of the mam-
malian germline. Essentially, the question of interest is
what is required to maintain totipotency. A hot favourite
for a gene involved in totipotency is Oct-4. This transcrip-
tion factor is made in all totipotent cells, but is switched
off as soon as differentiation to other lineages begins.
Searches both upstream, looking for the regulators of
Oct-4 itself, as well as downstream, looking for genes
controlled by Oct-4, promise to bring insight into this
question.

Two groups in the Programme are planning to disrupt gene
organisation, although at different levels. One is studying
how DNA-binding factors like the transcription and DNA
replication machineries find their targets in chromatin. By
biochemical analysis of Drosophila extracts that are capable
of reconstituting chromatin accurately, they have identified
an ATP-dependent activity they call CHRAC. CHRAC has
the ability to allow of factors to DNA by causing
nucleosome mobility. Protein sequencing has led to identi-
fication of one component of CHRAC as the I-SWI ATPase,
and further sequencing is in progress. At another level a
second group is developing site-specific recombinases to be
useful for large scale manipulations of chromatin, and indeed
chromosomes, in vivo. The task they have set themselves
is to make the recombinases efficient regulatable tools for
use in mammalian cells and organisms, particularly mice.
Progress toward both these goals was considerable.

Gene Expression benefited, as in every year, from collabora-
tions with the other in-house Programmes. Special mention
this year goes to the mass spectroscopy group of Matthias
Mann in Biochemical Instrumentation. His ability to obtain
protein sequences from minimal amounts of material proved
of enormous benefit to the Programme, as you will see from
reading the detailed individual reports.
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RNA processing and transport

Group leader: I. Mattaj

Postdoctoral fellows: G.-J. M. Fornerod*, P. Fortes, C. Gamberi*, S. Gunderson, E. Izaurralde*, J. Lewis*, M. Ohno*, R. Poot*, S. Vagner,

Predoctoral fellows: L. Engelmeier, I. Palacios

Visitors: S. Flaherty*, A. Gast*, K. Grabmeier*, A. Jarmolowski*, R Nederlof*, L. Omullani*

Assistants: C. Beisel, M. Polycarpou-Schwarz

CSC and pre-mRNA splicing

Much of our work this year has centred round the het-
erodimeric cap-binding protein complex (CSC) that we iden-
tified and characterized previously. CSC was known from
our earlier work to have a role in pre-mRNA splicing. The
mechanism by which CSC affected splicing was, however,
essentially unknown. CSC binds to the 7-methyl guanosine
cap structure that is linked via a 5'-5' phosphotriester linkage
to all RNA polymerase II transcripts made in the nuclei of
most eukaryotes. The cap is added post-transcriptionally,
at a time when nascent transcripts are still very short. We
were able to demonstrate a conserved role for CSC in what
is likely to be the earliest step of pre-mRNA recognition.
Soth in yeast and in humans, CSC increases the efficiency
with which U1 snRNP binds to the cap-proximal 5' splice
site. Others have demonstrated that U1 snRNP binding is
the first step in intron recognition. Since CSC influences
this process, and since the cap is added to transcripts
when they are 25-30 nucleotides long, providing a binding
site for CSC, it is very likely that CSC acts as a protein
"identification tag" for polymerase II transcripts. If the tran-
script contains an intron, this identification will cause efficient
binding of U1 snRNP to the cap-proximal 5' splice site,
thus ensuring not only efficient splicing, but also setting the
register of splice site recognition such that the correct 5'
and 3' splice sites are paired with one another along the
transcript.

U snRNA export from the nucleus

We had previously demonstrated that CSC is required for
the export of U snRNAs from the nucleus to the cytoplasm.
The unexpected finding that a significant fraction of both
yeast and vertebrate CSC are found in a nuclear complex
with importin a, one of the subunits of the heterodimeric
nuclear protein import receptor, led us to characterize a set
of interactions that provide directionality to CSC-mediated
export (Plate 48). The CSC-importin a complex is nuclear,
and can bind to capped RNA in a manner indistinguishable
from CSC itself. This by itself is unusual, as importin a
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dissociates from other nuclear proteins after their import into
the nucleus. What makes this nuclear complex stable is not
yet known. What is even more surprising is what happens
when the CSC-importin a complex meets importin [3, the
second import receptor subunit. On a-[3 interaction, CSC
releases the capped RNA, and remains part of a CSC-
importin heterotetramer. This complex is of course the form
which allows CSC re-import (as a CSC-importin a complex)
back into the nucleus. The asymmetric distribution of the GTP
and GOP-bound forms of the small GTPase Ran (Ran-GTP
is nuclear, Ran-GOP cytoplasmic), coupled with the fact that
Ran-GTP binding to importin [3 dissociates it from importin a
(Plate 48), combines with the largely cytoplasmic distribution
of importin [3 to ensure that CSC binds to capped RNA in
the nucleus but releases it in the cytoplasm. Thus, these
interactions impart directionality to the transport of U snRNAs
by CSC.

U snRNP import into the nucleus

After reaching the cytoplasm, a polymerase II-encoded
U snRNA will bind through its Sm binding site to the core
U snRNP proteins in the cytoplasm. After this interaction, the
cap structure of the RNA will be hypermethylated, leading to
the production of the 2,2,7 trimethyl guanosine cap structure.
Soth this unusual cap structure and some aspects of the RNP
formed on core protein - U snRNA interaction are parts of the
bipartite nuclear targeting signal of the U snRNP. Previous
work has shown that the importin a/[3 heterodimer is not
required for U snRNP import, implying the 'existence of a
separate import receptor and "transport pathway". Until now,
multiple facets of the process of U snRNP and protein import
have been shown to be different. This year we showed how-
ever that Ran GTPase, the small GTPase whose activity is
essential for nuclear protein import, and which may also pro-
vide the energy which drives protein import, is also required
for U snRNP import in an in vitro system. This indicates
that there may well be greater similarity in the mechanism
of import of these two karyophiles than previously believed.
We are now in search of other components of the U snRNP
import machinery.
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CSC, a heterodimer of CSP80 and CSP20,
exists as a stable complex with importin a in
the nucleus. This complex binds to capped
U snRNAs and somehow mediates their ex-
port. In the cytoplasm, importin f3 joins the
complex and causes the RNA to dissociate.
Simultaneously, CSC is committed to re-
import. The Ran-GTP/importin f3 interaction
in the nucleus helps dissociate importin f3
from importin a, thus regenerating the cap-
binding form of CSC.
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Ribosome synthesis in Saccharomyces cerevisiae

Group leader: D. Tollervey

Postdoctoral fellows: C. D. Lafontaine, R Mitchell, E. Pascolo*, J. Venema*

Predoctoral fellows: B. Dichtl, K. Sharma

Assistant: E. Petfalski

In organisms from all kingdoms of life, proteins are syn-
thesized by ribosomes which share extensive similarities
in structure and function. During ribosome synthesis the
mature ribosomal RNAs (rRNAs) are excised from a large
common transcript (the pre-rRNA) (Plate 49), assemble
with approximately 80 ribosomal proteins and undergo
extensive covalent nucleotide modification. In eukaryotic
cells, this occurs in a specialized sub-nuclear compart-
ment, the nucleolus. To understand how eukaryotic cells
synthesize ribosomes, we are making use of the molecular
genetic techniques available in the yeast, Saccharomyces
cerevisiae.

Analysis of mutations at site .A1, the 5' end of the mature
188 rRNA have established that its position is identified with
respect to two elements; (1) six phylogenetically conserved
nucleotides which lie 5' to site A1 and (2) the 5' stem
within the 188 rRNA. Cleavage occurs at a fixed distance
from the 188 stem and mutations which interfere with base-
pairing within the stem inhibit this spacing mechanism.
These mutations do not, however, affect the efficiency of
A1 cleavage. This is in marked contrast to mutations in the
U3-binding site in the loop sequence. The stem and loop
sequences of the 5' stem-loop structure of 188 rRNA appear
to be independently recognized during A1 cleavage.
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Cartoon showing the structure of the pre-ribosomal RNA (pre-rRNA)
and the components discussed in the text.
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In the past year our research has concentrated on two areas,
the analysis of the cis-acting elements which specify sites
of pre-rRNA cleavage and the identification and charac-
terization of new trans-acting factors involved in pre-rRNA
processing reactions.

Characterization of cis-acting sequences
in the pre-rRNA

We have previously shown that a single-stranded region of
the small nucleolar RNA (snoRNA) U3 forms 10 base-pairs
with the 5' external transcribed spacer (5' ET8) of the
358 pre-rRNA. Compensatory mutations demonstrated that
this base-pairing is strictly required for pre-rRNA cleavage
at sites Ao, A1 and A2. In vivo cross-linking shows that
the phylogenetically conserved box A region of U3 is also
associated with the pre-rRNA. Box A is complementary to
the loop of the 5' stem within the 188 rRNA. 8ubstitution of
5 nucleotides in this loop sequence blocks cleavage of sites
A1 and A2 and accumulation of 188 rRNA. A compensatory
mutation in box A of U3 restores pre-rRNA processing and
largely restores 188 rRNA accumulation, demonstrating that
U3 base-pairs to the 5' stem-loop of the 188 rRNA. This
interaction is not required for cleavage of site Ao, in contrast
to the U3/5' ET8 interaction. U3 therefore makes at least
two functionally distinct base-paired interactionswith the pre-
rRNA. U3 may act as an RNA chaperone in the establishment
of the correct pre-rRNA structure for processing.
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We have previously characterized the processing sites in
internal transcribed spacer 1 (ITS1) of the yeast pre-rRNA.
We have now started analysing the processing of the human
ITS1; initial analyses demonstrate that there are cleavage
sites within this spacer, something not previously shown for
any higher eukaryote. These putatively correspond to the
processing sites in the yeast ITS1.

We have also been analysing the signals in the 3' external
transcribed spacer region of the yeast pre-rRNA. We find that
a stem-loop structure immediately 3' to the 25S rRNA is re-
quired both for processing of the 3' ETS and for processing in
ITS1, providing evidence for coupling between the cleavage
of these distant sites.

Trans-acting factors in pre-rRNA processing

In the past year we have identified several factors involved
in pre-rRNA processing using the genetic approach of
screening for synthetic lethal (51) interactions. Deletion of
SNR10, which encodes the snoRNA, snR10, is not lethal
but is accompanied by a substantial reduction in growth
rate. Mutations in two genes have been identified which are
lethal in the absence of snR1 o. RRP5 encodes an essential
nucleolar protein of 192 kDa. Genetic depletion of Rrp5p
completely inhibits processing at the snoRNP-dependent
processing sites A1 /A2 and also at the RNase MRP cleavage
site A3. We speculate that Rrp5p may function as a "bridg-
ing factor" between the processing complexes. The second
gene identified as 51 with snr10- is ROK1 which encodes
a putative ATP-dependent RNA helicase. Rok1 p is also 51
with a mutation in the snR10-associated protein Gar1 p.
Rok1 p is essential for viability and conditional mutationswere
therefore tested to determine its role in pre-rRNA processing.
Genetic depletion of Rok1 p inhibits the same, early pre-rRNA
cleavages, at sites Ao, A1 and A2, as are inhibited by mutation
of SNR10 or GAR1. We believe that the Rok1 p RNA helicase
activity cooperates with the snoRNP in the establishment of
the correct conformation of the rRNA.

A screen for mutations which are 51 with a mutation in the
RNA component of the ribonucleoprotein enzyme RNase
MRP was also successful. This led to the isolation of Pop3p,
which is the second common protein between RNase P and
RNase MRP that we have identified. RNase P is ubiquitous
but while the enzyme has a single protein component in
bacteria and archaea it has at least two essential protein
components in eukaryotes.

The screen for 51 interactionswith RNase MRP also identified
a mutation in HAL2. Hal2p is a 3' ,5' bisphosphate nucleoti-
dase that converts adenosine 3' ,5' bisphosphate (pAp), a
product of sulphur assimilation, into 5' AMP and Pi. Strains
mutated in HAL2 are cold sensitive and show strong accu-
mulation of pre-rRNA spacer fragments, snoRNA precursors
and de-adenylated mRNA. This phenotype is also observed
in strains defective in the 5' -;.3' exoribonucleases Xrn1 p and
Rat1 p. The in vitro activity of both exonuclease is strongly
inhibited by pAp. We conclude that the accumulation of pAp
in strains lacking functional Hal2p inhibits the exonucleases
in vivo.

For 50 years lithium has been the most effective agent
used in the treatment of neural disorders such as manic-
depressive psychosis. Moreover, lithium has profound effects
on the development of various organisms, altering cell fate
determination, axis and pattern formation. The biochemical
basis of these effects is, however, very poorly understood.
Over-expression of Hal2p suppresses lithium toxicity and
its activity is strongly inhibited by lithium in vitro. Lithium
treatment of a wild-type yeast strain mimics the phenotype of
HAL2 mutants and we conclude that increased cellular pAp
levels due to lithium inhibition of Hal2p results in inhibition of
the exonucleases. Lithium also inhibits the activity of RNase
MRP by a mechanism which is not mediated by pAp. The
rrp2-1 mutation is 51 with a deletion of XRN1 and rrp2-1
strains are lithium hypersensitive. We propose that an sl
interaction evoked between XRN1 and RNase MRP is the
basis of lithium toxicity. Since Xrn1 p is a major enzyme in
mRNA turnover, effects on mRNA processing and stability
may account for many of the diverse effects of lithium in
neurobiology and in development.

A biochemical approach has also proved fruitful in identifying
novel pre-rRNA processing factors. We previously identified
a temperature-sensitive lethal mutation in RRP4 which leads
to the accumulation of 3'-extended forms of the 5.8S rRNA.
From these analyses we concluded that, following cleavage
at site C2, the 3' end of the 5.8S rRNA is generated by a
3' -;.5' exonuclease activity. Consistent with this model we
were able to use a protein A-tagged version of Rrp4p to purify
a complex which has 3' -;.5' exonuclease activity in vitro.
This complex contains four clearly identifiable proteins in
addition to Rrp4p. These proteins were identified by Andrew
Shevchenko and Matthias Mann (EMBL) using mass spec-
troscopy. Genetic depletion of any of these proteins results
in a 5.88 rRNA processing defect identical to that observed
in strains depleted of Rrp4p itself. This shows that 5.88
processing is carried out by the Rrp4p complex. Interestingly,
two components of the complex, Rrp4p and Rrp44p have
each been shown to be 3' -;.5' exonucleases in vitro. Rrp44p
is homologous to the E.coli 3'-;.5' exonuclease, RNase II.

In strains carrying a point mutation in RRP4, several mRNA
species tested have slowed rates of degradation; for one
mRNA species this has been shown to be due to slowed
de-adenylation. This suggests that Rrp4p, or the Rrp4p
complex, is also responsible for removal of the poly[A] tails
from mRNAs.

Regulation of pre-rRNA processing

Dim1 p is required for the dimethylation of adenosine residues
in the 3' terminal stem-loop structure of the 188 rRNA. In
the absence of Dim1 p pre-rRNA processing is inhibited at
sites A1 and A2, preventing the synthesis of mature but
non-methylated rRNA. We now have mutants of Dim1 p
which allow pre-rRNA processing but do not methylate the
pre-rRNA. Unexpectedly, we have also found that pre-rRNA
transcripts synthesized from an RNA polymerase II PGK
promoter can be processed in the absence of Dim1 p. The
basis of this is not clear, but may be a consequence of
packaging of the transcripts with different proteins. Whatever
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the mechanism, this data shows that Dim1 p is not directly
required for pre-rRNA processing. Together, we interpret
these results as showing that an active repression system
blocks processing of the wild-type pre-rRNA in the absence of
Dim1 p. We believe that many such "quality control" systems
act to coordinate the many steps of pre-rRNA processing,
rRNA modification and ribosome assembly to ensure that
only functional ribosomes are produced.
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Intra- or extracellular signals control the cytoplasmic stability,
translation or localization of mRNAs through general transla-
tion initiation factors and/or specific mRNA-binding proteins.
Complementing intensive efforts to understand translational
regulation mediated by the 5' untranslated region (UTR), we
directed much interest in 1996 to translational regulation
involving the 3' UTR and the poly-A tail. The synopsis of pre-
vious and current work has stimulated much thought about
communication between the 5' and the 3' end of mRNAs.
In addition, we gained further insight into the regulation of
oxidative stress responses mediated by reversible changes
of iron sulfur clusters, a posttranslational switch that appears
to be conserved between bacteria and mammals.

Role of the poly-A tail in ribosome recruitment

Until recently, there was little information about the mecha-
nism(s) by which the poly-A tail stimulates translation. With
the description of a cell-free translation system from Sac-
charomyces cerevisiae which reproduces this stimulatory
effect of the poly-A tail (lizuka et al., 1994), biochemical
studies became feasible. Tarun and Sachs (1995) reported
that the poly-A tail increases the binding of the 40S subunit
to the mRNA in this system. Using the IRE/IRP interaction or
antisense 2'O-allyloligonucleotides as means to inhibit 40S
binding to the cap proximal region (see reports for 1993 and
1994), we found that the poly-A tail can stimulate downstream
"internal" ribosome delivery. These unexpected results reveal
an intrinsic activity of the poly-A tail and its associated factors,
and raise the question of how this activity is positioned for
initiation at the correct translation initiation codon. Analysis
of capped and polyadenylated mRNAs indicates a possible
dual role for the cap structure: as a ribosome recruitment
module in its own right and as a tethering point for poly-A
mediated ribosome delivery. Future experiments will aim to
test this hypothesis and to further clarify the role of the poly-A
tail in the translation initiation process.

Regulation of poly-A tail length
in somatic cells

While the mechanism(s) by which the poly-A tail stimulates
translation is only beginning to be elucidated, its central
role in developmental gene regulation is well appreciated. In
vertebrates and invertebrates, regulated changes in poly-A
tail length serve to activate or inactivate the translation of
specific maternal mRNAs. Studying translationally regulated
mRNAs in somatic cells we have identified examples of the
converse cause-effect relationship. Translational repression
imposed by the binding of regulatory proteins, like the iron
regulatory proteins (IRPs), to the cap-proximal region of
mRNAs causes changes in poly-A tail length without this
being a prerequisite for regulation. Repression of translation
rather than protein binding per se were found to lead to
the accumulation of mRNAs with short poly-A tails. Inter-
estingly, puromycin and verrucarin (translation inhibitors that
induce mRNA dissociation from ribosomes) can mimick the
effect of the translational repressor proteins on the poly-A
tail, whereas cycloheximide and anisomycin (translation in-
hibitors that maintain the association between mRNAs and
ribosomes) preserve long poly-A tails. Thus, a mechanism
appears to exist which affects poly-A tail length mediated
by ribosome association (Plate 50), at least in somatic cells.
We will attempt to reconstitute this mechanism in vitro and
to examine the functional consequences of this type of
regulated poly-adenylation.

Translational silencing mediated by
3'UTR RNA/protein interactions:
15-lipoxygenasemRNA

15-Lipoxygenase (LOX) expression is translationally reg-
ulated during erythroid cell differentiation. Although LOX
mRNA accumulates early during differentiation, a CU-rich
differentiation control element (DICE) in its 3' untranslated
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Regulated poly-A tail length and the role
of ribosome association in somatic cells.
mRNAs containing a cap-proximal repressor
protein binding site are polyadenylated in the
nucleus and transported to the cytoplasm.
The mRNAs are either translated or transla-
tionally repressed by the binding of the re-
pressor protein, which blocks the association
of the mRNA with ribosomes. We suggest
that ribosome association (normally because
of ongoing translation) favours the mainte-
nance of longer poly-A tails, while exclusion
from ribosomes into the mRNP by binding
of translational repressors (or experimentally
added antibiotics) predisposes the mRNA to
pronounced poly-A tail shortening.

region confers translational silencing until late stage erythro-
poiesis (Ostareck-Lederer et al., 1994). We have purified
two proteins from rabbit reticulocytes that specifically me-
diate LOX silencing. In collaboration with Matthias Wilm and
Matthias Mann, nanoelectrospray mass spectrometry was
used to identify these proteins as the KH (K homology)
domain proteins hnRNP K and hnRNP E1. Transfection of
cloned hnRNP K and hnRNP E1 into HeLa cells specif-
ically silenced the translation of reporter mRNAs bearing
a DICE in their 3' untranslated region. Translationally si-
lenced LOX mRNA in rabbit reticulocytes specifically co-
immunoprecipitated with hnRNP K. In a reconstituted cell-
free translation system, addition of recombinant hnRNP K
and hnRNP E1 recapitulates this regulation via a specific
inhibition of 80S ribosome assembly on LOX mRNA. Both
KH domain proteins can control cap-dependent and internal
ribosome entry site (IRES)-mediated translation by binding to
DICEs located in the 3' untranslated region. For the first time,
these findings have allowed to reconstitute a specific 3' UTR-
mediated regulatory mechanism in vitro. Furthermore, these
results suggest a specific cytoplasmic function of hnRNPs
as translational regulatory proteins during erythroid differ-
entiation. We will exploit the reconstituted cell-free system
to dissect the responsible mechanism of 3' UTR-mediated
translational regulation, and attempt to define how erythroid
differentiation signals control the LOX silencing activity.

The iron-sulfur cluster of IRP-1 as a
genetic response switch to oxidative stress

IRP-1 was first characterized as the cytoplasmic protein
that binds to iron-responsive elements (IREs) in an iron-
regulated manner: the apoprotein form which predominates
in iron-deficient cells displays IRE-binding activity, while the
assembly of a 4Fe-4S cluster in iron replete cells prevents
IRE binding (Hentze &KOhn, 1996). IRP-1 was subsequently
found to respond to redox signals. Exposure of cells to
nitric oxide (NO) and oxidative stress (H202) results in
the induction of IRE-binding by destruction of the 4Fe-
4S cluster (Hentze & KOhn, 1996). Investigations of the
mechanism(s) by which oxidative stress regulates the Fe-S
switch yielded surprising findings: H202 does not appear
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to mount a direct attack on the Fe-S cluster of IRP-1, but
rather induces a cellular response from the outside which
ultimately causes IRP-1 activation. Even though intracellular
accumulation of H202 is not sufficient to induce IRP-1 activity,
intracellular oxidative stress resulting from treatment of cells
with the respiratory chain inhibitor antimycin A leads to IRP-1
activation. Thus, an extracellular and an intracellular oxidative
stress response pathway appear to converge at (or before)
IRP-1. We have started to investigate how extracellular H202
is sensed and how the signal is transduced to lead to the
removal of the Fe-S cluster from IRP-1.
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Chromatin is a jungle. From the bird's eye perspective it ap-
pears to be boring uniform - green - and impenetrable. The
nucleosomes, universal spools around which all eukaryotic
DNA is wrapped, dominate the picture. Closing up on the
greens, one begins to appreciate that there is space between
the leaves: compact compartments reside next to more open
patches. The green of the leaves comes in a variety of
shades and shapes, punctuated occasionally by colourful
flowers. Likewise, chromatin is not uniform but diverse, with
an extraordinary number of associated non-histone proteins,
in the existence of histone variants and complex patterns
of histone modifications. Nucleosomes can be modified in
various ways, notably by acetylation, and different acetylation
patterns on the N-terminal histone tails, protruding from the
otherwise compact nucleosome particle, signal particular
functional states in a yet unresolved code. Like a jungle,
chromatin is a complex biotope giving shelter to competing
activities. It exists due to an exquisite network of biochemical
equilibria. As equilibria are being shifted, chromatin struc-
tures change accordingly giving rise to different functional
states.

Depending on the circumstances chromatin may be highly
compact and repressive, or rendered permissive and almost
"transparent" to the factors that need to access DNA to per-
form specific functions. We are interested in the mechanisms
that underlie those structural transitions, the molecular char-
acterization of the factors involved and in their contribution
to the regulation of important nuclear processes, such as
transcription.

Chromatin dynamics in a cell-free system

A cell-free system derived from Drosophila embryos allows
to reconstitute chromatin that resembles native chromatin
in many respects under defined conditions. A main feature
of this chromatin is its dynamic properties which are main-
tained at the expense of energy. In the presence of ATP-
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consuming "nucleosome remodelling factors", transcription
activators can interact with their binding sites in chromatin
efficiently, creating DNase I-hypersensitive discontinuities in
the chromatin fibre over regulatory elements. Nucleosomes
in regular arrays can be "mobilized" at the expense of energy
by yet unknown mechanisms. Manipulation of the chromatin
assembly conditions allows to generate chromatin with vary-
ing properties, with respect to the density and spacing of
nucleosomes, their modification status and the association of
non-histone proteins. The system appears to be particularly
well-suited to establish causal relationships between specific
chromatin structures and gene activity.

CHRAC, a molecular machine renders
chromatin dynamic

We are eager to elucidate the mechanisms underlying the
energy-dependent phenomena that characterize the "dy-
namic state" of chromatin. This state of heightened ac-
cessibility of DNA in chromatin can be visualized due to
its increased susceptibility towards cleavage by restric-
tion enzymes. Following an activity that promoted energy-
dependent cleavage of chromatin through a fractionation of
crude embryo extracts we purified a factor that promotes ac-
cessibility to homogeneity. Chromatin accessibility complex
(CHRAC), as we call this activity, is a molecular machine
of about 670 kDa, containing 4-5 subunits. The molecular
identification of the subunits (by mass spectrometry, with
Matthias Wilm and Matthias Mann at EMBL) already yielded
a first result: the 120 kDa subunit was shown to be iden-
tical to the ISWI protein, a known ATPase. This finding is
intriguing, since Tsukiyama and Wu demonstrated that ISWI
was also part of another nucleosome remodelling factor,
NURF, which had been isolated from Drosophila extracts as
well. Yet, CHRAC and NURF are two distinct ATP-consuming
remodelling complexes: they do not share any other subunit
and a direct comparison of the two complexes revealed clear
functional differences.
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CHRAC promotes the alignment of nucleosomes into regularly
spaced arrays. How it does this is unclear.

t=. ATPCHRAC
ADP+PPi

The most striking indication for mechanistic differences be-
tween CHRAC and NURF became obvious when both factors
were added to nucleosomal arrays at a stoichiometry of 1
per nucleosome: while NURF perturbed the regularity of the
nucleosomal array, CHRAC did the converse: it improved the
alignment of irregularly spaced nucleosomes (see Plate 51).
CHRAC therefore does not destroy chromatin, it even im-
proves regularity of a nucleosomal array, but at the same time
increases the accessibility of specific sites towards restriction
enzymes.

How can these seemingly opposing effects be reconciled?
At present we can only speculate: CHRAC may increase
the mobility of nucleosomes at the expense of energy,
which would increase the chances of a particular sequence
to become transiently exposed in accessible linker re-
gions, but at the same time may also facilitate the align-
ment of nucleosomes into a regular repeat structure. Al-
ternatively, ·CHRAC may be involved in nucleosome as-
sembly/disassembly reactions, analogous to known histone
chaperones which, depending on the circumstances, may
either function as histone donors for nucleosome assembly
or histone acceptors during the disassembly of nucleosome
cores.

The observation of a shared ATPase subunit in two distinct
nucleosome remodelling complexes which likely function
through different mechanisms testifies to the modularity of
these machines. The function of the ATPase ISWI may be
dedicated to reactions that involve structural alterations of
nucleosomal structures.

High on our agenda is now the identification and characteri-
sation of the other subunits of CHRAC. We are also studying
the mechanism of ATP-dependent nucleosome remodelling
by CHRAC, by developing assays for mobility, unfolding
and disassembly of single nucleosomes and nucleosomal
arrays.

Transcriptional regulation of heat shock
gene promoters in chromatin

Drosophila embryos also provide us with an extremely useful
cell-free transcription system. Transcription at heat shock

promoters in nuclear extracts of heat shocked embryos
containing activated heat shock factor (HSF) is initiated with
unmatched efficiency: the majority of the templates in such
a reaction is active and gives rise to up to 7 transcripts
per gene. These transcripts do not arise from independent
initiation events, but from true re-initiation. With antibod-
ies against general transcription factors and a solid-phase
strategy, that allows purify RNA polymerase II preinitia-
tion complexes (PICs), we were able to show that TFIID
and TFIIA remain stably associated with a promoter after
clearing of the polymerase machinery. Re-initiation there-
fore starts from preformed TFIID/IIA complexes, bypassing
the time-consuming association of TFIID/TFIIA with the
TATA box.

When we analysed the mechanisms by which HSF activated
the hsp26 promoter we made an interesting discovery: in
addition to a kinetic stimulation of PIC formation, HSF was
absolutely required for transcription reinitiation. When we
reconstituted the TFIIDITFIIA complex in chromatin, HSF
was also capable of stimulating reinitiation in a chromatin
context. This is the first direct demonstration of regulation at
this late stage of transcription in chromatin.

Regulation at the level of reinitiation is of great importance
for a cell: transcription re-initiations occur much more rapidly
compared to successive de novo initiation events since the
slow step of TFIID/IIA binding to the promoter is avoided.
Therefore, activation of reinitiation allows the most rapid
transcriptional response in an emergency, such as heat
shock or other stresses. Conversely, it accounts for the
rapid down-regulation of transcription once the activator is
released from its binding site, a phenomenon that is not
sufficiently explained by activation through recruitment of
TFIID.

The ability to transcribe chromatin templates efficiently paves
the way for a detailed analysis of transcription elongation by
RNA polymerase II through chromatin.

Histone acetylation, DNase sensitivity
and transcription

Through the assembly of a stable TFIIDITFIIA complex
that resisted chromatin reconstitution we have been able to
establish an active hsp26 promoter in chromatin. If the pre-
binding of general factors is omitted, nucleosome assembly
will inhibit transcription efficiently, despite of the presence
of nucleosome remodelling machines, such as CHRAC and
NURF. Apparently, the interaction of TFIID wit,h the TATA box
is still severely compromised by nucleosomes on, or close
to, the transcription start site.

In search for a principle that may facilitate the incorpo-
ration of TFIID into chromatin we considered the post-
assembly acetylation of histones. In vivo, active transcrip-
tion usually correlates with acetylation of histone N-termini.
Through this modification positive charges are neutralized
and histone/DNA interactions are weakened. Acetylation
of nucleosomes facilitates the interaction of transcription
factors but presumably also affects the folding of the nu-

135



cleosomal fibre into higher order structures. The recent
finding that some transcription co-activators have histone
acetylase activity lends support to the idea that histone
acetylation is one step towards transcription initiation in
chromatin.

We synthesized acetylated chromatin by programming the
cell-free nucleosome assembly with hyperacetylated his-
tones. The resulting chromatin is more accessible, as de-
termined by its sensitivity towards DNase I and it supports a
significant level of transcription by RNA polymerase II with-
out prior binding of general transcription factors. "Thermal
untwisting" studies show that the acetylated nucleosome
constrain the wrapped DNA much less than unmodified
nucleosomes, which may explain the improved transcription
of chromatin templates observed. Future studies in this area
will be directed towards analysing elongation through nucle-
osomes and studying the effect of site-specific acetylation on
gene activity in chromatin.
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The developmental program of the germline in mammals
involves the early segregation of primordial germ cells from
somatic lineages, their migration and differentiation into two
types of highly specialized cells, sperm and oocyte, fusion of
the two and subsequent regeneration of germ cells. Thus, the
germline is unique in manifesting a developmental program
of a cyclical nature and in being potentially immortal (Plate
52). As the potency of a cell is the total of all things into
which it can develop if in the appropriate environment, cells
constituting the germline are totipotent because they are
capable of eventually giving rise to every lineage of an
organism. Oct-4 (also termed Oct-3 or Oct3/4) belongs to the
POU gene family and encodes the only known transcription
factor likely to be involved in the maintaining the mammalian
germline. The expression pattern of Oct-4 in the developing
embryo had suggested a role of the transcription factor
in maintaining the germline (Plate 52). This is the case
at least for early mouse development, since homozygous
Oct-4-deficient embryos do not develop beyond implantation
(collaboration with the laboratory of A. Smith, CGR, Edin-
burgh). In the absence of Oct-4, cells are allocated normally
to prospective trophectoderm and inner cell mass regions,
however, the latter cells develop into trophoblast cells. Our
conclusion is that Oct-4 is required for the totipotent stem
cells in the pregastrulation embryo and that its function is
linked to the totipotent germline cycle.

The interest of the group centres around the regulatory
basis for totipotency and the difference between cells of
the germline and of somatic lineages. In our studies, using
Oct-4 as a model, we are attempting to identify the molecular
components and events involved in the establishment and
maintenance of the germline. These include a search for
cis-acting regulatory elements and the trans-acting factors
required for Oct-4 expression in the germline (G. Fuhrmann,
K. HObner, C. Ovitt & M. Pesce), identification of target
genes of Oct-4 (V. Botquin), and the functional interac-
tion of Oct-4 with other transcription factors required to
activate genes in the germline (A. Brehm, C. Butteroni &
K.Ohbo).

The totipotent cycle

PLATE 52

Oct-4 expression in the totipotent cycle. Maternally expressed Oct-4
is present and active in the preimplantation embryo and in the germ
cells. After fertilization Oct-4 is expressed uniformly in the cleavage
stages, morula, the inner cell mass (ICM) of blastocysts, and in
the epiblast of the gastrulating embryo. In the post-implantation
embryo, Oct-4 is downregulated during the differ-entiation of the
epiblast, eventually becoming confined to the PGCs. Cells and
tissues expressing Oct-4 are boxed. Oct-4 is expressed in several
embryonal cell lines, each of which represent cells of distinct
developmental stages. Embryonic stem (ES), embryonal carcinoma
(EC) and embryonic germ (EG) cells used in our studies resemble
in many respects cells found in the ICM of blastocysts, epiblast
cells and primordial germ cells, respectively. The totipotent cycle
is indicated by the circular arrow. The term totipotent cycle is used
to stress that cells in the germline remain totipotent in the sense
that they will contribute to a new organism once they go through the
cycle.
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In addition to projects on Oct-4, we have two collaborations
with laboratories of previous members of the EMBL, namely
that of Roberto Di Lauro (Stazione Zoologica A. Dohrn,
Naples) on the genetic analysis of thyroid transcription factor
2 (TTF2) and that of Vincenzo Sorrentino (Scientic Institute
H San Raffaele, Milan) on the genetic analysis of the ryan-
odine receptor type 3 (RR3). The function of both genes
have been abolished by homologous recombination using
ES cells and mice-deficient for each gene were generated
(C. Ovitt). RR3-deficiency is analysed by the Milan group,
while the TTF2-deficiency_ is studied both in Naples and
Heidelberg (C. Ovitt). As part of the EU network "Multipo-
tential and monopotential stem cells as vectors for somatic
gene therapy of human diseases" plasmids were developed
which are used by us and other members of the network
(K. Anastassiadis).

Regulatory elements and proteins
required for Oct·4 expression

The Oct-4 gene is expressed in the totipotent stem cells of
the pregastrulation mouse embryo which give rise to all em-
bryonic somatic tissues and germ cells. During gastrulation
its expression becomes restricted and finally is maintained
only in the germ cell lineage. To understand the relationship
between Oct-4 expression and the germline lineage, we
studied Oct-4 gene expression both in vivo and in vitro in
developing embryos and in various embryonal cell lines.
Within an 18 kbp genomic Oct-4 fragment which repro-
duced its endogenous expression pattern, several distinct
cis-regulatory elements were identified (Yeom et al., 1996).
Two of these elements are transcriptional enhancers required
to obtain the complete expression pattern of Oct-4 during
development. The distal (DE) and the proximal element
(PE) specifically direct transgene expression to the germline
and the epiblast, respectively. Both enhancers are active
in cell lines which correspond to specific embryonal cell
types of the mouse. Thus, in accordance with its activity
in the germline, the DE is active in embryonic stem (ES)
and embryonic germ (EG) cells, while the PE is active
in P19 embryonal carcinoma (EC) cells which resemble
epiblast cells. Even though several regulatory sequences
have been identified within the DE and PE, all factors so
far found to bind these sites are present in a variety of
cell types and none is restricted to ES or EC cells. A first
hint of how DE activity might be limited to the germline
was provided by a functional analysis in cell lines in which
different DE deletions were tested. The cell-type-specific
activity of the DE appears to be the result of the combi-
nation of an enhancer active in a broader range of cells
and a silencer that restricts its activity to ES and EG
cells.

The promoter was also screened for regulatory sequences
required for cell-type specific expression. The TATA-Iess
promoter contains a set of well-characterized sequences
in a region which is highly conserved between mouse and
human. A GC box is crucial for promoter activity in cells
of both the germline lineage and the epiblast. However, as
for the elements found in the DE and PE, only generally
expressed factors bind to the GC box in vitro. The GC box
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in vitro is a high affinity binding site for members of the
Sp1-family. To reveal if Oct-4 expression depends on Sp1 , ES
cells and embryos deficient for Sp1were compared to normal
embryos and ES cells (in collaboration with S. Phillipsen and
F. Grosveld, Erasmus University, Rotterdam). Sp1 deficiency
.has no influence on Oct-4 gene activity since Oct-4 is
expressed and downregulated properly in its absence. If
there is any correlation at all it is that Sp1-deficient embryos
degenerate approximately when Oct-4 is downregulated.
Sp3 is the other member of the Sp1-family that is found
in extracts of cells in which Oct-4 is expressed. Further
analyses are under way to determine if Oct-4 expression in
pluripotent cells actually depends on Sp3, and if changes
in Sp1 or Sp3 activity play a role in downregulation of
Oct-4.

Although only generally expressed factors bind to the GC
box in vitro, promoter activity is restricted to cells expressing
Oct-4. One explanation for the cell-specific activity of the
Oct-4 promoter is that nuclear receptors bind to a hormone
responsive element (HRE) which is partially overlapping with
the GC box. According to this model, nuclear receptors which
are upregulated upon differentiation interfere with Sp3 (or
Sp1) binding and may regulate the cell-type specificity of the
promoter. Thus, as in case of the sites within DE and PE,
Oct-4 expression appears to be constrained by negatively
acting factors and not specified by transcriptional activators
specific for Oct-4 expressing cells. So far, the candidate
trans-repressors of Oct-4 which have been described are
expressed too late following retinoic acid (RA) addition to
be involved in the initial down-regulation of Oct-4. However,
by optimizing the binding conditions we have identified a
candidate for a factor interfering with Oct-4 gene activity,
named transiently induced complex 1 (TRIC-1). Binding of
TRIC-1 increases shortly after RA treatment and stays on
for only a few hours. TRIC-1 is a multiprotein complex
composed of a broadly expressed (TRIC-1A) and a tran-
siently expressed (TRIC-1 B) component. Initial tests indi-
cated that TRIC-1 A is an orphan member of the nuclear
receptor family. The nature of the second component of
this complex is not known. Apparently, TRIC-1 B had been
missed previously because its binding to DNA is dependent
on TRIC-1 A and its association with it had been disrupted
by the conditions used so far. According to the time-frame
of its binding activity in differentiating embryonal carci-
noma cells, this factor should be expressed as gastrulation
starts.

To understand how binding of widely or even ubiquitously dis-
tributed factors is regulated in orderto direct expression
in specific cells, we examined in vivo binding site occupancy
and for this collaborated with the laboratory of Keiko Ozato
(NIH, Washington). In vivo occupancy was detected at the
GC box of the promoter, and within the PE and DE in all cell
types expressing Oct-4 (Minucci et al., 1996). Moreover, in
ES cells and in P19 EC cells all footprints were lost following
RA treatment, in parallel with sharply reduced Oct-4 mRNA
levels. Apparently, RA treatment in ES cells and in P19
EC cells causes coordinated factor displacement, leading
to extinction of gene activity. These results indicate that the
occupancy of regulatory elements in these cells is coupled
to Oct-4 expression.



PLATE 53

Hypothetical dimer formation of Oct-4 POU domain on its
binding site.within the osteopontin intron. Computer modelling
was based on using the coordinates for the protein-DNA
complex of the Oct-1 POU domain and the octamer sequence
motif in combination with a mutational analysis defining the
Oct-4/DNA interaction. The coordinates were provided by
C. Pabo, modelling was done by G. Vriend (EMBL Biocom-
puting Unit).

Target genes of Oct·4

To identify target genes of Oct-4 we have established a
procedure to isolate DNA fragments which are in vivo
targets of Oct-4 binding. The procedure is based on im-
munoprecipitation of formaldehyde-fixed chromatin of cells
expressing Oct-4. With this approach, a fragment of the
osteopontin gene was obtained. PCR analysis of the first
intron shows that it is enriched with respect to other parts
of osteopontin or the regulatory regions of other genes
by this technique. The region contains a cluster of high-
affinity Oct-4 binding sites and sites for other transcription
factors. In vitro Oct-4 binds to the osteopontin intron as a
monomer and dimer, and it is the dimer that in transfection
studies transcriptional activation (Plate 53). The
activity of such fragments is modulated in F9 EC cells
by a Sox-binding site which is in close proximity to the
Oct-4 binding sites. In F9 EC cell extracts Sox-2 binds and
in cotransfection experiments in differentiated cells Sox-2
interferes with Oct-4 activity. This interference is in contrast
to what has been shown for HMG-containing proteins in-
cluding Sox-2 and is dependent on a region outside the
HMG-domain.

Oct-4 and osteopontin are coexpressed in the same cells
of the early mouse embryo. In addition, the Oct-4 and
osteopontin genes are similarly up- and downregulated upon
differentiation of P19 and F9 EC cells. The potential regula-
tion of osteopontin by Oct-4 is intriguing in the light of both ex-
pression patterns and functions of this protein. As published
previously, Oct-4 expression levels are initially very high in
primitive endodermal cells as they differentiate and migrate
along the trophectoderm and it is suggestive that genes
such as osteopontin require high levels of Oct-4 dimer to
be upregulated. Osteopontin contains the GRGDS sequence
which in vitro serves as an attachment substrate for several
cell types, primarily via the lXvf33 integrin. The regulation
of osteopontin, a secreted molecule potentially involved in
extracellular matrix interactions, suggests that Oct-4 may be
directly required for the processes of differentiation andlor
migration of these cells.

Modulation of Oct·4 transcription factor activity

So far two strategies were outlined to unravel the molecular
basis for totipotency. Basically, in these attempts Oct-4 is
used to identify genes and gene products either up- or
downstream in the regulatory cascade. A third approach is to
identify cell-type-specific factors that interact with the Oct-4
protein to activate target genes. Our previous studies had
suggested that factor(s) interacting with Oct-4 exist in ES and
EC cells and are absent in differentiated cells. The observa-
tion that Oct-4 can activate transcription from promoter-distal
binding sites in embryonal cells, but requires the presence of
adenoviral E1 A 289R protein in differentiated cells, has led to
the suggestion that a cellular activity analogous to E1 A exists
in embryonal cells, and that Oct-4 can be used to probe for
this activity. Based on our recent studies we suggest that
not only E1 A, but other viral oncoproteins playa direct role
in the promotion of distance-independent transactivation by
Oct-4 and that this is a common feature of these DNA tumour
virus encoded oncoproteins. In addition to E1 A, both SV40
Tit antigen and HPV E7 can cooperate with Oct-4 to allow
distance-independent transcriptional activation. Thus, differ-
ent DNA tumour viruses share the ability to influence Oct-4-
dependent gene expression in a similar way. This synergism
is Oct-4-specific and is not observed with Oct-1 or Oct-2.
Coimmunoprecipitation experiments indicate that Oct-4 can
physically interact in vivo with DNA viral oncogenes. These
oncogenes share the ability to overcome normal cell cycle
regulation. They can prevent cells from arresting in Go/G1
and cause cells to exhibit a less differentiate,d state. Early
embryonal stem cells in which Oct-4 is expressed resemble
virally transformed cells in that they are undifferentiated and
also have a very short cell cycle with little or no G1. We
propose that oncogene products of several DNA tumour
viruses share the ability to mimic the embryonal E1A-like
activity to convey a permissivity for proliferation that is typical
of embryonic tissues.

Several groups have tried to identify "the" cellular E1A-like ac-
tivity. Attempts to do this on the basis of sequence homology
have failed. E1A, E7 and T-antigen all provide the E1A-like
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activity required for distance-independent transactivation by
Oct-4 yet display only a low level of sequence homology to
each other that is restricted to short sequence motifs such
as the LXCXE motif required for pRb binding. We are trying
to use Oct-4 as a probe to identify specific factors from ES
cells and for this have reproduced the interaction of specific
regions of adenoviral E1A 289R protein with Oct-4 by using
the phage display system. We are currently generating an
ES cell library in which random primed cDNAs are inserted
in the bacteriophage gene III coat protein. This library will be
screened for factors functionally interacting with Oct-4.

To be able to functionally study the interaction of Oct-4 with
other proteins in ES or EC cells we have tried to generate
Oct-4-deficient embryonal cell lines. Such lines would have
provided a null-background for the study of mutated Oct-4
proteins in the natural cellular system. However, several
attempts to abolish Oct-4 function in embryonal cell lines
have failed so far. Therefore, we concentrated on the trans-
activation domains of Oct-4, because these could be studied
both in ES/EC and differentiated cell lines (Brehm et al.,
1997). Transactivation capacities of regions flanking the DNA
binding domain of Oct-4 were analysed in undifferentiated
and differentiated cell lines. The amino- and carboxy-terminal
regions (N-domain and C-domain) fused to the Gal4 DNA
binding domain both functioned as transactivation domains in
all cell lines tested. However, the C-domain failed to activate
transcription in some cell lines in the context of the native
protein. The underlying regulatory mechanism appears to
involve the POU domain of Oct-4 and can discriminate
between different POU domains, since constructs in which
the C-domain was fused to the POU domain of Pit-1 were
again equally active in all cell lines. These results indicate
that the C-domain is subject to cell-type-specific regulation
mediated by the Oct-4 POU domain. Phosphopeptide analy-
sis revealed that the cell-type-specific difference of C-domain
activity correlates with a difference in Oct-4 phosphorylation
status. A regulatable transactivation domain increases the
versatility of Oct-4 in rapidly changing cell types during
development and offers important advantages for it as a
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developmental regulator. One major goal is to find molecules
interacting with this regulatable transactivation domain and to
test if the C-domain is also differentially active in cells along
the totipotent cycle.
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Genomic engineering is based on the stable integration of
DNA into the genome of a living cell. The introduced DNA
can be either randomly, site specifically or homologously
recombined into the genome, or maintained as an episome.
In the first applications of this technology, phenotype was
altered upon DNA introduction. We are developing strategies
whereby the phenotypic alteration can be induced at a
chosen time after DNA introduction. The strategies rely on
(1) the ability of site-specific recombinases (SSRs) to medi-
ate precise DNA rearrangements in living cells and (2) the
fact that steroid hormone receptors require ligand for activity.

Site-specific recombination
(L. Ringrose, F. Buchholz &P.-D. Angrand)

SSRs of the integrase class such as FLP, from the 2f.l
episome of S. cereviseae, Cre, from the E.coli P1 phage, and
R from Z.rouxii are able to mediate precise and conservative
recombination between their binding sites. These three pro-
teins share overall similarity in their primary sequence and
attract attention because they have been shown to function
efficiently in a broad range of organisms from E.coli to mice.
Their binding sites are 13 bp inverted repeats which are
sequence specifically recognized by a monomer per half
site. At present, only these 3 recombinases are available for
use in living systems. To extend the repertoire of SSRs that
can be used in applications of site-specific recombination,
we have identifed 2 additional members of the integrase
class. Both are found on 2f.l-like episomes from K.waltii or
K.drosophilarum and, as anticipated, recognize unique target
sequences and work in eukaryotic cells. Current work is
directed at comparing the relative efficiencies of these 5 re-
combinases in living cells - principally E.coli, S.cerevisiae,
human 293 cells or mouse ES cells, as well as in mice
and in biochemical assays. From this work we observed that
FLP, Kw and Cre have different temperature optima with only
Cre showing efficient recombination around 37°C. Both FLP
and Kw display temperature optima around 30°C and are
virtually inactive above 37°C. For FLP, this thermolability is
based on thermal denaturation of the protein as assessed by
circular dichroism. Using E.coli-based library screens, work

to identify thermostable variants of FLP is under way. The
objective of this work is to develop a second recombinase
that works well in mammalian systems. Thereby, together
with Cre, we can develop strategies of use that exploit two
recombinases.

Regulated site-specific recombination
(C. Logie, P.-D. Angrand, S. Chabanis &C. Woodroofe)

Site-specific recombination offers a potential way to alter a
living genome by design in a precise and stable manner. This
potential requires strategies which can be used to regulate
the recombination event. We have developed a strategy to
regulate SSR activity which relies on expressing the SSR
as a fusion protein with steroid hormone receptor ligand
binding domains (LBDs). In the absence of a ligand cognate
to the LBO, the recombinase activity of the fusion protein
is extremely low. Upon ligand administration, recombinase
activity is rapidly induced. These results outline the basis for
inducible expression or disruption strategies using inducible
recombination. Current work is directed at developing se-
lected applications principally for use in mammalian systems.
For example, we have exploited the conditional nature of
FLP/LBD fusion proteins to direct integration of a plasmid
into a specific genomic site at frequencies approaching the
frequency of random integration. To extend the applicability
of LBO regulation of SSRs, we have tested Cre/LBD fusion
proteins in mammalian cell lines, particularly in ES cells, and
in mice. Part of this work is in collaboration with the Rajewsky
laboratory (University of Koln), the Schutz laboratory (DKFZ,
Heidelberg) and the Smith laboratory (CGR, Edinburgh).

Ligand binding by steroid hormone receptors
(M. Nichols, C. Logie &J. Rientjes)

Since the recombinase activity of SSR/LBD fusion proteins
requires steroid ligand for activity, they transduce steroid
binding into specific DNA rearrangements. This presents the
basis for a variety of assays whereby ligand binding can be
recorded, or amplified, as a fixed DNA alteration of reporter
gene expression. For example, ligand binding by LBDs
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can be accurately measured as recombination mediated by
FLP/LBDs. We are using such assays in both yeast and
mammalian cells to explore the structure-function relation-
ship of ligand binding by the estrogen receptor. The LBDs are
protein domains, approximately 240 amino-acids in length,
that carry several, interdigitated, functions. In addition to
ligand binding, these functions include hormone-dependent
transactivation and dimerization surfaces, both of which
should be disposable to LBO action in FLP/LBD mediated re-
combination. By both random and directed mutagenesis, we
are examining the relation.ship between these interdigitated
functions with particular emphasis on evaluating differences
between the activities of agonists, such as estradiol, and
antagonists, such as tamoxifen. All cognate ligands tested so
far, agonists and antagonists, are able to activate FLP/LBD
recombination, however they do so with differing kinetics. For
the estrogen receptor LBO, antagonists are more efficient
at inducing recombination than agonists. This difference
may reflect the failure of antagonists to fully activate the
LBO for transcriptional activation. We have identified two
functionally converse mutations that separate agonists and
antagonists into two distinct groups. Since the recombinase
assay does not rely on the transactivation properties of the
LBO, this result implies that one difference between agonists
and antagonists rests on a difference implicit to ligand/LBO
binding, rather than downstream effects on LBO transacti-
vation. Further work with selected LBO mutants indicates
that dimerization and transactivation are disposable for LBO
repression, and ligand induced derepression, of FLP/LBD
fusion proteins. Thus the FLP/LBD assay appears to provide
an assay that specifically focuses on the early steps in the
LBO activation pathway.

Chromatin analysis of the mouse Hox a cluster
(S. Chabanis &C. Woodroofe)

To develop a model system for the application of regulated
recombination, we are examining the transcriptional control
of the mouse Hox a cluster. As with other Hox clusters,
the Hox a cluster displays temporal colinearity. That is,
the order of the genes along the chromosome is also the
order in which they are expressed. Upon induction, the
gene at the 3' end of the cluster, Hox a1, expresses first,
followed by the gene immediately 5' to it, Hox a2, and so
on towards the 5' end of the cluster. In EC cells, retinoic
acid treatment initiates this progression. We have mapped
DNase1 hypersensitive sites around the 3' end of the Hox a
cluster before and after retinoic acid treatment of F9 and
C1 003 cells as a first step to understanding and manipulating
this region of chromatin. Retinoic acid treatment rapidly
initiates the progression of transcriptional inductions, as
measured by nuclear run-on analysis of the region from
Hox a1 to Hox a4 genes. However, only a few chromatin
structural changes in this region accompany the onset of
transcription. Most of the DNase I hypersensitive sites in
this region are preset in chromatin before the onset of
transcription, indicating that this chromatin is primed to
respond to signals that initiate the onset of the transcriptional
cascade. These data eliminate one possible explanation
of temporal colinearity, namely that colinearity reflects a
mechanism of progressive opening of the cluster in response
to transcriptional induction. We conclude that colinearity is
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based on regulatory interactions that bear upon either the
step to establish the primed chromatin structure or the inter-
relationships between different cis elements in the cluster
once transcription has been initiated, or both.

. Genetic analysis of the transcriptional control of the
Drosophila Hox cluster, HOM-C, has identified two classes of
chromatin regulators involved in the maintenance of HOM-C
expression patterns. The trithorax class is required to main-
tain expression and the polycomb group is required to main-
tain repression. The balance between the two presumably
maintains the chromatin status and is likely to underlie the
phenomenon of colinearity. We have therefore begun work on
the mouse homologue of one of these epigenetic regulators,
trithorax. Initial work was based on database searches which
led to the identification of a novel zinc finger similar to RING
and LIM fingers but with the distinct pattern of Cys4HisCys3.
The new zinc finger is termed the PHD finger and, as
well as being in trithorax and the polycomb group protein,
polycomblike, was also found in a further 40 entries in the
data base. When known, all matches are nuclear proteins.
Amongst a number of interesting matches, we found two
PHD fingers in a currently functionless transcript from the
mammalian X chromosome which escapes X chromosome
inactivation. The observation that the PHD finger is repre-
sented in both the trithorax and polycomb groups suggests
that this domain may be involved in a similar, or competitive,
regulatory mechanism. We speculate that the PHD fingers
of trithorax and polyhomeotic may compete for a common
target central to the regulation of Hox gene expression and
the phenomenon of colinearity.
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Pre-mRNA splicing in yeast

Group leader: B. Seraphin

Postdoctoral fellows: Z. Lygerou*, J. Salgado

Predoctoral fellows: M. Luukkonen, B. Rutz*

Visitors: B. Cambon*, G. Rigaut*

Assistants: E. Bragado-Nilsson*, S. Kandels-Lewis*

between the 3' splice site and the upstream branchpoint
(Luukkonen & Seraphin, in press). We are currently testing
several factors for their involvement in 3' splice site selection.
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a)

In eukaryotes most transcripts are produced as precursor
molecules that require maturation to generate the biologically
active species. For pre-mRNAs, this includes capping of the
5' end of the transcript, splicing of introns and polyadenyla-
tion of the 3' end. We are analysing the splicing process in
the yeast Saccharomyces cerevisiae. Of particular interest
for the laboratory is the mechanism of splice site selection,
that needs to be highly specific to maintain accuracy of the
encoded information. We are also characterizing some of the
factors implicated in pre-mRNA splicing, and, in particular,
the small nuclear ribonucleoproteins (snRNPs). These are
complexes of one RNA associated with one or several
proteins that reside in the nucleus of eukaryotic cells. Five
snRNPs are implicated in pre-mRNA splicing, namely the
U1, U2, U4, U5, and U6 snRNPs. Other snRNPs are involved
in other important cellular functions like telomere replication,
tRNA and rRNA processing, etc... This includes the RNase P
and MRP that we recently analysed in collaboration with the
laboratories of David Tollervey (EMBL) and W. van Venrooij
(Nijmegen) (Lygerou et a/., 1996a and 1996b). The function
of these RNPs was characterized in vivo and in vitro. We
were able to reconstitute, for the first time, an accurate in
vitro pre-rRNA cleavage using purified components.

Splice site selection

Pre-mRNA splicing requires a highly accurate selection of
three sequences present in the pre-mRNA: the 5' and 3'
splice sites and the branch-point (Plate 54a). We have previ-
ously analysed the mechanisms of 5' splice site and branch-
point selection. The factors involved in the recognition of the
conserved PyAG sequence at the 3' splice site are, however,
unknown. Previous experiments have suggested that 3'
splice site selection could be mediated by the U1 snRNA, or
through a non-canonical interaction between intron terminal
nucleotides. We have previously ruled out the first possibility.
We have now analysed the mechanism of 3' splice site
selection using a sensitive reporter harbouring duplicated
3' splice sites (Plate 54b). Our results demonstrate that 3'
splice site selection is not mediated by an interaction between
intron terminal nucleotides. In contrast, we observe that 3'
splice site activation is strongly dependent upon the distance

b)

PLATE 54

(a) The two steps of pre-mRNA splicing. The important cis-acting
sequences (5' splice site, branch point and 3' splice site) are
indicated.

(b) A construct with two 3' splice sites in competition that is used
for the analysis of the factors affecting 3' splice site selection.
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snRNP proteins

8pliceosomal snRNPs contain two types of proteins: on one
the hand each snRNP contains a set of specific proteins. On
the other hand, the U1, U2, U4 and U5 snRNPs contain a
common set of 7 proteins named the 8m proteins. We have
recently identified a conserved sequence signature in the
8m proteins. This allowed us to search sequence databases
and identify 168m and 8m-like proteins in yeast. At least
6 of these proteins are bona fide yeast 8m proteins, while at
least 6 8m-like proteins interact with the yeast U6 snRNA.
This indicates the presence of an 8m-like protein complex
in the U6 snRNP. We are currently analysing the subunit
composition of this complex. We are also trying to define its
binding site on the U6 snRNA. We have also characterized
8m-like proteins from human cells and shown that they also
associate with the U6 snRNA. The existence of a sequence
signature in the 8m proteins suggests that they share a
common structural fold. In collaboration with the group of
Dietrich 8uck (EMBL), we are trying to crystallize some
members of the 8m protein family to solve their structure.
We are also collaborating with several other groups on the
characterization of specific snRNP proteins. This includes
the characterization of the yeast U1 C protein (in collaboration
with M. Rosbash, Brandeis), the identification of the yeast U1
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snRNP proteins (in collaboration with R. LOhrmann, Marburg
and Matthias Mann, EMBL) and the characterization of the
yeast U2B" protein (in collaboration with lain Mattaj, EMBL).
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Mechanisms of pre-mRNA splicing regulation
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(a)One of the steps at which eukaryotic gene expression
can be regulated is the processing of mRNA precursors
(pre-mRNAs), which includes the removal of intervening
sequences (splicing). Regulation at this step is widely used
during cell differentiation and development to turn on or off
genes or to generate protein variants with different properties
from the same primary transcript. Our goal is to under-
stand the molecular mechanisms that control pre-mRNA
splicing.

Regulation by the protein Sex-lethal in vivo

transformer
pre-mRNA non sex-specific

S'g

The protein Sex-lethal (SXL) regulates sexual determination
and dosage compensation in Drosophila. SXL is an RNA
binding protein exclusively expressed in female flies, that
controls the. expression of at least three genes by alternative
pre-mRNA splicing: transformer (tra), male-specific-lethal-2
(msl-2), and its own gene (Plate 55a). Previous in vitro
work suggested that SXL regulates tra splicing by blocking
the binding of the general splicing factor U2AF to a non-
sex-specific 3' splice site, thereby diverting the factor to a
lower affinity, female-specific site that is activated as a result
(Plate 55b).

(b)

-Sxl -Sxl

To test whether this mechanism also operates in vivo, and
whether it can also explain the regulation of the other genes
by SXL, we obtained, in collaboration with Lucas Sanchez
(CIS, Madrid), transgenic flies expressing a chimeric protein
in which the RNA binding domain of SXL was fused to the
splicing activation domain of U2AF. As observed in vitro,
the chimeric protein disrupted tra regulation, indicating that
antagonism for U2AF can also explain SXL function on tra in
vivo.

Splicing regulation of msl-2 and Sxl pre-mRNAs, however,
was maintained, indicating that distinct mechanisms operate
in the control of splicing of these genes. Transgenic lines
expressing various mutant SXL derivatives further support
the notion that SXL has distinct and separable activities in
splicing regulation of its different target genes. Our next goal
is to investigate these different mechanisms at the molecular
level.

PLATE 55

(a) The protein Sex-lethal (SXL) is expressed only in female
Drosophila flies. SXL, an RNA binding protein, induces female-
specific patterns of alternative pre-mRNA splicing in three
genes: male-specific-lethal-2, transformer, and the Sex-lethal
gene itself. The female-specific mature transcripts either encode
polypeptides only present in female flies or the expres-
sion of male-specific polypeptides, thus triggering regulatory
cascades that control dosage compensation, somatic sexual
differentiation and Sex-lethal autoregulation.

(b) Molecular mechanism for the regulation of transformer pre-
mRNA splicing by SXL. In the absence of SXL protein (male
flies), splicing is directed to the non-sex-specific 3' splice site
by the higher affinity of the splicing factor U2AF for this site.
SXL, present in female flies, competes with U2AF for binding to
the non-sex-specific 3' splice site, thereby diverting U2AF to its
lower affinity, female-specific 3' splice site, that is activated as a
result.
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Regulation of msl-2 expression

Sex-lethal regulates dosage compensation by inhibiting ex-
pression of the male-specific-lethal-2 (msl-2) gene protein
product in female Drosophila flies. The 5' UTR of msl-2
transcripts contains an intron with SXL binding sequences
at its 5' and 3' ends. This intron is retained in female flies
(Plate 55b). We have observed that SXL can inhibit splicing
of this intron in vitro. Using this system, we have analysed
the cis- and trans-acting elements required for regulation.
Chimeric and mutant RNAs revealed that splicing inhibition
principally depends on S5(L binding at the 3' splice site.
Chimeric and mutant SXL proteins revealed that a novel
mechanism, distinct from antagonism for U2AF, operates in
the control of msl-2 splicing by SXL.

Cloning of the f/(2d) gene

Regulation of both tra and Sex-lethal pre-mRNA splicing by
the protein Sex-lethal requires the gene female-lethal (2)d
[f/(2)dj. In collaboration with Lucas Sanchez (CIB, Madrid),
we have cloned the f/(2d) gene using P element-mediated
insertional mutagenesis. Two transcripts of 2.8 and 1.3 kb,
generated by alternative RNA processing, are transcribed
from this locus. One of the transcripts encodes a 15 kOa
polypeptide without significant homologies to proteins in
databases. The characterization of this protein and other
gene products of the locus, and the investigation of their
functions in constitutive and regulated splicing will be the
goal of our future studies.

Splicing activation by exon enhancers

Purine-rich exonic enhancer sequences have been shown
to stimulate the use of upstream 3' splice sites. Members
of the SR family of splicing factors have been shown to
bind to the enhancer and promote the recognition of the
3' splice site by U2AF. We are using nuclear extracts that
have been depleted of U2AF by either chromatography on
poly-U columns or by the use of a highly specific antibody, to
study the mechanism of exon enhancer function. Our results
suggest that a poly-U binding factor distinct from U2AF is
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necessary to support enhancer-dependent splicing. We plan
to purify and characterize this activity.

4.1 antigens and pre-mRNA splicing

'The 4.1 protein was originally isolated as a component of the
erythrocyte cytoskeleton that connects the actin and spectrin
networks with integral membrane proteins. Further studies
revealed the existence of multiple isoforms with different
cellular localizations, some isoforms having a predominantly
nuclear distribution. The sites of nuclear accumulation of
4.1 isoforms coincide with the sites of accumulation of
some components of the splicing machinery. In collaboration
with Isabel Correas (CBM, Madrid), we have explored a
possible link between the nuclear 4.1 isoforms and pre-
mRNA splicing.

Using affinity-purified antibodies, we have found evidence
that 4.1 proteins are associated with splicing complexes
formed in vitro in HeLa nuclear extracts, and that these anti-
bodies are able to deplete the extracts of their splicing activity.
The splicing defect of the depleted extracts could be related
to a decrease in the levels of various splicing factors that
interact with 4.1 proteins. Our results suggest a functional
relationship between a component of the nuclear structural
network and factors involved in pre-mRNA processing.
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Cell Biophysics Programme

Introduction

The activities of the Electron Microscopy Applications and
Development Group terminated by the end of July with the
departure of Max Haider. In a transition period, that will
end July 1997, some electron microscopy development will
still be carried out at the EMBL with the support of the
Volkswagen Foundation. This mainly concerns the corrected
200 kV transmission electron microscope. In the future, the
activities in electron microscopy at EMBL will be restricted to
the improvement of commercially available microscopes, of
sample preparation for high resolution electron microscopy,
cryo-electron microscopy and immuno-electron microscopy.
To optimize sample preparation a new cryo-preparation
system was built and tested. Several applications of the
cryo-STEM .to mass measurements exploiting the unique
facilities of this instrument were carried out.

The Advanced Light Microscopy Group was very successful
in a collaborative effort with Zeiss to develop an optimized
confocal microscope for fluorescence microscopy. This de-
velopment will become commercially available during 1997.
Single lens theta microscopy was investigated and proved
to be technically possible. The photonic force microscope,
a new kind of scanning probe microscope, based on optical
tweezers and two-photon absorption processes proved to
be a new tool for the imaging of biological samples. This
instrument provides high axial resolution and overcomes
the geometrical restriction of conventional scanning probe
microscopes. Last but not least, the European Biolmage
Database project was started. This project should have a
significant impact in many fields of structural and cell biology.

The Scanning Probe Techniques Group has concentrated its
efforts on the application of scanning and atomic
force microscopy to the observation of biological samples.
Collaborations with biologists, both inside and outside the
EMBL allowed to investigate several interesting biological
questions. Besides developments and improvements of the
microscopes, the development of adequate sample prepa-
ration procedures got high priority. Work under ultra-clean
conditions for surface modifications is clearly required for

the reproducible observation of biological specimens. Force
measurement of kinesin on microtubules was successfully
carried out using an optical trap.

The Microcomputing and Data Acquisition Group has fo-
cused its activities in three areas: development of elec-
tronics for time-resolved synchrotron radiation experiments,
fast digital processor-based multi-processor architectures for
data acquisition hardware and biocomputing applications
and finally image processing method developments for the
detection and quantification of particles and features with
the ultimate goal of automatic analysis of time series. New
developments in semiconductor detectors are followed very
closely for their potential use in high resolution, high speed
applications. This effort goes in parallel with the support for
the conventional wire detectors developed at the Grenoble
Outstation. We have developed a method to detect and track
multiple moving biological objects in images acquired by
video microscopy. The new software has been successfully
tested on image sequences showing the diffusion of micro
latex beads along developing axons.

The possible opening of a new line of research involving
collaborations between biologists and physicists has been
explored. We hope that this will develop into new investi-
gations on the quantitative modelling of complex biological
systems. We believe that a strong Programme combining
biology-oriented physics and the development of new mi-
crotechniques, working in close collaboration with biologists
should fare very well at EMBL. In this context,'a biophysicist,
Joe Howard has visited the Programme this year and he
has had interactions with groups both in the Cell Biophysics
and Cell Biology Programme. A physicist working at Prince-
ton University on the modelling of signalling networks and
morphogenesis is going to visit the Programme for one year
starting July 1997 and a predoctoral student has been hired
to work with the group of Heinrich Harber as well as the
group of Erich Karsenti on the analysis of force production
by microtubule motors and on the modelling of mitotic spindle
assembly.
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Microcomputing and data acquisition
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The activities of our group are focused towards three ar-
eas: (1) development of detector electronics for high speed
time-resolved synchrotron radiation scattering experiments,
(2) fast digital processor systems (including multi-processor
architectures) for various applications and (3) development
of image processing methods to answer biological questions.

For fast synchrotron radiation instrumentation developments,
we rely both on collaborations with our Grenoble (building of
the wire chambers) and Hamburg (development and integra-
tion of the software) Outstations and with CERN (Geneva). To
study fast dynamics of macromolecular assemblies multiwire
chambers still provide an excellent solution, although some
recent developments in high density low-noise electronicswill
certainly, in the future, allow the use of solid state micro-strip
and pixel detectors (silicon, gallium arsenide or diamond).

The power of parallel computing to allow computation inten-
sive problems to be solved is well established. Our project
using a R3000 reduced instruction set computer (RISC) is
progressing both on the hardware and the software sides
and will provide a modular tool for several future projects.

Image processing is a tool which is clearly required in modern
biology where quantitative data is needed. Ongoing activities
already help to address biological problems related to the
quantitative analysis and the comparison of images. This
year, significant progresses were made for the automatic
analysis of image sequences and several projects were
carried together with scientists in the Cell Biology and the
Cell Biophysics Programmes.

Data acquisition for synchrotron radiation

R3000 based data acquisition for the
linear wire per wire gas detector

Acquisition module

The circuit design and printed circuit board layout has
been completed for a modular acquisition board. Seven
such boards, together with a controller and a communi-
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cation board, will be integrated to form a high capacity
200-channel acquisition system. Each board contains a set
of counters with shadow registers readable by an R30X1
plug-in module, dual-ported RAM for data transfers into a
controller board and interrupt logic to handle framing and
requests from the crate controller. The modules' counters
and shadow register can be configured either as a 32-
channel (10 bits deep) or as a 16-channel (20 bits deep)
acquisition device without any hardware modification. The
on-board random access memory of the R30X1 plug-in
provides storage space for at ·Ieast 4 K frames for 32 chan-
nels or 8 K frames for 16 channels. Data can be read
out, for display purposes, by the crate controller via the
dual ported RAM without interruption of the data collection
process.

Crate controller

The design of a board which will perform the required com-
munication and synchronization tasks between the host pro-
cessor, the time frame generator and the above-mentioned
acquisition boards has been started. This crate controller will
also handle the loading of the digital-to-analogue converter
boards required to set the thresholds required by the wire
chamber front-end preamplifiers. This controller is based
on the same R30X1 plug-in module. It is able to perform
data transfers to and from any of the acquisition boards,
as well as broadcasting (simultaneous transfer) information
into the modules (especially useful when sending global
commands).

Implementation of data acquisition front-end
on in-circuit programmable MACH devices

The 8-channel/10-bit and 4-channel/20-bit counters and
shadow registers were integrated into a single in-circuit
programmable AMD MACH 5-256/68 device. Four such chips
form the front-end for the 32-channellinear wire per wire gas
detectordata acquisition board. The programmed device also
contains all the interfacing and sub-address decoding logic
required for an easy and simple connection to the R3081



plug-in board. The built-in chip interface allows the easy
connection of a large number of counters without the need
for external decoding. The development was done using the
MACHXL 5.0 software.

Software development for the R3081-based
SCSI X-ray detector interface system

The software development for the X-ray detector interface
has been completed and tested using the IDT/sim moni-
tor. It is currently being re-tinked to a final version as a
stand-alone application. The software implements all the
mandatory low-level SCSI message handling primitives. In
addition it executes a set of high level control and data
transfer instructions from the host. It allows the host to
set the precision (8 or 12-bit X and Y coordinates) to
maximize the event transfer rate. The host can also down-
load lookup tables to the interface. Therefore, on-the-fly
correction of detector non-linearity can be done at the in-
terface level, which will reduce the computation load on the
host.

The sustained acquisition speed has been measured for
different sizes of acquisition loops, SCSI interrupt handling
routines, and block sizes. Event rates of up to 400 K-
events can presently be reached. This is compatible with
the requirements for the present X-ray detector.

Fast time-to-digital encoding system

As the delay line readout technique for linear and area gas
filled wire detectors is a good trade-off between cost of
electronics and overall performance, we re-engineered the
previously qesigned XY interface readout for the LRS4208
real-time encoding system. This system allows the fast
digitization of the arrival time of the cathode signals relative
to the fast anode signal. It generates square images with a
resolution of 64x64 to 512x512 pixels with a total delay line
length of about 250 ns. The conversion speed is in the order
of 600 ns including the delay line length. The new module
was fully tested and we have started to replace the older
versions installed at the Hamburg Outstation.

We have also looked into new possibilities offered by modern
electronic components to provide higher time resolution. Our
goal is to digitize with a time resolution of about 200 ps. This
will allow the use of much shorter delay lines and therefore
speed-up data collection without compromising on spatial
resolution.

New GaAs avalanche photodiode X-ray detector

Although the construction of strips and pixels in GaAs is not
as straightforward as with silicon technology, we pursued our
collaboration with the Institut fOr Schicht- und lonentechnik
in JOlich to utilize the avalanche photodiodes (APDs) for fast
single X-ray photon detection. Due to the internal built-in gain
factor such elements will make possible high speed readouts.
We have now started to study carefully the packaging of

newly developed linear microstrip structures. This should
allow an easier handling of such advanced detection sys-
tems and also avoid chemical contamination problems which
would ultimately degrade the efficiency of these detectors.
In parallel we are also designing the analogue front-end
electronics and the digital acquisition.

Time frame generator and
calibration channel unit

As announced in last year's report we have designed a new
CAMAC version of the time frame generator and calibration
channel unit modules. This hardware was integrated with
the new software package for time-resolved experiments
developed at the Hamburg Outstation. Several features
of these two modules were improved over the test and
integration period and resulted in fully functioning units
that could be transferred to industry for production and
commercialization.

These two modules are now commercially available to syn-
chrotron radiation as the Laboratory has signed a licence
agreement with a commercial company (Struck - Electronics
for High Energy Physics and Industry, Tangstedt, Germany),
which also distributes the histogramming memory modules
developed by us in the past. Several sets of modules were
delivered to users at HASYLAB in Hamburg, at the Advanced
Photon Source in the USA, and more recently at the new
synchrotron source in Taiwan.

Silicon device for the handling of cells

In collaboration with Tommy Nilsson, from the Cell Biology
Programme, we have investigated the possibilities offered
by silicon micro-machining to design a very simple tool
to allow the opening of cell membranes without distroying
the inner components. Discussions with several European
groups involved in silicon processing for MEMs resulted
in a collaboration agreement with TIMA/CMP in Grenoble,
France. We have now finalized a first design that will be
produced and tested in the first part of 1997. This "simple"
system will certainly be a good initial investment in the
development of new miniaturized tools for the handling of
cells. We believe that more interesting devices, able to work
on single cells or at least with limited quantities of cells, will
follow in the future. Once again it will be very important to
understand both the problems faced by the biologists and the
possibilities and limitations of these new micro-technologies
to exploit the technology to its best.

UNIX instrumentation cluster:
software support activities

The "Instrumentation Cluster" is dedicated to the Biochemical
Instrumentation and Cell Biophysics Programmes. It shares
data with main UNIX domain, but is separated from
it in the way that it is an independent domain and all
UNIX administration tasks are performed by a local system
manager.
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There are currently 10 Sun workstations (2 Ultra One Sparc-
Stations, 2 SparcStations 20, 2 SparcStations 10, 1 Sparc-
Station 2, 2 SparcStations IPC and 1 SparcStation IPX)
running the SOLARIS 2.5 operating environment (which is
a System V Release 4 derived UNIX) and about 50 user
accounts are registered.

During the year two significant improvements were carried
out: (1) we added two Sun Ultra 1 workstations to provide
additional computation power and large storage capacity for
image processing and (2) the network information services
(NIS) + package were installed.

The cluster hardware and software reliability is a high level
priority task as some service activities such as the DNA
sequencing are relying on it. A special effort has been
made to keep all workstations and services available, and
to have them running again as fast as possible in the case of
failure.

Image processing

Adaptive detection for tracking moving
biological objects in video microscopy sequences

We have developed a method to detect and track multi-
ple moving biological objects in images acquired by video
microscopy. The automatic detection is based upon the
correlation of the image with a filter which varies adaptatively
to represent an object as it moves and deforms. The tracking
is performed using a Kalman filter and a "cost function" which
enables the position of the moving objects to be predicted,
refined and updated. The program has been successfully
tested on image sequences showing the diffusion of micro
latex beads along developing axons.

Automatic detection of spots in biological images

The most recent method we have developed to detect and
extract spots from grey-level biological images has been
applied to a variety of problems. The detection is accom-
plished by globally transforming the image, and by locally and
adaptatively modifying the transformed image. The method
is based upon selectively filtering an undecimated wavelet
decomposition of the image, through the use of wavelet
thresholding and correlation. Since spots are big local dis-
continuities in the image, the proposed strategy is to trace
and to reinforce their wavelet signature across a number
of resolution levels, and to use the resulting information
to accomplish recognition. In the context of analysing the
O-linked glycosylation, a dedicated semi-automatic program
has been developed to detect colloidal gold particles in
the Golgi apparatus and to measure their distance from
the cis- and trans-membranes. After detection of the par-
ticles, the program then computes for each detected par-
ticle its distance to the closest points on the membranes
that have been previously interactively drawn in overlay
over the image. Our previous detection method has been
used to analyse and quantify a change in the distribu-
tion of transferrin during its dendro-axonal transcytosis in
neurons.
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Upgrading of image processing system

Our present development of algorithms, in particular for
image sequence analysis, was calling for a more powerful
image processing system. We have therefore replaced our
previous system Imaging Technology Series 151 by the
.new generation Imaging Technology Series 151/40 one, and
purchased a SUN Ultra 1 workstation to host it. By this
means our processing capabilities have been extensively
increased. The old system is still used for carrying out
our current collaborations for which specific software was
developed in the past years. This hardware upgrade has
also been the occasion to completely re-think the software
development, which had to be largely rewritten because
of hardware incompatibilities and of the migration to Motif
for our user interface. A model of independent software
modules, communicating by means of notification messages,
has been adopted. It has the definitive advantage to allow
the development of software which is largely hardware and
user-interface independent. This should permit easier future
upgrades.
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Advanced light microscopy group

Group leader: E.H.K. Stelzer

Postdoctoral fellows: E.-L. Florin, E-M. Haar*, S. Lindek

Predoctoral fellow: J.R White

Visitors: M. Hartung*, B. Herrmann*, J. NolI*, S. Tille*, D. Zink*

Assistants: S. AlbrechtO, N.J. Salmon, T. Stefany, R. Stricker

Four major projects were started, continued, and finished in
1996. A single-lens solution for confocal theta microscopy
was found and implemented, the photonic force microscope
was successfully used to record images, the European
Biolmage Database Project started and our collaboration
with an industrial partner (Carl Zeiss Jena GmbH) to build
a more than excellent confocal microscope for biology was
essentially completed.

European Biolmage Database project

The general objectives of this project are: (1) to organize the
diverse forms of volume image data into a single database,
the Biolmage Database; (2) to develop the infrastructure
required to access such volume image dataworld-wide; (3) to
devise ways to search the database efficiently; (4) to develop
specific user-friendly volume handling tools that enable us
to make new data correlations; (5) to link the volume image
data sets to other sources of scientific data in an efficient
and transparent way; and (6) to facilitate collaborations with
software companies, by generating precise image definitions
based on well-accepted standards.

By volume image data we refer to three-dimensional in-
formation that is represented as multi-dimensional raster
images. Provided that volume data are of sufficient res-
olution, atomic coordinate data can be derived thereof to
model the data in terms of individual amino-acids or nu-
cleotides. Similarly, atomic coordinate data can be con-
verted to volume data for quantitative comparisons with
data of a lower resolution. The information is in the form
of multi-dimensional images of structures whose sizes span
several orders of magnitude, from macromolecules at atomic
scale resolution to entire cells and organisms. Volume im-

age data are acquired by X-ray crystallography, neutron
diffraction, NMR, various forms of electron microscopy, scan-
ning probe microscopy and light microscopy, and other
less common techniques such as acoustic and X-ray mi-
croscopy.

Whereas databases exist for atomic coordinates and protein
sequences, none are available for volume image data. This
project is aimed at filling this information gap in structural
biology.

We expect the Biolmage Database to have a significant
impact in many fields of structural and cell biology for several
reasons. Accessibility of biological volume data will allow
structural information acquired by different techniques in
different laboratories to be compared in an unprecedented
manner. Very often the experimental volume data represent
different, complementary physical aspects of the same ob-
ject. The value of these results to other areas of inquiry may
not be apparent until much later. What would be desirable,
therefore, is a way of sharing the basic volume data in their
entirety. A goal that is precisely the essence of the Biolmage
project.

The project is co-ordinated by Jose-Marfa Carazo at CNB
(CSIC, Madrid, Spain) with partners and test users in several
European countries.

New confocal microscope

The optical system of our newest confocal microscope gener-
ation seems fairly traditional using a conventional microscope
as a basis, galvanometers to scan the image, and photomul-
tipliers to detect the photon flux. However, each element is
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PLATE 56

The design of the single lens theta micro-
scope. Since it is part of a confocal micro-
scope they share the primary image plane
(IP), all lenses (TL, OL), the actuators and the
detector (not shown). The detection occurs
along a different path, which is tilted in the
back focal plane (BFP) and deflected by a
mirror unit (MU). The object which is located
just above the virtual illumination focus (VIF)
is illuminated from the bottom and observed
from the side at an angle of 90°.

VDF

optimized for fluorescence microscopy and each movable
element has been carefully evaluated for ideal performance.
The most serious change is the approach to the scanning
process. A digital signal processor is at the heart of the
instrument controlling the scanners, the detectors, the filters
and pinholes thus being able to operate every element with
an extremely high precision in synchrony. The images are
sent to a computer which works asynchronously running the
user interface to the microscope, offering virtually any image
processing software and connecting the instrument to the
rest of the world. The user interface has been completely
re-designed and approaches the instrument from a user's
point of view, denying the specifics of the instrument and
offering solutions to problems instead. The commercial ver-
sion (Carl Zeiss LSM5) will become available during 1997.
EMBL contributed extensively to the electronics and the
software.

Single-lens theta microscopy

The basic idea of this new technique is to use mirrors which
are close to the object to deflect either the illumination or
the detection light (Plate 56). This allows the use of the full
numerical aperture (Le. a fully illuminated, unvignetted back
focal plane) with illumination and detection paths that are
located at different points in the intermediate image plane.
Confocal theta microscopy thus becomes an add-on to a
confocal fluorescence microscope and can share most of
its elements in particular the electronics of the detectors,
the scan drivers and the software for image recording and
processing. We evaluated several mirror arrangements and
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were able to record a number of pictures that prove the
principal ideas to be correct.

Photonic force microscope

This new scanning probe microscope, the photonic force
microscope, is based on optical tweezers and two-photon
absorption processes and is especially well-suited for biolog-
ical applications. Optical tweezers are used to trap a 200 nm
diameter fluorescent latex bead in aqueous solution in all
three dimensions. The fluorescent dye is chosen to fulfill
the two-photon absorption conditions for the 1064 nm line
of a Nd:YV04 laser. The resulting fluorescence is utilized
as a very sensitive position sensor along the optical axis.
Two-dimensional images are formed by laterally scanning
the trapped latex bead across soft biological samples, while
recording the two-photon induced fluorescence intensity. A
scanning probe image of the outer surface of a neurite from a
hippocampal neuron, hardly visible in differential interference
contrast (DIC) microscopy, with a lateral resolution given
by the bead diameter and an axial resolution of 40 nm
is shown in Plate 57. Under the experimental conditions,
the maximal imaging force applied to the sample by the
probe is estimated to be below 5 pN (5.10-12 Newton).
Only very little work has been done so far using optical
tweezers as an imaging tool with mechanical contrast for-
mation. For the first time we report a biological application
of this new scanning probe microscope, which overcomes
the geometrical restriction of conventional scanning probe
microscopes. This project is done in collaboration with Hein-
rich Harber, Arnd Pralle and Sylvia Jeney (EMBL).



PLATE 57

(Upper part): A fluorescent latex bead is captured by the optical
tweezers and dragged across the neurite of a rat hippocampal
neuron. Since the light also induces a fluorescence emission which
is proportional to the position of the bead inside the focal volume
of the tweezers the displacement of the bead can be recorded and
used to retrieve topological information.
(Lower part): The image of a neurite from a cultured rat hippocampal
neuron recorded with the photonic force microscope. The field size is
2 /lm x2 /lm, the height of the object is 400 nm. The axial resolution
is at least 40 nm. The sample was kindly provided by Carlos Dotti
and Liane Meyn.

EMBO course

A successful EMBO course on "Advanced Light Microscopy"
was organized together with Patrick van Oostveldt at the
University of Gent in September.

Publications during the year

Florin, E.L., Harber, J.K.H. & Stelzer, E.H.K. (1996). High-
resolution axial and lateral position sensing using two-photon
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tur auf die 2-Photonenabsorption. Diplomarbeit, Institut filr
Angewandte Physik, Ruprecht-Karls-Universitat, Heidelberg

Lindek, S. (1996). Auflasungsverbesserung durch konfokale
Theta-Mikroskopie. Doktorarbeit, Institut filr Angewandte
Physik, Ruprecht-Karls-Universitat, Heidelberg

Lindek, S. (1996). Developing confocal theta fluorescence
microscopy. Futura, 4,301-303

Lindek, S. &Stelzer, E.H.K. (1996). Optical transfer functions
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A, 13,479-482

Lindek, S., Cremer, C. & Stelzer, E.H.K. (1996). Confocal
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Scanning probe techniques

Group leader: J.K.H. Herber

Engineer: W. Offner

Postdoctoral fellow: J. Mosbacher*

Predoctoral fellows: S. Jeney, A. Pralle

Visitors: L. Chi*, R. Eckert*, R. Guckenberger*, W. Haberle*, M. Langer*, M. Maaloum*, J. Riedmann*, F. Sachs*

Scanning probe techniques (SPT) comprise a number of
physical methods to study surfaces with resolution in the
nanometer range. The different instruments that can be built
are named. by the type of interaction they use to characterize
the surface. The interaction between a nanometer-sized
probe and a surface of a macromolecular structure can
become quite complicated in an aqueous environment with
ions present, as it is usual for biological samples when
kept under natural conditions. For such interactions there
are still only macroscopic descriptions available in terms of
e.g. hydrophobic-hydrophilic interaction or adhesion. It is
a challenging task to characterize these interactions on a
molecular scale in terms of chemical binding, dipole interac-
tion and by including the surrounding water molecules and
ions into this picture. This finally also will help to improve
SPT applications, as the preparation of the nanometer scale
probes is still a major problem with the lack of knowledge
about molecular interactions creating a vicious circle which
makes experiments on the single molecule level extremely
time consuming.

The preparation procedure for surface modifications has
to take into account that even attomolar concentrations of
certain molecules in solutions in contact with a surface
can change the behaviour of such a surface significantly.
Therefore, it is necessary to work under extremely clean
conditions to find reproducible procedures for surface modi-
fications. Presently besides instrumental developments, this
is still the essential part of the work done in the scanning
probe techniques group and is also a prerequisite for the
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three-dimensional (3D) scanning probe instrument, we are
developing in collaboration with the group of Ernst Stelzer
in a project where the Deutsche Forschungsgemeinschaft
(DFG) finances the postdoctoral position of Ernst-Ludwig
Florin. Furthermore, it is essential too for the single particle
tracking experiments on which Sylvia Jeney and Arnd Pralle
are working in collaboration with the groups of Eric Karsenti,
Gareth Griffiths and Carlos Dotti from the Cell Biology Pro-
gramme, making use of the techniques developed within the
3D project.

Instrumentation

The instrumental development during the last year was
focused on a project supported by the DFG to built within
an optical DIC-microscope a low drift atomic force micro-
scope (AFM). This was done as a diploma work by JOrgen
Riedmann. The goal of this project is to continue the adhe-
sion force measurements between molecules and surfaces
started by Rolf Eckert with microtubules and motors. For
these experiments a high resolution optical microscope is
necessary to bring as close as possible the AFM cantilever
tip to the microtubule not to remove the motor from the
tip during the alignment of the tip on the microtubule. The
high stability finally is necessary to measure an interaction
force map along the microtubule structure with a resolu-
tion of only a few nanometer. The instrument itself was
finished during the year and will now be tested for its
performance.



Membrane patches

Continuing the collaboration between the group of Bert
Sakmann at the Max-Planck-Institute of Medical Research
in Heidelberg and the group of Peter Ruppersberg at the
University of TObingen, Johannes Mosbacher measured
together with Frederick Sachs from the Buffalo University,
New York, voltage-dependent membrane displacements with
the AFM integrated on top of an inverted optical micro-
scope into a patch-clamp set-up. Voltage-sensitive ion chan-
nels change shape in electrical fields leading eventually
to opening of the ion permaable pore. To investigate the
size of this electro-mechanical transduction, we looked for
relevant motions using atomic AFM of voltage-clamped
HEK 293 cells that were either controls or transfected with
Shaker K+ channels. In control cells we found movements
of 0.5 to 5 nm normal to the plane of the membrane.
These movements tracked a +/-10 mV peak-peak AC car-
rier stimulus to frequencies >1 kHz with a phase shift of
90-120 degrees, as expected of a displacement current.
The movement was outward with depolarization and the
holding potential only weakly influenced the amplitude of
the movement. In contrast, cells transfected with a non-
inactivating mutant of Shaker K+ channels, showed move-
ments that were sensitive to the holding potential; decreasing
with depolarization between -80 mV and 0 mV. Control
experiments used open or sealed pipettes and cantilever
placements just above the cells. The results suggested
that the observed movement was produced by the cell
membrane rather than by artificial movement of the patch
pipette, acoustic or electrical interaction of the membrane
and the AFM tip. The large amplitude of the movements
and the fact that they occurred in untransfected cells with
a low density of voltage sensitive ion channels imply the
presence of multiple electromechanical motors. These ex-
periments suggest that the AFM may be able to exploit
the voltage-dependent movements as a source of contrast
for imaging membrane proteins. The consequences for
cell physiology of this new motility remains to be deter-
mined.

Microtubules and motors

This year Sylvia Jeney set up an in vitro assay with mi-
crotubules fixed on glass and purified kinesin from chicken
brain which was bound non-specifically in the presence of
an ATP-regeneration system to glass microbeads. With this
assay the bead movement via kinesin on microtubules could
be visualized by video microscopy in an approach analogous
to classical motility assays. In the next step this kinesin bead
was trapped by the optical tweezers and approached to
a single microtubule. The bead movement inside the trap
was detected through the forward scattered laserlight on
a four-segment diode, when the kinesin started to interact
with the filament and pulled the bead out of the laser focus
against the trap force. For this the optical trap was calibrated
characterizing its binding potential. The force measured so
far for the purified kinesin from chicken brain was equal
to 4.2 pN. Similar results have already been published by
Svoboda and Block for kinesin purified from squid optic
lobe.

PLATE 58

Schematic for the kinesin motor force measurements with the optical
tweezer.

Laser focus

Force...

The next step now is to characterize the contribution of
the elastic elements, like the kinesin stalk and tail, to the
measured force. For this the force generation of a full length,
bacteriologically-expressed kinesin and of the motor domain
alone has to be compared. In parallel the elastic properties
of the structures can be investigated with the help of the
newly developed AFM within the optical DIC-microscope,
as the range of forces necessary for such experiments
exceeds what is possible with an optical trap. Additionally,
the comparison between force measurements done with the
optical tweezers and the AFM, only possible at EMBL at the
moment, will give a more reliable set of data about motor
microtubule interactions.

Measuring physical properties of
plasma membranes

Single-particle tracking is a recently developed technique not
used at EMBL before to analyse the diffusive movements
of the bound particles in the plasma membrane. It was
set-up by Arnd Pralle during the year in connection with
the 3D scanning probe microscope project. Technically the
method consist of three steps: binding markers, mostly small
spheres, specifically to a membrane component, recording
the diffusion of this marker on the cell and automated tracking
of this movement. The first one is very crucial because it is
important to avoid cross-linking several membrane compo-
nents or any unspecific binding. The cell type used for the
experiments was rat hippocampal neuronal cells provided by
the group of Carlos Dotti. The automated tracking proved
to be very difficult on these cells which in addition to a
highly active vesicle transport have large height variances.
Most investigators use colloid gold particles to trace mem-
brane components. They exhibit less unspecific binding and
multivalency because of their small and uniform
charge distribution. After first trials with colloid gold we had
to abandon its use because it was readily entocytosed by the
cells and was difficult to distinguish from the large amount
of vesicles present. Instead fluorescent latex spheres with
a diameter of 0.2 J1m are used being observed in the DIC
modus. Their fluorescence is excitable by the laser of the
optical trap through a two-photon process allowing one to
test if the object trapped is really a bead. The program to
evaluate the recorded data was developed in cooperation
with Jean-Christophe Olivo, Frederic Briquet-Laugier and
Sebastien Nguyen in the group of Christian Boulin.
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PLATE 59

Membrane tether formed on a tentride of a hippocampal neuron by
pulling with the optical rNeezer on a choleratoxin coated bead fixed
to membrane lipids.

During the first experiments using the laser trap to move
bound beads on the cell it was observed that readily mem-
brane tether can be extracted from the cell surface. It is not
clear were this surplus membrane emerges from as a lipid
bilayer can be elastically stretched only very little requiring
much higher forces. A series of experiments measuring the
forces necessary to extract tethers to estimate the local
effective viscosity and availability of membrane was done
with choleratoxin coated beads binding specifically on lipids.

To test if there exists a barrier to the free movement in
the membrane between the axonal and the somatodendritic
membrane areas of hippocampal neurons beads bound to
either lipids or Thy1 (a GPI-anchored protein) or to the
transferrin receptor (TrfR, a transmembrane protein) were
moved along the cell by the laser trap. It was possible to
move lipid bound beads all over the cells with the lowest
laser power resulting in a force of a few pico Newton. The
beads felt sometimes a barrier across a process but not
specifically at certain positions like the axonal hillock. The
TrfR were to about 50% tightly bound to the membrane
skeleton, the rest diffused along the cell. Moving it sometimes
elastic resistance was felt.

The free diffusion of all four investigated membrane compo-
nents was analysed using the single particle tracking soft-
ware developed. The moving beads were tracked when pos-
sible and the mean-square displacement (MSD) of each track
was calculated. From the diffusion in short times, 0.5-1 sec-
ond, the diffusion constant Dwas estimated. As expected the
lipids moved fastest: DGM1 =2.1 .10-9 cm2Is. The movement
of the transferrin receptor was slower: DTrfR=1.2·1 0-9 cm2/s
while the values for the GPI-anchored Thy1 covered a broad
spectrum: Dthy1=0.5-2.2·10-9 cm2 /s. These measurements
correspond well with values reported by Hicks for fibroblasts
and by Dai for DRG.
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Besides solving the technical problems of the method a
new approach to measure the binding of the observed
membrane component and the local viscosity was devel-
oped by Arnd Pralle and Ernst-Ludwig Florin. This method
analyses the Brownian motion of the bead locally in the
optical trap over a broad frequency range. The bead is held
with very low laser power and the forward scattered light
is analysed using a four-segment photodiode. The classical
single-particle tracking is in principle the analysis of the
long-range Brownian motion at one frequency (25 Hz). The
advantage of the new method is that the measurement can
be done much faster, with a spatial resolution of 100 nm or

. better. It also provides more information: from the change
in the spectrum of the Brownian noise the damping of the
system can be deduced which gives a measure for the
viscous coupling of the bead to the plasma membrane and
from the amplitude decrease of the motion information on
the binding potential of the bead is gained. The binding
potential is a measure for the strength of the coupling of
the bead to a rigid structure like the cytoskeleton. Experi-
ments testing the suitability of this technique were carried
out.

Workshops

During the Scanning Microscopy International Conference in
Washington D.C., 5-9 May 1996, a workshop on Scanning
Probe Microscopy was organized in collaboration with David
Allison (Oak Ridge National Laboratory, USA).

A workshop on Scanning Probe Techniques and molec-
ular structures was organized in MOnster, 7-10 Octo-
ber 1996, in collaboration with Hermann Gaub (LMU,
MOnchen), Reinhard Guckenberger (MPI, Martinsried), Wolf-
gang Heckl (LMU, MOnchen), JOrgen Rabe (Humboldt Uni-
versitat, Berlin), and the German Electron Microscopy Soci-
ety.
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Biochemical Instrumentation Programme

Introduction

Besides instrument and technology development the Pro-
gramme serves as a core facility for scientists at the EMBL.
It is complemented with research on methodology, biochem-
istry, chemistry, software and process automation to solve
specific biological problems as they arise.

The Biochemical Instrumentation Programme includes three
groups, who have successful collaborations with many
groups in the other Programmes. Among major achieve-
ments and instrument developments are:

Biological mass spectrometry

Nano electrospray ion-source for mass spectrometry, a
miniaturized and highly sensitive version of the electrospray
technique. The improvements result in better resolved spec-
tra of proteins and has made some classes of compounds
amenable to analysis which were difficult to analyse before.

Automation of sample preparation for protein micro-
characterisationand identification. A robotic workstation
has been set-up, which performs gel washing steps, reduc-
tion and alkylation, proteolytic cleavage (with one or more
enzymes), and the final peptide extraction. Up to 30 samples
can be processed in a fully automated way in 16 hours,
peptides are compatible with HPLC and MS analysis.

Database searching and comparing with information
obtained by mass spectrometryis used for large scale
protein identification. The technique is based entirely on
mass spectrometric analysis, and avoids any blotting of
proteins or peptide separation after digestion of the protein.
Peptides in the digest mixture are sequenced by MS and the
protein identified by a database search. The technique has
been tested with yeast proteins.

DNA sequencing technology

Automated multiple dye DNA sequencing system with
fluorescent labels. A new automated DNA sequencing sys-
tem with 120 clones and a throughput of up to 100 kbases of
sequence from a single gel run has been constructed. The
system gives at present the longest reported readouts (up
to 1300 bases), the highest throughput (up to 200 clones)
and the highest accuracy. A novel automated technique for
sample loading has been developed.

Doublex system for on-line simultaneous DNA sequenc-
ing on both strands. The novel Doublex sequencing tech-
nique allows the simultaneous on-line sequencing of two
DNA strands of a double stranded template, in a single
sequencing reaction. Per sequence reaction 2000 bases or
more are obtained, improving the cost efficiency. The Dou-
blex technique, with high accuracy simultaneous sequencing
of both strands and long reads, is particularly efficient for
eDNA sequencing.

Internal labelling and long reads. New thermostable en-
zymes and cycling protocols, resulting in uniform peaks,
were introduced in our sequencing system with labelled
primers, and reading length of up to 1300 bases per dye
was obtained. Direct sequencing and primer walking on large
vectors (cosmid, P1) is successfully performed.

Microinjection

Automated highly sensitive, high resolution imaging
systemusing a cooled slow scan CCD camera was used
for digital micro-photography, time lapse acquisition and
optical sectioning for studies on living cells. It was applied
to the analysis of RNA splicing, in vivo observation and
motility studies of organelles, and for localization of mRNA in
Drosophila oocytes.

Nucleic acid chemistry

Base analogues in DNA.Oligodeoxynucleotides carrying
different base analogues have been prepared as substrates
to measure enzyme kinetics and for structural determination.
Oligonucleotides carrying 15N-labelled adenine and 13C_
labelled N-methyladenine were used to study the binding of
EcoR1 methylase to its recognition sequence.

Modified oligodeoxynucleotides as inhibitors of gene
expression.Oligonucleotides complementary to the Ha-ras
oncogene and carrying small molecules at the 3' end
5' end have been prepared as potential anti-cancer drugs.
The groups linked to the oligonucleotides were small pep-
tide sequences, sugars, lipids and small aliphatic amines.
Phosphorothiate oligonucleotides carrying dexamethasone
and digoxigenin have been prepared for studies of cellular
uptake and of intracellular distribution by immunoelectron
microscopy.

Core facility

The demand for most services increases every year. The
prices for the services were maintained stable. There has
been an increased demand on the mass spectrometry by
in-house groups, which we hope to cope with by providing ad-
ditional equipment, optimization and automation of protocols.

Courses

During the year the following courses were organized at
EMBL, two EMBO courses, one on "Microinjection, Elec-
troporation and Particle Transfection of Cells", the other on
"Biological Mass Spectrometry", a course on "Techniques in
Molecular Biology" for the predoctoral students at EMBL, as
well as an advanced biotechnology workshop on "Advanced
Methods in DNA Sequencing" funded by the European
Union. A FEBS/EMBL course on "DNA Sequencing and
Microinjection" was organized in Prague.
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Development of microanalytical techniques

Group leader: W. Ansorge

Scientists, engineers: A. Atzberger, H. Drzonek, H. Ertle, R.U. Nentwich, S. Rechman, R. Saffrich, C. Schwager, J. Stegemann, H. Voss,
J. Zimmermann ".

Predoctoral fellow: R. Ventzki

Visitors (short-term): A. Banrevi, V. Benes H. Blocker, U. Bodner, M. Buschle, F. Catterucci, M. Collasius, M. Eilers, R. Engstrom, M. Fischer,
A. Friis, T. Glenn, V. Grimm, R. Guth, W. Henning, C. Hertig, T. Hultman, S. Ingleby, W. Jelkmann, W. Just, L. Kall, C. Kaether, R. Kern, C. Kilger,
R. Kurzbauer, N. Looser, J. LOnzer, E. Mardis, B. Marzi, M. Neher, C.C. Oste, S. Paabo, M. Palm, R Palu, A. Pospiech, C. Ribbat, K. Rodewald,
C. SchlOter, T. Schmidheini, W. Schmidt, R. Schneider, D. Scimkat, M. SeemOller, M. Sieber, M. Smith, S. Smith, P. Sophia, J. Sulston, G. Threadgell,
R. Ventzki, E.E. Vivanco, J. Weissenbach, K. Yamamoto

Assistant: A. Schilke

Automated DNA sequencing system
with fluorescent labels

The development of hardware, software, biochemical tech-
nology, robotics and automation of the EMBL automated
DNA sequencing system was continued. Several new de-
vices were constructed and routinely used in the sequencing
service and other projects.

About 95% of the present automated DNA sequences in
laboratories are used by scientists in small and medium scale
facilities in basic, applied, clinical and diagnostic analysis
and research institutes, requiring a simple, non-expensive
and affordable, highly accurate device with the longest pos-
sible readings. EMBL as a basic research laboratory has
addressed in the first place, with its prototypes and the com-
mercial devices A.L.F. and A.L.F. express from Pharmacia,
the needs of the users in fundamental research environment.

The remaining devices, around 5% of the present automated
sequencing systems, are in use in large scale sequencing
facilities (requiring mainly high throughput). EMBL is partic-
ipating in genome sequencing projects and has therefore
recently been involved in expanding the capacity of its
design and in development of high throughput technology
(maintaining the accuracy, long reads, low price).

An on-line automated DNA sequencing technology with a
throughput of around 100 kilobases of sequence per device
per day, representing about ten-fold improvement over the
standard techniques, was designed. The new high density
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array detector system is used in routine sequencing with
40 clones run simultaneously on one gel. The miniaturization
of the continuous array detector and of the sample tracks
geometry is continuing. The tests show that each detector
row can be used to determine DNA sequence of (at present)
40 clones. The detector board can accommodate up to five
detector rows, each with a different fluorescent label and
48 clones per row (giving a potential total capacity of 240
clones).

An electronic circuit board for control of the modules and for
transfer of the data via an analog-to-digital converter into a
computer has been designed.

A basic data evaluation software package (LANETRACKER)
to analyse data derived from these sequencers was devel-
oped and is being used routinely. It evaluates and handles
data by choosing the correct detector for each sample
track, and then passes the data to the standard base-calling
program.

Several laboratory intensive and throughput limiting steps
were solved, e.g. multiple sample gel loading (see below),
by developing a simple but efficient technique using porous
materials. Removing another bottleneck, construction and
supply of 60 cm long thermostatic glass plates were assured.

The protocols used in the routine DNA sequencing work in
our laboratory have been collected and continuously updated
for each EMBO course, and were published as the first EMBO
course book manual by J. Wiley.



Automated system for "DOUBLEX" on-line
simultaneous DNA sequencing on both strands

The HDOUBLEX" technique allows the simultaneous on-line
sequencing of two DNA strands of a double-stranded tem-
plate, in a single sequencing reaction with two different
primers, each labelled with a different fluorescent dye. Simul-
taneous sequencing is also possible from one reaction with
the use of two unlabelled primers and internal labelling by two
dNTPs labelled with different dyes. The different sequencing
products are labelled in parallel either with fluorescein-15-
dATP or with Texas present in the same tube.
Specificity of the labelling is ensured by the selection of
primers.

The "DOUBLEX" sequencing technique is applicable to the
simultaneous sequencing of either the same DNA tem-
plate/strand or a mixture of different templates. Combinations
of unlabelled and labelled primers in the same reaction are
also possible.

The product containing the two sequencing reactions is
loaded on the gel, excited by two laser beams, and detected
at two different positions in the gel. Since the sequences of
both strands of the template are determined simultaneously,
the costs of labour, DNA template preparation and sequenc-
ing reactions, as well as of gel casting, are reduced by a
factor of two. The price reduction from the resulting lower
redundancy and longer reads is in fact even higher.

This new device and technique are routinely applied in the
EMBL sequencing service and other projects, e.g. sequenc-
ing of full length cDNA clones.

Biochemical techniques, thermostable enzymes
and cycling .procols with internal label

Cycle sequencing protocols using thermostable DNA poly-
merases allow sequencing from small amounts of DNA
and, in addition, tolerate DNA templates of lower quality.
New genetically modified thermostable sequencing enzymes
were introduced, which generate uniform signal peaks in
cycle sequencing protocols with labelled primers. Particularly
runs and resolution with long gel glass plates benefit from
the new procedure (obtained single reading length up to
1250 bases, in DOUBLEX system 2000 bases per sequence
reaction).

Direct cosmid sequencing with only 0.25 J.1g of DNA is
successfully performed, with fluorescently labelled walking
primers synthesized on the EMBL segmental synthesizer.

To adapt and combine the EMBL internal labelling technique,
particularly the simultaneous "DOUBLEX" sequencing with
two fluorescently labelled dNTPs, into routine cycling proto-
cols has not been easy, because quantitative labelling must
be achieved in the first labelling step to obtain signals of good
intensity. The main difficulty is the low incorporation rate of
labelled nucleotides.

Automated cycle sequencing protocols were developed for
internal labelling, dye primer and "DOUBLEX" simultaneous

sequencing using Taquenase, a new genetically modified
polymerase with increased thermostability. Sequencing per-
formance both with labelled and unlabelled primer yields
uniform unambiguous signals up to the resolution limit of the
gels. Primer walking with internal labelling was successfully
performed on PAC constructs with 130 kb inserts.

A technique for direct sequencing of genomic PCR products
from the solution, without strand separation on solid support,
was developed as an alternative to the standard solid phase
techniques. In collaboration with the group of M. v. Knebel,
Heidelberg, the method was established on clinical samples
o.t the human APC gene. The advantages of the technique
are: (1) biotinylated primers are not needed for amplification,
(2) sequencing works also for larger (>1 kb) size of the
PCR product, (3) either strand of the PCR product can
be sequenced with the same quality, (4) both strands of
the PCR product can be sequenced simultaneously by the
"DOUBLEX" technique with the EMBL 2-dye DNA sequencer,
increasing significantly the accuracy of the data. In a single
run, we have sequenced 1800 bases, completely through a
900 base pairs genomic PCR product on both strands.

Development of low redundancy sequencing strategies

An efficient combination of random and directed strategies
(RANDI strategy) has been established for cosmid scale

projects, based on the "DOUBLEX" technique
for on-line simultaneous DNA sequencing on both strands.
Random clones are generated by partial digestion of a cos-
mid DNA with frequently cutting restriction endonucleases.
After initial assembly with the GENESKIPPER program, the
remaining gaps and single-stranded regions of the cosmid
insert are completed by a small number (around 60) of walk-
ing primers. The longer the sequence reading length (2000
bases from both strands in a single sequencing reaction)
achieved per sample, the higher the efficiency of the strategy.
The overall redundancy is reduced to 3.5-4. An advantage
of the RANDI strategy is the absence of cloning gaps. The
sequence of a cosmid insert may be determined on only 3-5
long gels with the "DOUBLEX" technique. The strategy is
applicable both to small and large scale sequencing projects.
RANDI has been applied with success in the sequencing of a
BAC vector in the ArabidopsisGenome project funded by the
European Union.

Another strategy (ordered shotgun libraries, shifting redun-
dancy from the sequencing into the mapping step) was
evaluated with the group of J. Hoheisel, Heidelberg. This
seems to be a very promising strategy for sequencing of
genomes.

Automated workstations, robotics, gel loading systems

The 2000 workstation was implemented into the robotic
system of the Laboratory with further improvements of se-
quencing protocols for the service and other projects. The
new cycle sequencing protocols, with novel thermostable
DNA polymerases, were automated on that platform. A
fully automated PCR device was integrated into the robotic
workstation, allowing a continuous operation without human
interference.
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Another significant development is the construction of a fully
automated purification system producing DNA from various
templates (M13, plasmids, cosmids, blood) in a single robotic
system. We collaborate in this field with the Macheray-Nagel
and Beckman companies.

Sequencing reactions for DNA sequencing service are rou-
tinely performed on the BIOMEK robotic workstation. During
the year the protocols for the EMBL two-dye sequencing
system were upgraded. The existing fully automated plasmid
DNA extraction system with the capacity of 240 samples
per day has been in use for sequencing as well as in other
applications.

A novel gel loading technique with special porous materials,
allowing the simultaneous loading of virtually unlimited num-
ber of samples to a gel (currently used with 192 lanes), has
been developed. It is routinely used in DNA sequencing, but
other applications are in DNA fragment analysis and protein
separations.

Future micro-robotics systems are prepared for the develop-
ment of the DNA/RNA microchip and microsynthesizer.

Software developments - GeneSkipper, PC-network

The fragment assembly and DNA sequence analysis pack-
age GeneSkipper has been further improved. SCF and
ABI trace data file formats as well as additional multiple
DNA alignment file formats have been integrated. Automated
primer search tools for sequencing projects have been im-
plemented. With a mouse click, dozens of primers may be
automatically searched, to extend all contigs in a fragment
assembly project.

Several functions for easy and optimized assembly of eDNA
clones have been added, preliminary investigations for in-
tegration of data base search functions into GeneSkipper
have been performed. It has been used for the assembly
and basic DNA sequence analysis of about 500,000 bases
of S.cerevisiae and Arabidopsis genomes that have been
sequenced by the group, as well as in projects completed in
the DNA sequencing service for EMBL users. The program
is of interest to laboratories worldwide, which are involved
in small or large scale sequencing. It has been continuously
improved and distributed by EMBL to many laboratories in
Europe and the USA.

During 1996 several older PCs were replaced by Pentium-
based systems. A total of nearly 50 PCs are now connected
to the PC-network. All workstations were upgraded to Win-
dows 95 or Windows NT 3.51.

The PC-server is also used by other groups at EMBL for
printing and file transfer. A Macintosh-server is offered to the
users of the FACScan and Phosphor Imager users. They can
easily copy their data from the respective instruments to the
server and call them from there with their own Mac.

Multiple DNA synthesizer, primers for sequencing

The ten-fold multiple segmental DNA synthesizer, devel-
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oped at EMBL, has been used routinely for the synthesis
of non-expensive sequencing and PCR primers, including
modifications with fluorescent and biotin labels. The primers
were used both in the EMBL sequencing service, as well
as by several European groups involved in the functional
analysis of the yeast genome. A total of 1500 sequenc-
. ing primers of a length up to 20 nucleotides have been
synthesized. Computer selection of primers with optimum
performance is provided. Thirty primers may be produced per
day per device. The cost of the primer synthesis was further
lowered by acquisition of high quality chemicals from a less
expensive source. With these devices the price per base was
lowered to OM 1.20 per base, with room for further cuts in
the price as the commercial prices are approaching OM 1
per base.

The ordering of primers by users has been greatly sim-
plified by the introduction of the ordering via the World
Wide Web system (developed in collaboration with the com-
puter group (L. Toldo)), whereby the submitted sequence
is directly transferred into the computer of the synthesizer,
without re-typing, which could lead to errors. Ordering may
be carried out from any computer platform, even from
the Outstation. Usually, the primers are delivered the next
day.

Further improvements in the performance of the synthesizer
are expected from a collaboration and a common grant,
received together with a commercial partner and two other
European laboratories, to apply the device to routine appli-
cations in clinical diagnostics.

Preliminary investigations for construction of new DNA syn-
thesizers, with highly improved throughput (500 primers
per day) and at dramatically reduced prices (20 times),
were carried out. A nano volume delivery system with
possible applications for DNA microchips has been tested
in collaboration with Siegfried Winkler from the electronic
workshop.

Automated system for genetic mapping

A high throughput automated DNA fragment analysis sys-
tem was established for collaboration with Liangbiao Zheng
(laboratory of Fotis Kafatos), with applications to genetic
mapping of refractory mechanisms of Anopheles gambiae
against Plasmodium parasites. A detailed genetic map based
primarily on microsatellite markers has been completed and
can now be used for identifying genes affecting the develop-
ment of the malaria parasite in the mosquito. The system,
a modified A.L.F. automated DNA sequencer equipped with
an automated gel loader, developed by the group, is used
to analyse size differences of fluorescent PCR products
resulting from different alleles of microsatellite markers. The
system is operational, a single gel is re-Ioaded up to five
times and 200 PCR reactions are being analysed per day by
one person.

Sequencing full length human cDNAs

Sequencing is carried out on the automated ARAKIS tech-
nology designed in the group, by "DOUBLEX" simultaneous



sequencing of both strands in a single reaction with two
fluorophores. Readings are 2000 bases per single reaction,
which makes the technology particularly suitable for cDNA
sequencing projects. The superior accuracy and reading
length of the system was verified in many routine sequencing
projects.

To avoid sequencing difficulties caused by the poly-A tails
still present in some clones, a set of twelve (dT)20VN anchor
primers was synthesized, carrying a Cy5 fluorophore on
their 5' -end, and used as a cocktail, in combination with a
FITC labelled M13 reverse setluencing primer. So far, under
standard cycle sequencing conditions, failures of the method
were not observed.

Several hundred of cDNA clones have been sequenced
under the Euro-image initiative (funded by the European
Union and coordinated by Ch. Auffrey, Paris), in collabora-
tion with Genethon scientists (J. Weisenbach) and several
European companies. Several teams work together in the
German Human Genome project, funded by the Federal
Ministry for Education, Science, Research and Technology
(BMBWFT), to sequence many thousands of full length cDNA
clones.

The yeast and Arabidopsis genomes,
other DNA sequencing projects

We participated in the sequencing of the yeast S.cerevisiae
genome project organized and funded by the European
Union and completed during 1996. Our group at EMBL has
sequenced about 500 kilobases of the yeast genome on chro-
mosomes IX, XI, XII, XV and XVI. Sequence data were sub-
mitted to the MIPS data library, Munich. Part of the sequence
was determined in collaboration with the group of V. Paces,
Prague. Most of the data are published or are submitted
for publication. Analysis of the sequences revealed many
interesting features, including one of the largest yeast ORF
reported so far, 2958 amino-acids long. A sequence analysis
of 130 kilobases on chromosome XV was carried out with
the Biocomputing Programme (group of Chris Sanders, now
at the EBI, Hinxton Outstation) and revealed the presence of
59 ORFs with a length above 300 bases. With J. Hoheisel,
DKFZ Heidelberg, a cosmid containing a genomic fragment
from chromosome XII was sequenced, utilizing ordered shot-
gun libraries. With Y. Surdin-Kerjan, Gif-sur-Yvette, we identi-
fied the second sulfate transporter in yeast, whose gene is on
chromosome XII.

With the network of laboratories organized by the European
Union (EUROFAN) and the BMBWFT we collaborate in
the functional analysis of the yeast genome. We provide
to other groups in the network, organized by A. Hinnen in
Jena, biological material, clones and data from sequence
analysis together with some primers prepared on the EMBL
segmental synthesizer.

In the Arabidopsis genome project (organized by the Euro-
pean Union and coordinated by M. Bevan), we sequenced
31 kilobases from the FCA region on chromosome 4, apply-
ing our RANDI strategy and the "DOUBLEX" ARAKIS array

sequencer. The group is also involved in the second stage of
the project and is sequencing a BAC clone with 100 kb insert
from the subcentromeric region of chromosome 4.

We have an important collaboration with the group of S.
Paabo, University of Munich. Direct sequencing of human
P1. clones containing mtDNA is in progress and yielded in-
teresting results, which have been submitted for publication.
Sites of integration on·the chromosomes are being identified.
With Dirk Bohmann of the Cell Regulation Programme,
we sequence plasmids rescued from genetically identified
lethal P-element lines of Drosophila. 150 Plasmids were
sequenced and several interesting genes identified based on
sequence similarities (e.g. the zinc-finger type transcription
factors Stripe and Bowel). Many other potentially interesting
homologies to yeast, C.elegans and vertebrates were found.
The results suggest that this approach is valuable and may
be continued with many systematically identified lethal or
phenotypic P-insertion lines.

With K. Petrzik, Ceske Budejovice, Czech Republic, a com-
plete sequence of strawberry vein banding virus DNA was
determined and submitted for publication.

We collaborate with Ch. Herfarth and M. v. Knebel, University
Clinics in Heidelberg, in analysis and early diagnostics of
colon carcinomas; a common grant from the BMBWFT
provides the basis for a technology transfer from a research
laboratory into a clinical diagnostics field.

In the framework of the European Chair Programme (be-
twoen the EMBL, the group leader and the Charles University,
Prague) organized by the European Union, we helped to es-
tablish a system for mutation screening in the Niemann-Pick
disease gene (collaboration M. Elleder, Prague).

In collaboration with W. Pyerin, Heidelberg, the studies of the
structure of the gene encoding human casein kinase II (sub-
unit alpha) were continued. The PAC library (Ressourcenzen-
trum, Berlin) was screened using cDNA of the catalytic
subunit CK2 as a probe. Five reactive PAC clones in size
between 65 kb and 100 kb were isolated and partially
subcloned by directed cloning of restriction fragments. The
characterization by sequencing is in progress.

DNA sequencing service

216 Staff members were regular users of the service, widely
used by the biological Programmes. The service activities
include preparation of DNA, sequencing of
plasmid, cosmid, lambda DNA and PCR products. Prepa-
ration and sequencing reactions are performed on auto-
mated robotic workstations and analysed on the EMBL au-
tomated fluorescent sequencing system and its commercial
version A.L.F. (Pharmacia). During the year the computer
services were further extended. All important information
a user needs about service operation and status can be
obtained on WWW. Direct contact to the operating staff
and information sources are available. Raw data traces are
available for PC users. The server reduces administration to a
minimum.
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The sequence information, formatted for use in GeneSkipper,
GCG, Oligo and other computer programs, is transferred via
electronic mail to the user's file on the VAX computer. The
service provides advice on cloning/sequencing strategies
and custom design of walking primers. Synthesis of sequenc-
ing primers on the multiple segmental EMBL synthesizer is
offered to the users via the World Wide Web at a price of
OM 1.20 per base.

The number of different vectors declined to 78 types, the
number of bacterial hosts used for cloning and sequencing
was reduced to 24. -

The new EMBL two-dye sequencer with long read-outs
(up to 1250 bases) and capacity of 44 clones was used
in service several times a week. New biochemistry with
thermostable polymerases and cycle sequencing protocols
were implemented, yielding high accuracy data from low
amounts (and even of lower quality) of template DNA. Quality
of the thermostable enzymes, used in the newly introduced
cycling reactions, was varying significantly in the first several
batches, and so was the quality of the sequence obtained.
By the middle of the year we had to optimize the protocols
and evaluate again all available polymerases as to the repro-
ducibility and reliability. A suitable protocol was established
and since September the quality and reproducibility were
constantly high.

Over 3500 clones were processed, with average reading
on standard devices increasing to 560 bases. In cases in
which the new EMBL two-dye system has been used the
readings were as high as 1230 bases, from both strands
simultaneously over 2000 bases from a single sequencing
reaction. The introduction of the internal label fluorescent
dATP technique with unlabelled primers in the service re-
sulted in significant improvement in reproducibility and in
reading length.

The overall success rate has been kept stable around 87%.
The most frequent reasons for failure were low quality or
amount of DNA, resulting from the use of a large number
of not optimized non-standard cloning vectors, bacterial
host systems, and from not optimally designed sequencing
primers.

To increase performance and reliability, the computer net-
work was expanded, additional service facilities added and
the operating system replaced by Windows NT and/or Win-
dows for Workgroups. The program for computer administra-
tion of service activities has been further improved and is a
key factor in efficient paperless track keeping, quality control
and budget charging of processed samples.

Gel and film scanning

Molecular dynamics phosphor imager and the ultroscan laser
densitometer (Pharmacia LKB) are used by the EMBL staff
for scanning of autoradiograms and coomassie and silver-
stained gels. Maintenance, development, user training and
advice are provided. A new scanning and analysis software
package for the ultroscan system has been installed at the
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end of 1996. The menu driven, mouse operated program
allows an easy and intuitive evaluation of the gels. The
package was installed on a faster PC.

Microinjection, electroporation and
.particles transfection of cells

An automated microinjection system AIS is offered for use to
groups at EMBL, a commercial version (Zeiss) of the device
developed in the group. A semi-automated injection system
(commercialized by Eppendorf) is also used in some projects.
The systems have been equipped with a second manual
manipulator for holding capillaries used in oocyte and embryo
injections. An electroporation system developed by the group
and the commercial device (Eppendorf) are used for electro-
transfections of living cells. Maintenance, training, help with
biochemical assays, evaluation of results and user advice is
provided. The system is established as a useful technique in
cellular biology to study processes on a single cell level. New
and advanced experiments were tested with the system, like
double injections, immediate fluorescence observation after
injection, injection of protein crystals, and of large VAC-DNA.
A cell culture facility completes the laboratory. Some of the
projects carried out with other groups are briefly listed.

With the group of Anne Ephrussi, microinjection of Drosophila
oocytes and early embryo stages with fluorescently labelled
mRNA like oscar was continued to study the distribution,
translocation and final localization of the mRNA during early
oogenesis.

With the group of lain Mattaj, the nuclear export mech-
anism was addressed in experiments using microinjection
of fluorescently labelled export substrates. With time lapse
video microscopy the time dependence of the nuclear export
after microinjection was observed and analysed. In further
experiments a possible interaction of import and export
mechanisms was studied.

With the group of Marino Zerial a novel Rho protein (RhoD)
and its effect on early endosome dynamics was studied.
Extensive time lapse video microscopy experiments (phase
contrast and fluorescence microscopy) revealed strongly re-
duced endosome motility in cells transfected with RhoD or the
RhoDG26Vmutant. It also prevents homotopic fusion of early
endosomes in Rab5Q69L transfected cells, most likely due to
the inhibited motility of endosomes which drastically reduces
the probability of contacts between endocytic vesicles which
are necessary for fusion to larger vesicles.

With the group of Carlos Dotti, a broad range of experiments
were done using microinjection, time lapse video microscopy
and low light level fluorescence microscopy. The latter was
used in high resolution measurement of the colocalization of
different fluorescent labels in neurons and their extensions
like axons and dendrites with our cooled charged coupled
device (CCD) camera. Time lapse observation of living neu-
rons and motility of vesicles loaded with a fluorescent label
in axons and dendrites was another application using the
low light level fluorescence microscopy system. Successful
microinjection of sensitive and fragile neurons, which has



been achieved, will in future be used to transfect neurons. In-
jection of a number of different substances (Le. fluorescently
labelled) and subsequent observation of their transport is a
further project. To construct a cDNA library from the axons
and dendrites of neurons the cell body with the nucleus
has to be removed. For this purpose we apply our UV laser
microbeam at high energy and repetition frequency to ablate
the cell body from the glass coverslip. By careful application
of this technique, the cell body is destroyed but the axons
and dendrites stay still attached on the glass substrate for
further processing and subsequent PCR amplification of the
DNA in the remaining cellular-parts.

Other users of the microinjection or the low light level
fluorescence microscopy system were from the groups of
Dirk Bohmann, Gareth Griffiths, Heinrich Harber, Bernard
Hoflack, Tony Hyman, Fotis Kafatos, Erich Karsenti and Ernst
Stelzer. Among these experiments, the microinjection of
C.elegans oocytes, Drosophila fly and Anopheles fly oocytes
are applications, which were up to now done only very rarely
and not very successfully in other laboratories and which
show already promising progress. The UV laser microbeam
was used in an application to excise parts from Drosophila
chromosome squashes for subsequent PCR applications
and sequence determination.

External collaborations were with M. Eilers (ZMBH, Hei-
delberg) in studies on the participation of c-myc in cell
cycle regulation and apoptosis. With W. Just (University of
Heidelberg) we continued our experiments to investigate the
regulation and mechanism of the motility and biogenesis of
peroxisomes in living cells. The collaboration with K. Becker
(University of Heidelberg) utilizing injection of GR crystals as
potential indicators for the intracellular redox milieu was also
continued. Particle bombardment was tested as alternative
method to bring GR crystals into cells. The results were highly
promising. A new collaboration was started with I. Hoffmann
(DKZF, Heidelberg) applying microinjection in experiments to
study the involvement of cdc25c in the cell cycle.

The protocols used in the routine work in our laboratory have
been collected in a manual book. They are updated for each
EMBO course and are made available to numerous external
laboratories.

Low light level microscopy
and micro-imaging

A new microscope system for very low light level detection,
down to the single molecule level, is in development and par-
tially in use. A second CCD camera is now available on this
system. In use is a fully automated highly sensitive system,
using a cooled slow scan CCD camera, developed in col-
laboration with the group of Christian Boulin. The hardware,
image acquisition and all movable parts are controlled by a
Sun workstation. The advantage of the system, compared
to the presently existing ones, is the complete automation
of image acquisition and analysis, allowing evaluation and
statistical analysis of a large number of samples with high
precision and without extensive storage of corresponding
images.

In service is also a standard system with a SIT camera,
allowing fast and accurate automated quantitation of weakly
labelled fluorescent specimens, also by ratio imaging.

The image acquisition and processing system for low light
level fluorescence microscopy was used extensively by
groups of Anne Ephrussi, Carlos Dotti, Tony Hyman, Angus
Lamond, lain Mattaj in the collaborations with W. Just
and K. Becker. Features were added to the system to
improve time lapse acquisition and video microscopy for
studies on living cells. The system is now equipped for
activation of caged fluorophores to study short-time events
and localized processes. Applications have been in studies
of peroxisome movements, protein and snRNP transloca-
tions to the nucleus, vesicle movement and transcytosis in
neurons.

Flow cytometry facility

In April 1996 the Facstar Plus cell sorter and analyser was
upgrated to a Facs Vantage cell sorter, which is the latest
model for electronic cell sorting manufactured by Becton
Dickinson. It allows the use of up to three lasers, has a
video monitor which displays instrument status information,
and has a more compact design compared to the previous
model. As with the previous model and the Facscan, it
is controlled by a Macintosh-based Facstation which with
the latest acquisition and analysis software, Le. Cellquest,
performs all the computing tasks required for fast accurate
results - instrument control, sample acquisition, sample
analysis and data management. The system's networking
capabilities allow easy connectivity with other Macintosh
systems.

The flow cytometry facility is used regularly by the following
groups: Thomas Graf, Matthias Hentze, Tommy Nilsson, Kai
Simons and Gareth Griffiths.

T. Graf's group uses the cell sorter for isolation and cloning
of cells to identify haematopoietic target cells which are
susceptible to transformation by the E26 virus using cell
surface specific monoclonal antibodies. Bulk and single cell
sorting is also done for the selection of multipotent stem
cells from blood islands of yolk sac in chicken embryos.
Pre-enrichment of rare populations is usually done using the
MACS (magnetic activated cell sorting) and these popula-
tions are subsequently sorted on the cell sorter for maximum
purity. The use of the MACS increases cell recovery and
does not affect the viability of the cells, it also reduces
sorting time on the cell sorter. In addition tbe Facscan is
extensively used by this group for running routine analyses
on large numbers of samples for immunofluorescence. They
also use the Facscan for the analysis of cells expressing
green fluorescent protein and for studies in phagocytosis.

Matthias Hentze's group uses the facility for the isolation
of transformed yeast cells which repress the expression
of the green fluorescent protein. This group is studying
RNA/protein interactions and the Facs Vantage is an asset
in the identification and isolation of cells which are then
subsequently used for the cloning of RNA-binding proteins.
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Both instruments are used by this group for the analysis of
the green fluorescent protein, and to study the role of H202
in IRP-regulation.

Ernst Stelzer's group in the Cell Biophysics Programme and
Tommy Nilsson's group in the Cell Biology Programme seek
to visualize the Golgi apparatus and components of the
secretory pathway in living cells using green fluorescent pro-
teins. Therefore the flow cytometry facility is used extensively
to quickly and conveniently isolate HeLa cell lines stably
expressing green and blue.fluorescent proteins.

Kai Simons's laboratory uses the facility for the selection
of stable Madin-Darby canine kidney (MDCK) cell lines
expressing fusion proteins of the green fluorescent protein
with the vesicular stomatitis virus glycoprotein (VSVG).

Gareth Griffiths's group studies the fusion of endocytic vesi-
cles in macrophages and is particularly interested in the role
of actin. Facs analysis is done with fluorescent monomeric
actin to quantitize polymerized actin around phagocytosed
beads (phagosomes). Phagosomes that have been obtained
from endogenous pyrene-Iabelled cells are used to study
membrane fusion. Here the facility is used to analyse the
pyrene eximer fluorescence upon inducing fusogenic condi-
tions. Both instruments are used by this group as pyrene is
only excited in the UV and therefore has to be analysed on
the Facs Vantage using the multi-line laser.

Within the facility itself a study of ultrare cell sorting is being
undertaken with the aim to isolate cells - occurring one in a
million or rarer - for subsequent PCR analysis, or culturing
etc. The method used looks promising and we hope to be
able to produce a 100% enrichment of very rare cells using
conventional cell sorting techniques.

To optimize conditions for dual laser analysis a method was
investigated using a dove prism to allow a threshold to be put
on any fluorescence as wished. This was hitherto impossible
as a threshold could only be placed on a light or fluorescence
parameter pertaining to the laser in position 1. The method
was found to be successful.

An increase in the demand for cell sorting and analysis is ex-
pected in 1997 as more groups start using green fluorescent
protein (GFP) in their experiments. GFP variants have been
developed to improve the use of green fluorescent protein
as a reporter for gene expression and protein localization.
These proteins are ideal for fluorescent activated cell sorting
and analysis. The GFP genes in the phGFP-S65T and
pEGFP vectors contain more than 190 silent base mutations
that optimize the coding sequence for maximal translation
efficiency in mammalian systems which further increases
fluorescence in mammalian cells expressing the variants.
The red-shifted and UV-optimized GFP variants can also be
used together for double labelling experiments, as has been
demonstrated by Tommy Nilsson's group.

A total of 115 samples was sorted on the cell sorter and
9.500 samples were run on the Facscan. The Facscan was
used on average 5 days a week, with access to the machine
24 hrs a day. The Facs Vantage was in use 3 days a week
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for service purposes, the rest of the time for controlling
and optimizing parameters for various applications. MACS
sorting using specific antibody microbeads or anti isotope
microbeads was performed about 40 times. 15 People from
the above-mentioned groups used the service regularly.

Courses organized during the year

An EMBO course on "Microinjection, Electroporation and
Particle Transfection of Cells" was organized at EMBL in
June.

New protocols and the DNA sequencing facility were pre-
sented in the "Advanced Biotechnology" course funded by
the European Union, on "DNA Sequencing: Advanced Ap-
proaches and Automated Methods", which the Programme
organized at the EMBL in November.

A practical FEBS/EMBL course on "Advanced Techniques in
DNA Sequencing and Microinjection" was organized at the
Purkyne Institute, Charles University, Prague in September.

A course on "Techniques in Molecular Biology" was orga-
nized by the Programme for the predoctoral students at
EMBL in October.

Demonstrations and short introductory teaching courses on
"DNA Sequencing and Microinjection" for interested in-house
or external scientists were organized during the year.
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Simultaneous multiple loading of samples. A method for
automated loading of samples onto separation media.

Vorrichtung zur DurchfOhrung chemischer Reaktionsfolgen.
German pat. appl. 19652327.3
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The main interest of the nucleic acid chemistry laboratory
is the development of methodology for the preparation of
compounds related with nucleic acids and the study of their
properties. The group is also in charge of the in-house
oligonucleotide synthesis service.

Base analogues in DNA

Oligodeoxynucleotides carrying different base analogues
have been prepared. The main projects undertaken during
this year are the following.

Synthesis andproperties of oligonucleotides
containing 5-substitutedpyrimidines

It was shown that oligonucleotides could bind to specific
sequences on double-stranded DNA by forming triple he-
lices. Substitution of some natural bases for base analogues
may improve the binding and/or change the specificity. For
example it has been demonstrated that substituting 5-methyl-
cytosine to cytosine increases the affinity of homopyrimidine
oligonucleotides for its recognition sequence in duplex DNA
and extends the pH range in where triple helix is stable.
A similar effect has been described for the substitution of
5-bromouracil to thymine. Based on these results we have
undertaken a systematic study on different 5-substituted
pyrimidines to understand the contribution of the substituents
at position 5 on the stability of the triple helix. In the
present year we have prepared oligonucleotides containing
the following uracil and cytidine derivatives: uracil, thymine, 5-
bromouracil, 5-iodouracil, 5-aminouracil, 5-acetamidouracil,
cytidine, 5-methylcytidine, 5-bromocytidine, 5-iodocytidine
and 5-aminocytidine. Special attention has been given on
the preparation of 5-halopyrimidines to avoid decomposi-
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tion of these bases during the ammonia deprotection. The
protocols for the preparation of oligonucleotides containing
5-halopyrimidines have been applied for the preparation of
oligonucleotides used in cocrystallization experiments by the
group of Christoph MOiler (Grenoble Outstation). During the
preparation of 5-aminouracil oligonucleotides, an unusual
side reaction was observed. The protected base was re-
acting with acetic anhydride yielding 5-N-acetamidouracil.
Acetic anhydride is used during the capping reaction on the
solid phase assembly of the oligonucleotide. To avoid this
side product, three different protecting groups were tested
and different capping solutions were analysed. The use
of 2-(4-nitrophenyl)ethoxycarbonyl (NPEOC) group for the
protection of the 5-amino group and the use of NPEOC-CI as
capping reagent yielded pure 5-aminouracil oligonucleotides.

Oligonucleotides containing purine derivatives

Oligonucleotides carrying 2-aminopurine have been pre-
pared to characterize the base-pairing properties of these
analogues by NMR, melting experiments and differential
scanning calorimetry (DSC). Also, oligonucleotides carrying
the DNA oxidative damage product, 8-oxo-guanine, were
produced. These oligonucleotides were used to analyse
the nucleotide incorporation in front of this lesion by DNA
polymerases in different sequence contexts and to deter-
mine the possible triple helix formation. These projects were
performed in collaboration with the group of Dr. M.F. Good-
man (University of Southern California, Los Angeles, USA).
Finally, oligonucleotides carrying several N2-substituted gua-
nines were prepared for antisense experiments (see be-
low). Small oligonucleotides carrying one modified gua-
nine residue such as spermine, spermidine or aminopropyl-
imidazole have a significant increase in their binding proper-
ties to their complementary sequences.



o --0-A.. NH-Prot
NH2 NH 0 t\ n N02 AA I N

N NAN Il
Il Il A DMT-O N °

HOpi 0 HOpN 0 pio 0 I ----... ----....--......
'0

OH OH 'P-N(iPrO)2
CE-O

o

a)

5

b)
100

E 7fi

fIJc::
50c::

l-4
Q)
>.f"'4
as 25'Q)

0

10 15 t(min)

1860.3

Na adduct

1850 1900
Molecular Weight

PLATE 60

Preparation of oligonucleotides containing the
DNA methylase inhibitor 5-aza-2' -deoxycytidine.
Top: Scheme of the reaction needed for the
preparation of the protected derivative suitable for
oligonucleotide synthesis. Below: (a) Analytical
HPLC of oligonucleotide DMT-TTZ TTA being
Z=5-azacytidine, (b) mass spectra of the main
product showing the expected mass. The mass
spectra analysis has been performed by the
group of Matthias Mann.
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Oligonucleotides carrying ammonia-
sensitive molecules

In a previous study we showed that it is possible to prepare
small oligonucleotides without using ammonia in the final
deprotection step if the standard protective groups were
changed to groups derived from 2-(4-nitrophenyl)ethanol that
are labile to DBU (NPEOC and NPE groups developed by
Dr. Pfleiderer's group). During this year we have studied in
detail the behaviour of different linkers in DBU solutions. The
oxalyl support described by Dr. Letsinger was found to give
the best results in terms of speed and yields. We have applied
this linker and previously optimized protocols to the prepa-
ration of oligonucleotides containing azidonucleosides and
5-aza-2'-deoxycytidine. The preparation of these modified
oligonucleotides has not been previously described due to
the sensitivity of these molecules to ammonia. We plan to
further develop this methodology and to study the properties
of the modified oligonucleotides.

Modified oligodeoxynucleotides as
inhibitors of gene expression

Oligonucleotides complementary to the Ha-ras oncogene
and carrying small molecules at the 3' and 5' ends have
been prepared and evaluated as anti cancer drugs. The
antiproliferative properties of the modified oligonucleotides
are evaluated in cell culture and nude mice by Dr. T. Saison-
Behmoaras (Museum National d'Histoire Naturelle, Paris,
France). We have developed a new methodology to obtain
oligonucleotides with small aliphatic amines at the 3'-end.
The 3'-amino oligonucleotides have a good exonuclease
resistance and the special reactivity of the amino group
allows the conjugation of fluorescent compounds and dexa-
methasone to the oligonucleotide.

Oligonucleotides carrying 13C, 15N-labels

Oligodeoxynucleotides carrying N6 -[13C-methyl]adenine and
N-[13C-methyl]guanine have been prepared for NMR studies
using the deprotection step to introduce the 13C-methylamino
group. Preliminary NMR characterization of 13C-labelled
oligonucleotides shows that the 13C chemical shifts of the
methyl group is sensitive to duplex formation, making them
useful as local probes.

Small RNA molecules have been produced by T7 in vitro
transcription in large scale for NMR experiments. Some of
these molecules are being produced with 13C, 15N-labelled
nucleoside triphosphates to obtain 13C, 15N-labelled RNA
molecules.

RNA and RNA analogues synthesis

Branched RNA

Small branched oligoribonucleotides have been prepared
for the characterization of the RNA debranching enzyme
involved in RNA splicing. For the preparation of these
molecules a special solid-phase methodology developed by
Brian Sproat was used. It has been found that coupling of the
monomers at the branching site is highly dependent of the
branching sequence and under the best coupling conditions
some branching sequences are obtained in moderate yields
while others are obtained in very high yields. Further experi-
ments have been designed to understand the origin of these
differences and to overcome this problem.

Oligo(Z-O-alkylribonucleotides)

Also, in collaboration with Brian Sproat we have prepared
different 2' -O-alkyl nucleoside derivatives to be used for the
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synthesis of 2' -O-alkyl-RNA. These modified RNA molecules
exhibit similar base-pairing properties as RNA but they are
much more stable. We have developed two different new
approaches for the preparation of the guanosine monomers
which produce the desired 2'-alkyl derivatives in excellent
yields. Furthermore, new 2' -O-alkyl-RNA molecules have
been prepared. Some of them have interesting RNA binding
properties.

Base analogues in RNA

Oligoribonucleotides carrying 4-thiouridine have been pre-
pared. These oligonucleotides are being used for photo-
cross-linking experiments by the group of Juan Valcarcel.
For the preparation of these oligonucleotides a derivative of
uridine has been prepared that is converted to the desired 4-
thiouracil derivative after the assembly of the RNA sequence.
The same derivative could be transformed to other interesting
base analogues. The methodology developed uses the Fpmp
protection strategy for the protection of the 2' hydroxyl group.

Other projects on bioorganic chemistry

In collaboration with the group of Rik Wierenga several en-
zyme substrates and inhibitors have been prepared. Specifi-
cally, phosphoglycohydoximate and adenosine triphosphate
analogues have been produced.

Oligonucleotide synthesis service

This year, the EMBL Administration set restrictions on
the Oligonucleotide Service to reduce the demand. Oligo-
nucleotides with equal or less than 20 bases prepared on
40-50 nmols scale were not allowed to be prepared by the
Oligonucleotide Service. To obtain these oligonucleotides
customers had two other options: to order from an outside
company or to order from the newly established EMBL Primer
Synthesis Service. The Oligonucleotide Service handled the
ordering and receiving of the oligonucleotides requested from
the outside company. Under these circumstances the service
demands for 1996 were similar as last year (4800 (1996);
4900 (1995)). In addition the demand for the outside com-
pany was 350 oligonucleotides/year. A significant number of
customers decided to increase the amount or the length of
the oligonucleotides to obtain them from the Oligonucleotide
Service. At the end of the year a questionnaire was dis-
tributed to the customers and as a result of it the restriction
was eliminated.

On the other hand, also modified oligonucleotides have
been produced. The number of RNA polymers decreased
from 70 (1995) to 20, being 40% unmodified and 60%
modified with 2'-O-methyl and 2'-O-ally functions. Around
500 were prepared with mixed bases to be used as mixed
probes or for random mutagenesis. The most popular
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non-natural base analogue in the service has been 2'-
deoxyinosine (nearly 120 oligonucleotides) followed by 5-
halo-2'-deoxypyrimidines (40). Non-radioactive labels such
as biotin were introduced in 60 oligonucleotides and fluo-
resceine in 10 oligonucleotides. Other specialised functions
were phosphate groups at the 5'-end (120 oligonucleotides),
.and both amino and thiol groups at the 3' and 5' ends (22
oligonucleotides). Finally 22 oligonucleotides carrying modi-
fied phosphates (phosphorothioate linkages) were produced.

The Oligonucleotide Service facilities were used by several
visitors from Spain (2), Greece (1) and Germany (2). The
projects carried out by the visitors were related to RNA
synthesis and DNA labelling.
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The protein and peptide group has developed powerful meth-
ods for the micro characterization of gel separated proteins
by mass spectrometry. These methods were further devel-
oped in 1996 but this was the first year when the biological
applications clearly dominated over the development of new
techniques.

Developments in instrumentation

The foundation of most of our research are the two modern
mass spectrometric ionization methods: electrospray (ES)
and matrix assisted laser desorption (MALOI). Introductions
to these techniques can be found in previous research
reports. Our group has developed very sensitive derivatives
of both MALOI and ES, which make these techniques appli-
cable to mainstream applications in molecular biology. The
nanoelectrospray ion source (Wilm&Mann, 1996), is a minia-
turized and highly sensitive version of electrospray. It offers
many analytical advantages over conventional electrospray
ion sources. Droplets are much smaller - only 0.1 to 1 percent
in volume - compared to conventional sources and the flow
rate is a factor 100 to 1000 less as well. Thus, extensive
measurements are possible on small liquid volumes with
a concomitant increase in sensitivity. Efficient in-gel diges-
tion procedures and a two capillary desalting/concentration
technique allow us to work with proteins on polyacrylamide
gels with minimal sample handling and thus minimal sample
loss. The technique does not use blotting or chromatography
thus it avoids most handling steps. It is extremely sensitive,
relatively rapid and very robust. Most of our work involves the
database identification of proteins but sufficient amino-acid
information for the cloning of the corresponding gene can be
generated as well.

For MALOI peptided mapping, the method of "sample prepa-
ration by fast evaporation" which avoids the co-crystallization

of peptide and matrix solution has been refined by using
nitrocellulose as an additive, increasing the peptide" binding
ability of the surface and separating the peptides from each
other. We also installed the "delayed extraction" technique on
our MALOI instrument with dramatic advances in spectrum
quality and mass accuracy (Jensen et al., 1996b). Peptide
mass maps gained on just a few femtomoles of peptide
mixtures are sufficient for the unambiguous database iden-
tification of proteins and we are now also able to resolved
protein mixture by this technique. Using "fuzzy logic" we were
able to fully automate spectra acquisition and subsequent
database search.

PeptideSearch, our software tool for correlating mass spec-
trometric and sequence data with sequence databases, has
now been made available over the World Wide Web. The
program can also be downloaded and is used in a large
number of laboratories world wide.

An aspect of protein micro-characterization that is very
labour intensive is the processing of gel electrophoretically
separated proteins. A robotic workstation developed at EMBL
has now been commercialized (Abimed, Langenfeld, Ger-
many). The system performs all the gel washing steps,
reduction and alkylation of the sample, proteolytic cleav-
age (with one or more enzymes) and finally the peptide
extraction. It is capable of processing up to 30 samples
fully automatically in 7 hours. Improvements in the design
have eliminated background problems due to contaminating
keratine proteins. The system has been shown to gen-
erate good results with both Coomassie blue and silver
stained gels. The workstation is now an important tool in
protein sample preparation. The automated system permits
higher sample throughput as well as providing the oppor-
tunity to further optimize the current sample preparation
protocols.
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PLATE 61

Analysis of a two-dimensional gel by
automated methods. The proteins are
from a yeast Golgi fraction (collaboration
with S. Munro, MRC, Cambridge). Spots
were excised, and then reduced, alky-
lated and enzymatically digested with our
robotic workstation. Peptide containing
supernatant was analysed by high mass
accuracy peptide mapping. The protein
amounts on this silver-stained gel are
at the limit of our current sensitivity. All
the major spots and several of the very
weakly staining spots were identified (for
example, spots 14, 22a, 22b) but others
were not (spot 17).

Core facility activities

Mass spectrometric service

Mass spectrometry is an indispensable tool for many re-
searchers in structural biology. Checking the molecular
weights (and thereby the fidelity and homogeneity) of re-
combinant proteins is very necessary as many of them
are expressed incorrectly or contain sequence errors. Mass
spectrometry continues to be used in checking all synthetic
peptides (often at various stages of synthesis), many difficult
DNA synthesis products and peptides destined for automatic
Edman degradation. Availability of delayed extraction for the
MALOI machine has meant that more samples could be
shifted to this relatively rapid technique instead of having
to be analysed by electrospray.
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Micro-sequencing by Edman degradation

Edman chemistry was used to verify the identity and cor-
rect processing of diverse recombinant proteins. This data
combined with mass determination provides'a rapid means
of confirming the processing at both the N- and C-termini
of recombinant and modified proteins. This type of analysis
is of particular importance to groups performing structural
studies. The two 477 Edman sequencers were replaced by
a 474 Procise multiple cartridge system. This has proved
sample throughput and sequencing sensitivity. The charac-
terization of proteins with blocked N-termini, where protein
amounts of around 50 pmole were available, was performed
by in gel digestion followed by RP-HPLC separation of
the peptides. The separated peptides were sequenced by
Edman degradation and/or by mass spectrometry. Sample



preparation for this type of sample will in the future be
performed on the robot workstation.

Peptide synthesis

As in previous years peptide synthesis was routinely per-
formed with an ABI 433A peptide synthesizer and an
ABIMED AMS 422 automated multiple peptide synthesizer.
Cleavages and synthetic modifications, when required, are
carried out manually. In all a total of 219 peptides were
synthesized of which 57% were purified. Ten percent of the
peptides synthesized were synthetically modified, amongst
these were phosphorylated, myristoylated, selenium and
iodine containing peptide. Additionally a series of 8 peptides
with three different C13 isotopically labelled amino-acids,
alanine, leucine and valine, were synthesized for the Serrano
group.

Some major projects

Analysis of the protein components
of the spliceosome

Among the projects made possible by the mass spectro-
metric techniques described above are the characterization
of entire protein complexes. In collaboration with Rainer
LOhrmann (Marburg), we elucidated the components of the
yeast U1 snRNP particle, the first time that a complete multi
protein complex was characterized by mass spectrometry
(Neubauer, et al., 1997). In collaboration with Angus Lamond
(formerly Gene Expression Programme, now at Dundee) we
have sequenced the two-dimensional (20) gel purified pro-
tein components of the human spliceosome. Interestingly, the
vast majority of new factors could be characterized quickly by
correlating the mass spectrometric sequence data with the
database of expressed sequence tags (ESTs) (Mann, 1996).
Cloning of the many new components is still in progress
at the time of writing. The success in the analysis of the
spliceosome has led us to suggest a concerted program in
which the mass spectrometric tools would be concentrated
on the wholesale analysis of a wide range of multiprotein
complexes (Lamond & Mann, 1997). In our opinion such
a project would be of tremendous value to the cell biology
community by eliminating most of the work associated with
the purification, sequencing and cloning of new factors.

Large scale identification ofproteins

The ability to identify hundreds of proteins from two-
dimensional polyacrylamide gels had been much anticipated
but never practically demonstrated. This year we were able
to demonstrate a first large scale protein identification using
a 20 gel of Saccharomyces cerevisiae, whose genome had
just been completed. A total of 150 proteins was identified
by a combination of high accuracy peptide mass mapping
as a first screen and by mass spectrometric sequencing as
a second screen (Shevchenko, et al., 1996a). Blind trials
on a large subset of the proteins established that the mass
spectrometric identifications were correct in every case.
Further work in our group will now focus on a large number
of individual protein complexes, rather than "proteome" type

investigations (differential display at the level of expressed
proteins). Nevertheless, the extensive automation and the
workflow established in the large scale project are proving
invaluable in these other projects.

Sequencing ofbiologically interesting proteins

The powerful mass spectrometric techniques were applied
to a wide range of biological projects. Most notably, in
collaboration with the Krammer (DKFZ, Heidelberg) and Dixit
(Michigan University) groups, we were able to identify and
sequence "FLICE" the missing link in receptor mediated
apoptosis (Muzio, et al., 1996).
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Unix environment

Unix remains the most popular platform for those groups
interested in numerically intensive computations and high
quality graphics. In 1996 the number of Unix workstations
has augmented slightly to a total of 126 (75 Silicon Graphics,
25 Digital Equipment, 18 Sun, 3 Evans & Sutherland, 3 Next,
2 Hewlett Packard). In addition 31 X-terminals (21 Tektronix,
10 Digital Equipment) are used to access Unix. A growing
number of Macintoshes and PCs are being equipped with
X-server software (Exodus 6.0 for Macs and Micro X-win32
3.2.8 for PCs). This type of access to Unix successfully
combines the office- and IT-applicationsof the standard desk-
tops with the advantages of the Unix numerical programming
development.

Unix computing in Heidelberg is supported in three large
management domains, the central domain (87 nodes), the
NMR domain (29 nodes) and the biophysical instrumentation
domain (10 nodes). To add to this some research groups
have started to bring in Intel-based PCs configured as
LINUX workstations. These are supported by the groups
themselves.

In 1996 the first steps were made to allow for a more
decentralised Unix system management. Disk space and
data backup, however, have continuously been centralised.
A second fileserver was brought in to accommodate the
home directories and double their size. The concept of
group owned data disks in central storage racks was well
accepted. At the end of 1996 groups had established a
total of 170 GBytes of disk space on the central servers.
While the group and database disks work satisfactorily,
the performance of the disks holding the home directories
could be improved. Two principle aims have to be balanced:
providing an easily manageable single file-system view on
one hand, and obtaining the flexibility and performance of
local disks on the other.

174

Downsizing of the VMS cluster

In 1995 preparations had been made to reshape the VMS
cluster. The driving force behind this was the high operational
costs for the large VAX. A decision was made to continue
the VMS service for another generation of machines, but to
abandon the VAX architecture and to rely entirely on Digital's
Alpha processors. Two servers, DEC Alpha model 600 5/266
with 512 Mbytes of main memory each, were purchased. On
a common SCSI bus they are sharing ca. 100 GBytes of disk
space on a HSZ40 RAID controller.

The transition from the old to the new cluster was done with
difficulty in January 1996. Problems were encountered in a
number of areas due to incompatibilities of existing and new
storage equipment. We were trying to recycle the disks which
had been in use on the old VMS cluster. One consequence
of the difficulties was that the cluster was split into two
pieces. A compute performance oriented central domain was
formed and a second part, which serves the needs of X-ray
crystallographic and microscopy data acquisition. Over the
year this has proven to be of advantage for the stability
of both parts of the cluster. Another consequence was the
accelerated migration of E-mail services from VMS to Unix.
The majority of desktop users is now reading their electronic
mail with the POP3 mechanism from a Unix server. It is
planned to complete this migration in 1997. '

The aim of giving VMS the right size has been reached. The
central VMS cluster now consists of two PC size servers and
one single disk cabinet. While the overall performance has
well improved, the footprint of VMS was reduced from 10m2

to about 2 m2 . Its total power consumption was reduced by
12kW.

The difficulties experienced during the VMS transition have
led to an internal review led by Paolo Zanella (EBI, Hinxton).
As one consequence of this, the computing policies and



Users' Committee has started creating a detailed blueprint
of computing services in Heidelberg. This will serve in 1997
as a basis for a new determination of resources needed for
computing.

Local area network

Switched Ethernet was the major technical addition made
to the local area network in 1996.. In the past years ac-
tive networking components in EMBLS LAN had been al-
most exclusively from one manufacturer (Digital Equipment,
GigaSwitch, DEChub900). Competition was introduced in
the shape of Ethernet switches from Cisco Systems Inc.
(Catalyst 2800, Catalyst 5000). 100 Mbit switched Ethernet
was installed as an additional backbone connecting the
3rd and 4th floor. Structured cabling, the prerequisite for
switched Ethernet, was completed on the 4th floor, and in
the biocomputing area on the V1 floor. This process will
continue actively with the laboratories in floors V2, V3, 5,
6, the NMR area, the Personnel Section, and the workshops
and is planned to be completed in 1997.

Remote access with modems and ISDN

Since the fall 1994 the Computer and Networking Group
has been offering a dial-in service based on AppleTalk
remote access (ARA) for home computers equipped with
telephone modems. This service had become very popular
with an average of 25 daily users with a mean connection
time of 20 minutes. However ARA was limited to Macintosh
computers. There were only four lines each having its own
phone number. A special user database had to be maintained
to grant access to the local area network. In addition to
the ARA service we had five modem lines connected to
a terminal server which allowed dumb terminal operation
(VT100 or software emulation) or Unix PPP connections
provided by the NMR and instrumentation domains. Again
each modem had a separate phone number.

In November 1996 a remote access router was added to
the EMBL network. This device allows us to offer a general

purpose dial-in service using a single phone number. The
service can handle up to twelve simultaneous calls and is
easily expandable to a total of 30 calls. It can handle connec-
tions to Macintoshes, Windows PCs, and Unix Workstations.
Both analogue (POTS) and digital (ISDN) phone standards
are supported. Dial-back and reverse charging functions
have not been set up, nor are these planned. Access security
is provided through a. RADIUS server which authenticates
callers against the standard Unix and E-mail password. As
the dial-in service issues an IP numberto the calling stations,
these get access to the popular information tools as E-mail,
WWW and Netnews. Thus EMBL has effectively become an
Internet provider to its staff. Working in the EMBL network
from the home office or from any remote location has become
very easy.

Wide area networking

In late summer a decision was taken to upgrade the 2 Mbit/s
Internet connection. We followed a suggestion made by
our Internet provider, the Deutsches Forschungsnetz Verein
(DFN). The German research network had been operating a
X-25 based backbone WIN which had reached its technical
capacity limits. The WIN network was beginning to become
intolerably slow. In the course of 1996 a Germany-wide ATM-
based network backbone called B-WIN with 155 Mbit/s trunk
lines was established by DFN. The EMBL has come to an
agreement with some of its Heidelberg academic neighbours
(DKFZ, University of Heidelberg, the Max-Planck-Institutes)
to share one common 155 Mbit/s connection to B-WIN.
EMBLS bandwidth fraction of the new connection is 10 Mbit/s.

In the fall the computer networking group executed all the
necessary preparations. A dark fibre was leased from the
Deutsche Telekom AG to bridge the distance between EMBL
and the University campus. The contracts with the network
provider were signed, and an ATM interface was acquired
to connect to EMBLS central router. Harvesting the fruit
of this work had to be deferred until 1997 as the shared
B-WIN outlet at the University will be taken into service
mid-February.
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Our group is studying two major topics: the roles of sev-
eral transcription factors in the development of Drosophila
melanogaster, and the molecular genetics of interactions
between the disease vector mosquito Anopheles gambiae
and the protozoan parasite of malaria, Plasmodium. Addi-
tionally, a molecular analysis of gene expression related to
A.gambiae olfaction has been initiated.

Development in Drosophila melanogaster

Nuclear hormone receptors in
Drosophila development

DHR38 is an interesting member of the nuclear hormone
receptor superfamily and represents a close homologue of
NGFI-B, an "early-induced" gene in mammals. NGFIB can
bind DNA as a monomer (unlike most members of the
steroid receptor superfamily) and we have recently shown
that monomeric binding of DHR38 to the same response
element is evolutionarily conserved (Sutherland et al., 1995).
DHR38 interacts strongly and specifically with RXR-type
receptors (Sutherland et al., 1995) including the Drosophila
RXR homologue encoded by the gene usp, involved in
the development of numerous adult structures of the fly.
A complex of USP and Ecdysone receptor proteins forms
the functional ecdysone receptor in Drosophila. Interactions
between USP and DHR38 may affect the dynamics of
the Ecdysone receptor complex and the final outcome of
ecdysone-triggered events. DHR38 co-localizes with USP
and EcR in many tissues and, significantly, on certain sites
of the salivary gland polytene chromosomes, suggesting the

potential of a direct physical interaction of these molecules
in association with DNA. Over-expression of DHR38 in a
Schneider cell line decreases ecdysone-mediated transcrip-
tion via an ecdysone response element (Sutherland et al.,
1995). Two phenotypes have been observed in the whole
organism as a result of uniform over-expression by heat-
shock. First, over-expression of the DHR38 cDNA in adult
females causes oogenesis defects, with almost 100% of eggs
exhibiting fusion and shortening of the dorsal respiratory
appendages. The molecular cause is unknown, but may be
due to interference with the proposed role of USP in chorion
gene regulation. Second, increased levels of DHR38 during
the early third larval instar allows pupariation (cessation
of movement, secretion and tanning of pupal cuticle), but
prevents further pupal development (lack of head eversion,
apparent tissue disorganization, and eventual degeneration
inside the pupal case). This strongly suggests that DHR38
is interfering with ecdysone-mediated events via interference
with the USP/EcR. Further, lethality results when DHR38
is misexpressed via most embryonic GAL4 driver lines.
Viable adults are obtained after localized misexpression in
the eye or wing imaginal discs, but in these cases severely
roughened eyes or reduced vestigial-like wings are observed,
respectively. Weak nuclear DHR38 expression is detected
in most tissues using anti-DHR38 antibodies, suggesting a
strict regulation of DHR38 levels during normal development
is necessary to prevent such phenotypes. Strong expression
has been detected in a subset of cells in the developing
central nervous system, starting in late embryogenesis and
persisting in the ventral ganglion of the third instar larval
brain.
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-300

B. Embryonic salr expression pattern. The salr-specific pattern in
the central nervous system (CNS) of late embryos (stage 14-15)
is shown by in situ hybridization. Expression in brain and CNS
persists until adult stages, and is partially overlapping with the
sal-specific pattern.

C. Developmental cC?nsequences of salr ectopic expression in the
wing imaginal disc. salr expression outside its normal domains
(sectors B, C and part of D in the adult wing) results in suppres-
sion or displacement of the longitudinal veins" and V (shaded
lines) associated with a reduction in the wing size. Ectopic sal
expression produces similar alterations in wing morphology.

Centromere
-sco-520 420

"4\\r-\
salr sal sala

A. Genomic structure and location of the sal-complex. Thick arrows
represent the transcription units corresponding to the genes
spalt-related (salr), spaIt (sal) and spalt-adjacent (sala). The
salr genomic region is magnified and the EcoRI sites (RI)
indicated. Below, the salr exons are represented by shaded
(translated region) and white (3' and 5' UTR) bars; introns are
shown by a solid line. The-black ovals symbolize the zinc-finger
motifs.

A

Molecular structure, pattern of expression
and function of spalt-related.

RI

B c

To further investigate in v;vo activities of DHR38, we are un-
dertaking a functional characterization of the corresponding
gene. We cloned several cDNAs corresponding to DHR38
and performed a genomic walk in the 38E region where
Dhr38 maps. The Dhr38 gene spans at least 30 kb and
consists of 4 exons and 3 introns. Multiple messenger RNA
species are detected in Northern blot analysis, suggesting
that alternative promoters and polyadenylation sites are
used. A P element insertion less than 100 bp upstream of the
5' end of one cDNA clone is lethal when homozygous. Mutant
flies eclose from the pupal case but die within 24 hours
after eclosion exhibiting leg defects probably associated with
improperly formed cuticle. Immunostaining of homozygous
mutant third instar larvae reveals that DHR38 protein is still
present in these animals. Therefore this P insertion probably
affects some aspects of Dhr38 regulation and does not
represent a complete loss-of-function allele. Experiments
to confirm this conclusion and to isolate complete loss-of-
function alleles in Dhr38 are under way.

Zinc-fingerproteins

Transcription factor CF2

CF2 is a DNA binding protein with multiple Cys2-His2 zinc-
finger motifs. We have studied the role of CF2 in the follicle
cells that surround the oocyte in the developing egg chamber,
and have shown that it plays an important role in the estab-
lishment of dorsoventral polarity in the egg chamber, and
subsequently in the embryo as well (Hsu et al., 1996). Later
during embryogenesis, CF2 is expressed in all the muscle
cell types, and manipulation of CF2 levels results in muscle
abnormalities. CF2 binds to regulatory sequences within the
a-tropomyosin I gene and appears to be involved in the
transcription of a-tropomyosin. Detailed functional analysis
of the role(s) of CF2 during development is hampered by a
lack of mutants. We are concentrating present efforts upon
molecular and genetic analysis of several EMS mutants
and chromosomal deletions which span the CF2 genomic
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region. Furthermore, somatic mosaic techiques are being
used to analyse the functional requirement of the CF2 gene
in different tissues.

spalt-related and spaIt,
a newgenetic complex in Drosophila

The gene encoding the Drosophila melanogaster tran-
scription factor spalt related (salr) is homologous to the
region specific homeotic gene spalt (sal). Both genes contain
three widely spaced sets of C2H2 zinc finger motifs (Barrio
et al., 1996), and are adjacent to each other on the chro-
mosome, together with the unrelated spalt-adjacent gene
sala (Reuter et al., 1996). The sal and salr genes constitute
a new genetic complex. They are positively regulated by
decapentaplegic (dpp) in the wing imaginal disc (de Celis
et al., 1996) where they mediate some of the functions of
this organizer molecule in development. Deleting sal in the
imaginal disc results in disappearance, displacement, fusion
and ectopic formation of specific wing veins. Deletion of both
salr and sal produces stronger phenotypic effects, indicating
shared, partially redundant functions. Although these genes
are expressed identically in the wing blade region of the
disc, their only partially overlapping expression patterns in
other tissues such as in the nervous system (Barrio et al.,
1996) indicate independent regulation. The high sequence
similarity of the two genes, as well as the independence of
their regulatory regions can be explained by duplication of
the "original" gene (sal) and subsequent chromosomal rear-
rangement, generating salr. The rearrangement left behind
some cis regulatory sequences that were adopted by sala
(Reuter et al., 1996). We are continuing with the charac-
terization and identification of genes that interact with the
sal/salr complex. We are searching for enhancer elements
mediating the specific expression of each gene. Moreover,
we are attempting to identify downstream target genes of Sal
and Salr. We are also interested in the characterization of
the expression and regulation of the complex in the central
nervous system.

Molecular biology of Anopheles gambiae-Plasmodium
interactions

Genetics of A.gambiae

A genomic approach is being taken to study the competence
of A.gambiae to function as an efficient vector of malaria. A
detailed genetic map based primarily on microsatellite mark-
ers has been completed (Zheng et al., 1996, Dimopoulos et
al., 1996) and can now be used for identifying genes affecting
the development of the malaria parasite in the mosquito. One
refractory mechanism that has received significant attention
involves melanotic encapsulation (and killing) of Plasmodium
parasites (oocysts) within the mosquito midgut tissue (Collins
et al., 1986). Genetic crosses between a refractory strain
exhibiting melanotic encapsulation and the corresponding
susceptible (non-encapsulating) strain showed that melan-
otic encapsulation of oocysts of the simian malaria parasite
Plasmodium cynomolgi B is a largely dominant trait de-
termined by a major quantitative trait locus (QTL) on the
right arm of chromosome 2. Two minor QTLs, one each

on chromosomes 2 and 3 have also been identified. The
combined actions of these loci control 76% of the trait.

Microsatellite markers are also being used to examine pop-
ulations of the A.gambiae species complex in Mali. Prelim-
inary results indicate that microsatellite markers are highly
polymorphic and may provide a useful tool for studying the
dynamics of different s.ubpopulations of A.gambiae. Analysis
of mosquitoes collected from two different locations in Mali
suggest a complex population structure, which must be
taken into account for understanding the epidemiology of the
disease (Lanzaro et al., 1995).

Immune response in A.gambiae

Insects have long been known to possess highly effective
innate defence mechanisms to counter microbial infections. It
is onIy very recently, however, that appropriate reagents have
been developed, permitting rapid progress in analysing the
response of vector insects (i.e. A.gambiae), to infection chal-
lenge by protozoan parasites such as Plasmodium (Richman
& Kafatos, 1996).

We have identified a gene encoding a rei family member in
A.gambiae, Gambif 1 (Gambiae immune factor 1) (Barillas-
Mury et al., 1996). This transcription factor is able to bind
lCB-related sequence motifs in vitro and activate transcription
in cell transfection experiments. Upon bacterial infection of
mosquitoes, Gambif 1 translocates from the cytoplasm to
the nucleus of fat body cells. Infection also results in the
induction of a DNA binding activity to lCB-sites in nuclear
extracts, which is distinct from Gambif1 : feeding mosquitoes
blood from either normal or malaria infected mice results
in induction of the DNA binding activity, but Gambif 1 does
not translocate to the nucleus. We have recently found that
bacterial or malaria infection of A.gambiae induces DNA
binding activity to the consensus DNA site of a Drosophila
STAT (signal transducers and activators of trancription).
We have cloned an A.gambiae STAT homologue, and are
currently developing functional assays to study its role in the
mosquito immune response to bacteria and parasites.

Defensin is a well-conserved antibacterial peptide factor.
A defensin homologue was cloned from A.gambiae and
shown to be induced in response to experimental infection
challenge with bacteria (Richman et al., 1996). Experiments
now indicate that defensin gene expression is activated as
a consequence of Plasmodium infection, during the period
of midgut tissue invasion. Defensin is expressed in fat body
and cells of the anterior midgut, establishing a role for gut
tissues in innate defence. The defensin gene,contains two
identified lCB-like sites 5' of the transcription initiation site.
One of these sites has been shown to bind inducible nuclear
factors following bacterial infection challenge (Barillas-Mury
et al., 1996).

An A.gambiae homologue of another immune-related
protein-encoding gene, encoding Gram-negative binding
protein (GNBP) (Lee et al., 1996) has also been cloned,
and shown to be induced as a consequence of bacterial
and malaria infection. This protein shows homology to both
prokaryotic glucanases and the LPS (lipopolysaccharide)
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RT-PCR analysis of infection-regulated gene expres-
sion in an Anopheles gambiae cell line cultured
in the presence of ten-fold variable concentrations
of yeast, E.coli (E.c.), M.luteus (M.I.), lipopolysac-
charide (LP8), or lipoteichoic acid (LTA). Levels of
gene .expression are compared to cells cultured in
medium alone (N). The gene encoding ribosomal
protein 87 (87) is used as a constitutive control
for a pseudo-serine protease (18PL5), gram-negative
binding protein (GNBP) and defensin (DEF) genes.
Induction is observed with E.coli, M.luteus, LP8, and
LTA, but not with yeast. The panel below shows
phagocytosis of FITC-Iabelled polystyrol beads by
A.gambiae cells (cells are stained with DAPI).

receptor of mammals. Two additional genes have been
identified which show infection-inducible regulation: ISP13
is a gut-specific serine protease (Dimopoulos et al., 1996);
ISPL5 is a pseudo serine protease mainly expressed in
the thorax and abdomen. Further molecular and functional
characterization of these genes is currently in progress.

Additional infection-inducible genes and gene products of
A.gambiae are being pursued by biochemical and molecular
biological techniques. HPLC analysis of extracts prepared
from infected mosquitoes is being used to directly identify
small peptide factors exhibiting antibacterial or antifungal
activities. The mRNA differential display technique is being
used to identify eDNA clones corresponding to A.gambiae
genes which are regulated in reponse to Plasmodium
berghei infection; 65 candidate differential display bands
have been obtained. The bands are being used to probe
Northern blots of total RNA from Plasmodium-infected vs.
control mosquitoes. Alternatively, clones derived from the
re-amplified bands are analysed using a "reverse northern"
technique.

Iron deprivation has been proposed as a defence mechanism
in both animals and plants (Emery, 1980). We have initiated
the cloning of A.gambiae genes involved in iron metabolism.
Iron metabolism is largely regulated by post-transcriptional
processes involving the interactions of iron regulatory pro-
teins (IRP) with iron responsive elements (IRE). IRP has
been isolated from A.gambiae, and its activities are being
studied during infection. It has been found that nitric oxide
(NO) can increase the activity of IRP, and indeed many bio-
logical effects of nitric oxide can be explained by its interac-
tion with iron. NO has antimicrobial activities which makes it
of interest to clone the gene encoding NO synthetase (NOS)
from mosquito, to investigate its possible involvement in the
immune response to Plasmodium. Finally, the A.gambiae
genes encoding the iron-binding protein transferrin and the
transferrin receptor protein are being pursued.

Anopheles cell lines are being generated to study vector-
parasite interactions in vitro and to identify immune-relevant
genes, differentially expressed upon contact of Plasmodium
with the mosquito cells. Several cell lines have been estab-
lished from different A.gambiae strains and their character-
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ization is still under way. All lines display some phagocytic
activity. The culture supernatants of a number of lines
show phenol oxidase (PO) activity. PO is a key enzyme
involved in the encapsulation of pathogens, e.g. Plasmodium.
The conditioned medium of some lines also causes the
agglutination of mouse red blood cells. Haemagglutination
activity is commonly observed in insect haemolymph, and
may be involved in foreign recognition and opsonization.
The genes coding for the antibacterial peptide defensin and
for GNBP are induced in the mosquito cells upon contact
with bacteria or lipopolysaccharide (LPS). Nuclear extracts
derived from cells co-cultured with bacteria show inducible
NF-KB binding activity, indicating nuclear translocation of
immune transcription factors of the rei family. The mRNA
of Gambif 1 could be detected in those cells. Two mosquito
stages of the malaria parasite, ookinetes and sporozoites,
bind to the mosquito cells in vitro.

Identification of the malaria parasite
receptor on the A.gambiae salivaryglands

Several lines of evidence indicate that the invasion of the
mosquito salivary glands by the malaria parasite is mediated
by specific recognition and attachment. However, none of
the interacting components have yet been identified. The
isolation of the malaria parasite receptor on the mosquito
salivary glands, and further assessment of its molecular
nature and adhesive characteristics, will prove valuable in
the development of strategies to block parasite transmission
by the mosquito vector. An A.gambiae adult female salivary
gland eDNA expression library has been constructed and is
selectively screened for the Plasmodium receptor eDNA by
transient expression in COS cells, which are subsequently
panned (screened) with sporozoites. Several transfected
COS cell clones have been selected for their ability to
bind sporozoites. These are currently being purified through
secondary rounds of panning.

Molecular biology of olfaction in A.gambiae

We have recently initiated work on the isolation of A.gambiae
genes involved in host (Le. blood-meal source) seek-
ing/selection. These behaviours make a significant contribu-
tion to the vectorial capacity of disease vectors. We are focus-



ing on molecular aspects of olfaction, a principal determinant
of host preference behaviours in mosquitoes. The molecular
characterization of genes which mediate mosquito olfaction
has started with the generation of cDNA libraries specifically
derived from olfactory structures (antennae and maxillary
palps) of female adult mosquitoes. These appendages have
been used as substrates for the synthesis of cDNA libraries,
which have been further enriched for olfactory cDNAs by sub-
tractive hybridization against cDNA libraries prepared from
non-olfactory tissue from mosquito heads. Several potentially
important cDNAs have been identified to date, including the
first sequence encoding an odorant binding protein (OBP)
from A.gambiae, and a homologue for arrestin (a protein
potentially involved in intracellular signalling). A molecular
characterization of these clones is currently under way.

Germline transformation ofA.gambiae

Molecular analysis of gene function and regulation in
A.gambiae will be greatly facilitated by the ability to pro-
duce stable transformants. We are attempting to introduce
DNA into the germline of this organism, using constructs
based upon the Minos transposable element (Loukeris et
al., 1995), and the green fluorescent protein (GFP) as
marker. Anopheline eggs become opaque and exceedingly
resistant to injection within a few minutes of being laid.
Unlike Drosophila embryos, they cannot be dechorionated
and retain viability. We are attempting to overcome these
obstacles to transformation by chemical pre-treatment of the
freshly-laid embryos.

Differential gene expression in Plasmodium berghei

Plasmodium must undergo sexual development and fer-
tilisation to transmit between the vertebrate host and the
mosquito. The central step in this process is the activation
of developmentally-arrested gametocytes and their transfor-
mation into gametes. These events take place immediately
upon ingestion of the parasite with the mosquito blood-meal.
The signalling pathways in the parasite which trigger ga-
metocyte activation, gamete development, and fertilisation
have not previously been studied at the molecular level. We
are utilising RT-PCR diffential display procedures to profile
the pattern of differential gene expression throughout the
transmission stages of parasite development, and to identify
a panel of genes, the expression of which is linked to sexual
differentiation.
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Assistant: V. Sonntag-Buck

Introduction

The laboratory was established in July 1996. This report
focuses on the activities which were undertaken in the
new laboratory at Heidelberg, but includes references to
research which was carried out during the year in the Gannon
Laboratory which had previously been in University College
Galway, Ireland.

The estrogen receptor gene

The main focus of work of this group is the study of the
control of expression of the estrogen receptor (ER) gene. The
ER is a key protein in normal and pathological physiology.
Although its role is most readily associated with reproductive
functions, there is evidence that it also has an important role
in various stages of development of other tissues, (Schroeder
et al., 1993; Ma et al., 1993). The interest of this group in the
ER is long standing and initially focused on the ER and its
intracellular location and movement. When the ER gene was
isolated (Walter et al., 1985), a new range of possibilities for
its study became available. Whereas many researchers have
studied the ER as a transcription activator, the focus of our
group is on the question of the mechanisms underlying the
control of expression of the ER gene itself in a tissue, sex
and development manner.

The ER promoter regions
(G. Flouriot & C. Pope)

In the past year, the group has worked on describing the
promotor regions of the ER in human (hER) and chicken
(chER). The general findings in both systems are similar and

to avoid repetition only the results from the human system
are represented here.

Prior results from this Laboratory had pointed to the presence
of an alternative promotor for the ER gene (Keaveney et
al., 1991, Nestor et al., 1994). We found that a portion
of the 5' flanking region of the hER gene, approximately
-1 .9 kb upstream from the previously assigned transcription
startsite, presented a high homology with the 5' end of
the rat ER cDNA and exon 1 of the mouse ER gene. The
existence of a second hER mRNA resulting from a splicing
of this upstream region to the 5' untranslated region of the
previously designated exon 1was demonstrated by RT-PCR.
Afterwards, these resu Its were confirmed by work from other
groups (Piva etal., 1993; Grandien etal., 1995). In the course
of further investigation, we found that the total complexity
of the promotor region may be greater than had initially
been considered. To obtain more information on this topic,
a rapid amplification of cDNA ends (RACE) experiment was
performed, using a specific primer which was downstream
from the splice site previously described by Keaveney et
al., 1991. The cDNAs which had been obtained from this
RACE experiment, were sequenced and that at least
seven different 5' ends spliced into the first exon of the
hER gene (upstream from the startpoint of translation). In
addition to transcript A which had been initially described
by the Chambon laboratory (Green et al., 1986), there was
also a transcript B which started at approximatively -300
base pairs relative to transcript A, the transcript C that had
been identified by Keaveney et al., 1991, at -1900 and
two further transcripts, D and E, which contained novel
sequences. Moreover, two scrambled ER transcripts with
unusual rearrangements of exons 1 and exons 4, 5 and 6
were also identified.
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Table 3

Relative abundance of hER mRNA isoforms in different human cell lines and tissues

Total ER mRNA-

A ER mRNA

B ER mRNA

C ER mRNA

D ER mRNA

E ER mRNA

100 77 38

48 35 19

21 6 3

12 13 */-

* - -
16 10 4

44

18

6

10

*
10

69

23

8

27

*
11

25

*
*
8

11

*
*
*
*

*

*
*
*
*

*

47

2

*
*
*
40

*

*

*

*

*

*

*

*

*

*

14

4

*
6

*
*

*Only detected by RT-PCR.
The cell lines MCF7, T47D, ZR 75 are ER-positive cells from human breast tumours, HEPG2 is a human
liver cell line, HOS and SAOS are cell lines from human osteoblasts and HeLa is an ER-negative cell line
from human cervical tumour.

With a minimum of seven different untranslated regions, the
task which has occupied the laboratory for most of the year,
has been to codify their presence or absence in different
tissues, the relative amounts of each of the transcripts and to
show that the 5' untranslated regions are linked in all cases
to a complete ER transcript. A summary of these data (Table
3) shows that different transcripts are expressed to varying
extents in different tissues. This clearly implies that different
control elements are involved in the choice which is made
between the different promoters which are used for each of
the transcripts. The description of these and the clarification
of the related and obvious functional question as to why such
a range of isoforms is required, will be the topic for the future
and on-going work in the laboratory.

One requirement for such studies is the corresponding ge-
nomic regions. In the course of the year the genomic regions
for both the human and the chicken ER genes were isolated,
using a vectorette approach. An analysis of these has begun.

3' untranslated region
(M.R. Kenealy &V. Sonntag-Buck)

In analysing the expression of the ER gene, it is clear that the
amount of ER in any cell depends not only on the manner in
which it is transcribed but also on the stability of the message.
Work which was initiated in this group, showed that the
unusually long 3' untranslated region of the hER gene is able
to destabilize chimeric transcripts in transient transfection
experiments (Keaveney et al., 1993; Kenealy et al., 1996).
More recently this work has been continued using a new
model system to dissect the 3' untranslated region more
carefully. To compare the effects on mRNA stability of various
parts of the hER 3' UTR, we used a chimeric gene containing
the fos promoter, a translated region encoding human growth
hormone (GH) and the GH 3'UTR with a polyclonal restriction
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site into which the hER 3'UTR fragments were inserted. The
fos promoter responds transiently to a shift from a low to high
concentration of serum in culture medium, which causes a
pulse of transcription lasting less than 1 h and has been used
by others in studies of mRNA degradation (Lagnado et al.,
1994).

The initial experiments divided the 3' untranslated region into
four different fragments, A, B, C and D. The results suggested
that whereas all conveyed some degree of destabilization of
the transcripts, fragment B (Plate 64) gave the most dramatic
effect. Fragment B has subsequently been divided into three
subfragments. One of these (b) contained an AU-rich region
which is frequently a target for degradative RNAses. This
site was mutated (c) and all four fragments were then
linked to the serum inducible reporter gene. The outcome
of this experiment is currently perplexing in that all fragments
were stable. The possibilities which are being investigated
are that either a combination of regions is required for
the destabilizing effect or that the fragments which were
taken happened to interfere with a particularly important
destabilizing sequence. This work will be continued.

Other topics

The visiting scientist, Markku Kulomaa (University of
Jyvaskyla, Finland) studies the chicken avidin gene and
protein which is induced by progesterone, another steroid
hormone. His work is currently devoted to the study of
the structure-function relationship of the Avidin protein, and
in particular the consequences of site-directed mutagen-
esis in the gene on its structure and function. He and
his graduate student and visitor to EMBL, Olli Laitinen,
have also developed an array for biotin-binding activity of
avidin. The interaction was measured using surface plasmon
resonance.



PLATE 64

Schematic representation of hER 3'UTR and the expression
vectors used for stable transfections

(a) Diagram of hER 3'UTR and subfragments which were inserted
into expression vectors. The positions of AUUUA motifs are
shown as thick vertical lines. The sizes and the location of the
hER fragments relative to each other are shown. Mutations of
ATTTA motifs to ACCCA are indicated by asterisks.

(b) The pfGH vector is shown diagramatically, c-fos represents the
chicken c- fos promoter from "Yhere transcription starts, followed
by human growth hormone (hGH) coding region and then the
bovine GH (bGH) 3'UTR. The bGH 3'UTR contains a KpnllSacl
site where all fragments were inserted and is followed by a poly(A)
signal.

--- UTR3
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The publication report also Includes references to work which
had been on-going in the Galway laboratory on the control
of expression of genes in Salmon liver. The topic of most
interest there has been the role of HNF4/COUP in the control
of the HNF1 gene, the product of which is necessary for the
high expression of liver genes in this system.
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The Outstation at the DESY, Hamburg

Introduction

The DORIS storage ring in Hamburg started operation in
May 1996 and ran until late December. There were 27
weeks of scheduled beam time, divided into four week blocks
separated by a week of machine studies. The late start
allowed the replacement of a number of vacuum chambers
in the ring as part of the ongoing work to enhance further
the performance of DORIS. The improvement in the ring
conditions from 1993 to 1996 is as follows, with the conditions
expected for 1997.

Operating conditions of the DORIS ring

1993 1994 1995 1996 1997*

Particles electrons positrons positrons positrons positrons

Fill Length (hours) 3 8 8 12 >12

Ring Current (rnA) 100-+40 100-+40 120-+50 100-+50 100-+50

Beam (Weeks) 18 22 31 27 31

* anticipated

The time between successive injections is now approaching
12 hours, with therefore only two fills per day generally
required. The improved life-time of an increasingly stable
positron beam is proving to be most useful to all synchrotron
users. Five bending magnet lines (X31 and X11, protein
crystallography, X33 andX13, small-angle scattering from
non-crystalline systems and the EXAFS line) and the wiggler
station for protein crystallography, BW7B were fully opera-
tional throughout the year. The new wiggler branch, BW7A,
has been under commissioning and was in operation for
about 20 weeks. All seven lines were fully dedicated to the
structural molecular biology community. The annual external
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Priorities Committee met in March 1996 in Hamburg and
will meet again in early 1997. As before, we continued to
accept proposals throughout the rest of the year for new
projects which arise after the committee has met and would
benefit beam-time at short notice. These are scored later by
the committee. The staff scientists carrying out day-to-day
beam time allocation follow the guidelines established by
the committee. This is essential if EMBL is to maintain its
flexibility in handling new projects and in making the best use
of the beam time. The excess of proposals remained at well
over 50%, in spite of the introduction of BW7A. The 1996-97
winter shut down is much shorter, with the ring expected to
restart in mid February. Pressure on the staff will increase
as the ring is scheduled to run 24 hours per day, 7 days per
week for periods of 5 weeks interspaced with one of machine
studies. With the present staffing levels it is not possible
to provide full support as in the past for all our beam lines
under these conditions. Upgrading the beam lines (e.g. with
the state-of-the-art CCD detectors) is vital for maintaining
the high quality level of user support. At present only the
two wiggler beam lines are equipped with modern hard- and
software and there is no spare detector for any of the beam
lines. Support to EC visitors continued with the help of the
EC Human Capital Mobility Access to Large'Scale Facilities
Contract to the EMBL Hamburg and Grenoble Outstations,
number CHGE-CT93-0040. This has been essential to our
activities and we have sufficient funding at present until the
end of 1997. It is hoped that support can be renewed for
the future. At the end of the year a new head, Dr. Matthias
Wilmanns from EMBL Heidelberg, and deputy head of EMBL
Hamburg Outstation, Dr. Victor Lamzin from the Outstation
staff, were appointed after an extensive search procedure.
The commitment of EMBL to the Hamburg Outstation is
emphasised by these appointments. The Outstation is clearly
in safe hands and I wish my colleagues well in the future.



Instrumentation group

Group leader: C. Hermes
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Visitor: R Hanekamp*

After three years of intensive wiggler beamline construction,
building and commissioning, both EMBL wiggler stations
were available for users during 1996. Our emphasis during
this year shifted from construction towards facility improve-
ment in ease of operation and above all X-ray flux! A pro-
gramme was initiated that included modifications as well as
design and building of new crucial beamline components like
X-ray monochromators, detectors and positioning systems.

In the winter shutdown 1995/1996 the monochromator of
beamline BW7Awas upgraded with a sophisticated vibration
damping system. Installing the large granite blocks of the
vibration damping system required a complete strip-down
of the vacuum system and shielding walls. At the same
time a new design for the vertically focusing mirror was
implemented. Now X-rays are reflected downwards from this
second mirror resulting in a beam, which is parallel to the
floor, a situation which facilitates work considerably.

The optical table situated at beamline BW7A was equipped
with an entirely new designed collimation system, an im-
proved optical crystal alignment set-up, an accurate rotation
axis and a 1.5 m long translation stage for the IP-detector.
The crystal rotation angle is now measured with a high pre-
cision angular encoder (accuracy 1/1 000 degree). As from
next year the sample to detector distance will be measured
absolutely with an accuracy of approx. 10 ,um, thus eliminat-
ing another source of systematic errors. The X-ray collimator
design is a novel approach which comprises 2 detectors
installed in front of and behind the first pair of collimating
slits. These detectors - quadrant PIN photo diodes with a
central aperture - measure the beam position with respect
to the sample with high precision. If any deviations from the
ideal (aligned) position occur, the sample is automatically
placed at the new beam position. This optimization is per-
formed continuously and does not require any intervention
of operator or experimenter. Plate 65 shows the rear of

PLATE 65

Rear of X-ray collimator. (1) Beam stop; (2)
Crystal rotation axis (<1>-axis); (3) Local shutter
with nose piece; (4) Second ionization chamber
(measures intensity incident on protein crystal);
(5) Second pair of X-V slits; (6) Second quad PIN
diode; (7) Collimator tube.
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PLATE 66

First quadrant PIN photo diode detector with X-ray window removed.
The beam passes through the central 1x 2 mm2 aperture before it
is further narrowed down by the first pair of X-Y slits. The signals
from individual quadrants are measured separately and are used to
calculate the centre of the incident X-ray beam.

the collimator tube close to the position of the protein crystal.
The quadrant detector which is mounted on the collimator's
front end is shown in Plate 66. This automatic alignment
system is now implemented on both wiggler beam lines.
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Beamline X11 was upgraded with monochromator crystal
cooling as developed for the wiggler beamlines. This re-
sulted in reliable and stable working conditions with limited
interference of staff during data collection sessions. MAD
experiments on beamline X31 were facilitated by the in-
stallation of a new fluorescence detector system. The old
.scintillator detector was replaced by a compact solid-state
detector with built-·in thermoelectric cooler. The intrinsic en-
ergy resolving power of this detector eV, measured
for 6 KeV photons) in combination with a multichannel anal-
yser (MeA) enables us to separate scattered from fluores-
cence radiation resulting in easier and faster set-up of MAD
experiments.

In the meantime, new monochromators aimed at increasing
the X-ray flux on both wiggler beamlines were designed
and were already or are being made. The available flux
on BW7A should increase considerably once the sagittally
focusing monochromator is in place. First measurements
with this monochromator on the test beamline in late 1996
gave promising results. During a two month period early 1997
the new monochromators of both wiggler beamlines will be
implemented and extensively tested. The two wiggler stations
should then provide higher flux and improved operation for
the second synchrotron radiation run period starting in May
1997.

An ionization chamber was designed which allows us to de-
termine the photon flux absolutely. Great care has been taken
to avoid any inhomogeneity of the electric field across the
well-defined active volume, thus alleviating one main source
of errors when calculating the absolute flux. All relevant
parameters like voltage, gas pressure, kind of gas filling are
computer-controlled and therefore readily adaptable to the
wide energy range covered.
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Beam lines

There were 27 weeks of beam time during 1996. The 4 beam
lines available were:

A pie-chart of the distribution of useable beam time between
external users from inside and outside Europe, in-house
research and maintenance and EMBL problems is given in
Plate 68.

Table 4

Beam Relative A MAR MAD Cryogenic
line intensity, ( A) plate facility device

rough ..
estimate

X31 1 Tuneable Small Available Yes

X11 4 0.92 Big No Yes

BW7A 4 Tuneable Small No Yes

BW7B 10 0.89 Big No Yes

The expected operation of the lines for the years 1995-1997
is shown in Table 5.

Maintenace
and EMBL problems
60 days (9.2°(0)

In-house
46 days (7.2%)

PX non-Europe
35 days (5.4%)

PX Europe
504 days
(78.2%)

PLATE 68

Beam time provided to external PX users on EMBL beam lines.

Plate 67 shows the increase in beam time over the period
1994-1996.

o 1994
1995

• 1996

BW7AX11 BW7B
Beam line

Commissioning

X31

50

Scanner went off
(no spare!)

200

150

(f)

100
o

Useable beam time in 1996, all PX beam lines.

A histogram of the use of each of the four lines during
1994-1996 is shown in Plate 69.

PLATE 69

Three of the four PX beam lines operated throughout. The
second wiggler line, BW7A, underwent commissioning for
about half of the time and was then made available to users.
The two wiggler beam lines will be out of action for the first few
weeks of 1997 as new monochromators are commissioned.

There were almost 350 proposals during 1996 with a geo-
graphic distribution as shown in Plate 70. The oversubscrip-
tion of the beam lines continues to be high, as in all recent
years, Plates 71 (a) and (b).

" Operation of PX beam lines and days of access provided.

199619951994
o

Table 5

Functioning of EMBL PX beamlines
(very approximate)

1995 1996 1997

X31 1 1 1

X11 1 1 1

BW7A Commissioning 0.5 0.8

BW7B Commissioned in 1995 1 1 1

TOTAL 3.0 3.5 3.8

200

500

100

400

PLATE 67
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PLATE 70

Geographic distribution of PX proposals in 1996

PLATE 72

Status of external PX 1996 projects for different countries.

The allocation of beam time to the proposals from different
countries is presented in Plate 72. Our records indicate that
317 "non-redundant" data sets were measured in EMBL
Hamburg during 1996. Most of these are expected to lead
to publications.

1996 SR PX beam proposals submitted per country

2 Finland
34 Sweden
13 Denmark
75 Germany
25 Netherlands
62 UK
6 Belgium
12 Austria
14 Switzerland
18 France
10 Italy
6 Spain
6 Greece
1 Israel

17 EMBL-HD
4 Russia
4 Poland
7 Portugal

80

70

60
fI)
1:)

50
Q.

40
(1)
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E
:::J 30
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20
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• Projects completed

EI Projects need more beam time

121 Projects not begun
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(a) 166

800 days
needed

CD

177 more

E days

ca 600
needed

CD.c
'0
en 233>- daysca
C 400 used-en Beam
t) Not begun time
CD 103 given·0 Total PX Not

539 days

200 projects completed 306
100 days

348 used
Projects
completed
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EMBL Hamburg continues to cater to a large and well-
established user community from almost all of the Member
States. The laboratory has greatly benefited from the support
to EU visitors continued with the help of the EU Human
Capital Mobility Access to Large Scale Facilities contract
to the EMBL Hamburg and Grenoble Outstations, number
CHGE-CT93-0040. This has enabled us to support a large
proportion of our users in the period 1993 to 1996. The
present contract will terminate at the end of 1997. A particular
need if we are to make optimal use of our high intensity
wiggler lines, is the purchase of fast new detectors such as
charged coupled devices (CCOs) in the next 1-2 years.

Methods development

(a) Status of the external PX projects in 1996, beam time provided
with comparison to the beam time available.

(b) "Oversubscription" of EMBL PX beam lines (ratio of the beam
time used and requested to the beam time available.

2.0

1.5

1.0

0.5

0.0

PLATE 71

1995

(b)

1996

MAD measurements at EMBL Hamburg

Currently there are two tuneable EMBL beam lines dedicated
to protein crystallography: X31 and BW7A. X31 has tradition-
ally been used to collect data from heavy atom derivatives,
without anomalous signal optimization. However, owing to
the growing popularity of MAD methods as a means to solve
the protein structures and the corresponding increase in the
number of proposals requesting this type of experiment, the
instrumentation at the experimental end of the beam line
has been upgraded to optimize narrow bandpass anomalous
data. '

The required wavelength stability is provided by a device
similar to the one in use at the EXAFS beam line. This was
installed by Gwyndaf Evans and the instrumentation group.
In addition, in 1996 a new fluorescence detectorwas installed
to measure the anomalous signal from protein crystals more
accurately. Because of the energy resolution provided by the
detector it is possible to differentiate the fluorescence signal
from elastic scattering and other noise and reject the counts
arising from the latter. This can be done visually with the
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aid of a multichannel analyser. The current set-up not only
allows the measurement of a more accurate and cleaner
absorption edge from which to select the wavelengths for a
MAD experiment, but is also useful to detect the absence of
a putative heavy metal in the protein, contributing to a more
efficient use of the beam (and the user's!) time.

BW7A has become operational during this period. Prelimi-
nary studies of the wavelength stability seemed to indicate
that the beam is stable enough to do MAD experiments,
except for the 15-20 minutes following injection. A test MAD
experiment at three wave1engths around the Fe Ka edge
was carried out and despite the expected loss of data quality
caused by absorption errors at such soft wavelength (non-
anomalous Rmerge of 7% at the inflexion point compared
with 4% at 1 A) the data yielded an easily solvable Patterson
and good phases to 2.2 A with a figure of merit of 0.6.
The resulting map is interpretable and model building and
refinement is in progress.

This preliminary test results suggest that thermal effects on
the monochromator, rather than beam position drifts, are the
cause for any significant changes in the wavelength. This
implies that the new monochromator with improved cooling
built by the EMBL instrumentation group could probably make
it possible to collect MAD data without extra wavelength
stabilization even at L edges. More tests are needed to end
up with final conclusions.

A self-validation technique for protein
structural refinement: the extended
Hamilton test: II. Temperature factors and
non-crystallographicsymmetry
(with A. Bacchi (Parma, Italy))

The protocols for the validation of macromolecular crystallo-
graphic refinements have long been discussed in the crys-
tallographic community and different procedures have been
used to assess the quality and reliability of refined structures.
The validation of a refinement normally monitors the im-
provement of the agreement between the calculated and the
observed data, and checks that the model makes chemical
sense and is consistent with the information contained in the
experimental data. A valid model should optimally exploit the
data and avoid overfitting.

Recently, we have developed a self-validation method ex-
tending the Hamilton test to macromolecular refinement.
This provides a statistical quantitative indication of whether
the introduction of new parameters and differently weighted
restraints in a protein refinement produces a significant
improvement in the quality of the model, measured by the
r.m.s. R-factor. Here we use the method to provide guidelines
for the choice of different general refinement protocols. We
considered three typical cases in which the crystallographer
must decide whether the data contain enough information to
continue the refinement and look for a more detailed model:
the release of non-crystallographic symmetry constraints, the
introduction of individual isotropic displacement parameters
and the introduction of anisotropic atomic displacement pa-
rameters. For each, the description of the updated model
requires more parameters and this always results in a drop
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in R-factor. We analyse here the influence of the maximum
resolution of data and the relative weight of restraints on the
improvement in r.m.s. R-factor required to proceed in the
refinement.

We consider two stages of a protein refinement in which the
.model is described by different numbers of parameters and
is differently restrained. The extended Hamilton test provides
an estimate of the probability that the improvement in r.m.s.
R-factor (Rfactor ratio equal to R(critical)) is significant, and
it is not a result of overfitting. R (critical) can be expressed in
terms of maximum resolution (dmin), number of protein atoms
(NA), completeness of restraints (w1, w2) and introduce a
correction accounting for presence of solvent in the model.

For a typical protein removal of two-fold NCS constraints be-
tween molecules described by atomic positional parameters
is possible if X-ray data extend to at least 2.4 A. At lower res-
olution release of NCS is realistic only for a tightly restrained
refinement. Refinement of individual atomic isotropic dis-
placement parameters is valid if the resolution is higher than
2.2 A. At lower resolution, as for the NCS case, the individual
atomic displacement parameters can be refined only for
highly restrained models. Introduction of anisotropic atomic
displacement parameters substantially increases both the
number of refined parameters and restraints. The resolution
required is 1.5 A. The estimates slightly vary depending on
the crystal packing. Some examples of protein refinements
are examined and found to be in a good agreement with the
guidelines derived from the pure statistical test.

This study shows that the number of available experimental
data is in general an a priori limiting factor on the number
of structural details which can be determined during a
refinement. This mostly defined by the maximum resolution
of the X-ray analysis. However any other factors which might
reduce the completeness and numerical consistency of the
set of experimental data, such as lack of care during data
collection and data processing, introduction of low-resolution
cut-off, or deliberate omission of sets of reflections, will result
in a reduction in the quality of the description of the final
structural details.

In-house and collaborative projects

Bonding electrons in proteins
(with M.M. Teeter (Boston College, USA))

A long-term interest of the Hamburg Outstation has been the
collection of data to atomic resolution for prolein structures,
revealing the majesty of these structures in all their glorious
detail. This work has been made possible by the advent of
modern techniques, especially including high intensity syn-
chrotron radiation, efficient two-dimensional (20) detectors
and cryogenic freezing. The data are of unprecedented qual-
ity and reveal features of the proteins which were previously
not accessible to diffraction experiments.

Not only the accurate positions of the atoms, but the sub-
tleties of the stereochemistry and electronic substructure are
important for a full understanding of the functional activities



of proteins, be they involved in enzymatic catalysis, electron
transfer or other biological activities. Theoretical quantum
mechanical calculations can provide good approximations to
the density distribution.

X-ray crystallography is the classical method for determining
the experimental density, as it is the electrons which scat-
ter X-rays. In most studies the electronic distribution of a
molecule is represented to a first approximation by a set of
individual spherically symmetric atomic densities, with each
atom being represented by three positional (xyz) and six
anisotropic atomic factors. The latter model is
a combination of thermal motion and static disorder. The
level of detail detected is directly dependent on the number
of experimental observations. To the resolution of most small
molecule analyses, about 0.8 A, this spherical approximation
is quite adequate. Detailed studies of small systems have
been carried out for a number of years, many depending on
high intensity synchrotron sources. As the resolution extends
towards 0.5 A, there are sufficient experimental data to allow
deviations from the spherical model to be seen, the so-called
deformation density. These features result from the direction-
ality of the valence electrons involved in interatomic bonds
and atomic lone pairs. Such deviations have proved to be
in general agreement with theoretical quantum mechanical
calculations. For larger molecules such as proteins recording
of such data has not been tractable.

The new wiggler beam line, BW7A allows the use of short
wavelength radiation, around 0.6 A. This led to the possibility
of collecting diffraction data to a comparable resolution, using
an imaging plate detector. We first tested the experimental
set-up using L-asparagine monohydrate, at room tempera-
ture. Complete data were recorded to a resolution of 0.62 A.
The model was refined with an anisotropic description of the
atomic displacement parameters, Table 6. The final differ-
ence synthesis, Plate 73, indicates clearly the inadequacy
of the spherical approximation for the atomic scattering
factors. There are peaks at the centre of each of the bonds,
corresponding to the (J valence electrons.

Table 6

Data collection and refinement statistics

L-asparagine Crambin Savinase

EMBL beam line BW7A BW7A BW7B

Wavelength ( A) 0.56 0.59 0.86

Temperature (K) 295 100 110

Resolution ( A) 0.62 0.67 0.98

Unique reflections 1,593 59,096 97,621

Non-hydrogen atoms 11 449 2,352
in the model

Reflections/para- 12.1 13.2 4.4
meter ratio

Crystallographic 2.6 7.9 10.7
Rfactor (%)

PLATE 73

Difference density map for L-asparagine at 0.62 Aresolution.

OTl

Macromolecular crystals generally do not diffract to such ultra
high resolution. Consequently, deformation density has not
been observed. However, proteins consist of linear chains of
amino-acids with the backbone built from a set of repetitive
peptide units. We have been able to obtain direct experimen-
tal observation of the bonding electrons for proteins exploiting
the averaging of the electron density for these repetitive units.

The first example is the 46 residue plant protein crambin
from Crambe abyssinica. Its structure at 130 K was recently
determined at 0.83 Aresolution with data collected on a con-
ventional source (Teeter et al., 1993). On BW7A, diffraction
data were collected to 0.67 Aat 100 K and the model refined,
Table 6. In the final difference density there is no significant
evidence for deviation from the spherical atom approximation
for individual amino-acid residues. However, on averaging
the electron density for the linear array of equivalent peptide
moieties, clear and significant deformation density can be
seen, Plate 74. '

There are two features of interest. Firstly, the peaks on both
sides of the averaged peptide represent the two major areas
of the Ramachandran plot, reflecting the two highly populated
regions of conformational (4), lfI) space, the secondary struc-
ture elements, a-helix and f3-sheet. Secondly, the features
in the averaged difference map are even more striking.
They provide clear indication of the bonding electrons in the
peptide moiety, which correspond to the concentration of the
(J electrons in the middle of the bonds. Some evidence for
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PLATE 74

Averaged difference density for crambin indicating bonding a and rc
electrons in peptide unit.

CA

the n: electron density can be seen, shifted towards the more
electronegative Nand 0 atoms.

We applied our analysis to a larger protein, savinase, a
subtilisin with a molecular weight (MW) of 27 kDa. The data
only extend to a resolution of 0.98 A, Table 6. In spite of the
lower resolution, the larger MW enhances the effectiveness
of the averaging. Once more, there is clearly visible density
for the (j electrons in the middle of the bonds, although owing
to the more limited resolution, the integrated volume of these
peaks in electrons is smaller than for crambin, Plate 74.
The density corresponding to the n: electrons is no longer
apparent.

For the first time the deformation of atomic electron density
from the spherical approximation has been experimentally
observed for macromolecules. The procedures used during
collection of these datawere those routinely applied in protein
crystallography. The volume of the peaks corresponding to
(j valence electrons within the peptide unit in crambin is
about one fifth of an electron. It is now possible to reach
a data quality sufficient to see features representing such
fine details of the protein structure. At present we have only
seen these features in the difference Fourier synthesis and
have not incorporated them into the model.
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2[Fe4-S4] ferredoxin from Clostridium acidiurii
at atomic resolution
(with L.C. Sieker, Seattle) and
J.M. Moulis &J. Meyer (Grenoble))

Following our previous study on ferredoxin, we collected
. atomic resolution X-ray data to 0.94 A on a crystal of the
Clostridium acidiurii protein frozen at 100 K. The crystal
has symmetry P43212 with cell dimensions a=34.0 A and
c=74.8 A. The model, available from the previous study,
has been refined using program SHELXL against all 47452
F2 with Friedel related intensities treated separately, first
isotropically and then anisotropically. At the end of refinement
the blocked matrix option was used to obtain the proper
estimation of the accuracy of all refined parameters. The
final R-factor was 8.9% for F2>2(j(F2) and 9.9% for all
reflections.

The accuracy of atomic positions is in the range 0.015-
0.020 Afor most of the protein atoms, except those in multiple
conformations. Five side chains have double conformations
and two regions of the protein main chain clearly show double
conformations with corresponding atoms up to 1.5 Aapart.
These regions showed high mobility in the previous analysis
at 1.8Aresolution at room temperature and the loop 25-29
had no interpretable electron density.

The accuracy of iron and sulphur atoms of the two Fe4-S4
clusters is in the range 0.002-0.003 A. However, the Fe-S
bond lengths within the clusters, which were expected to be
equivalent, differ by much more than this, and are spread
between 2.23 and 2.32 A. To validate these differences 10
refinements were performed starting with the coordinates
of cluster atoms randomised by about 0.25 A. The resulting
deviations of atomic positions were within the same limits
as estimated from the least-squares matrix, confirming the
meaningfulness of the differences between Fe-S bonds. The
asymmetry of the clusters seems to playa role in fine tuning
the electron transfer properties of the protein.

Crystal structure of EIAV-dUTPase and
its complex with Sr and dUDP
(with R. Persson, A.-M. Rosengren &P.-O. Nyman
(Lund) and E.S. Cedergren-Zeppezauer (Stockholm))

Equine infectious anemia virus (EIAV) infects members of the
family Equidae. The economic impact of the disease, when
affecting domestic horses, is significant since no effective
vaccine against EIA is available on the market. Several
virus classes encode their own deoxyuridine'5'-triphosphate
nucleotidohydrolase (dUTPase), an enzyme crucial in nu-
cleotide metabolism and DNA replication. Although every
host infected by viruses have their own dUTPase the
viability of certain viruses, including EIAV, decreases in
non-proliferating cells if the viral dUTPase is inactivated.
This finding has initiated an intensive search for specific
inhibitors suitable for the development of antiviral drugs. In
such work three-dimensional (3D) structures are needed
for the rational design of compounds. The X-ray structure
determination of EIAV-dUTPase is work performed for this
reason.



Recombinant EIAV-dUTPase was used. The native en-
zyme was crystallized from PEG400 at neutral pH and
co-crystallized with dUDP-Sr2+ to form a complex. Native
crystals belong to the space group R32 with cell dimensions
a=b=86.27 A, c=95.24 A. Crystals used for data collection
of the complex contained 20 mM strontium chloride and
5 mM of the substrate analogue in the crystallization medium.
The space group was cubic with cell dimensions 106.7 A
and after structure solution determined to be P4132. X-ray
intensities for native dUTPase were collected exposing one
single crystal at 4°C to 1.9 Aresolution. A single crystal of the
complex between EIAV-dUTP'ase and dUDP-Sr2+ was also
used to collect data at 4°C.

EIAV-dUTPase is a homo-trimer similar to other dUTPase
molecules for which 3D structures are known (human and
E.coli). The subunit architecture is similar for the three
enzymes and consists of a f3-barrel of the general jelly-roll
fold. Subunit crossing-arms form strong interactions within
the trimer as well as large surfaces interacting about the
molecular threefold axis. These surfaces differ in character
between the viral and the bacterial enzymes; the EIAV-
dUTPase being highly hydrophilic whereas the bacterial
enzyme is exclusively hydrophobic.

The three active sites of dUTPases lie at the interface
between two subunits by loops forming a shallow cavity.
These depressions are filled with numerous water molecules
in the native EIAV-dUTPase, many of which, in the interior
part, are expelled upon dUDP-Sr binding. The uracil ring of
dUDP is hydrogen bonded to main chain atoms of the f3-barrel
and deeply buried waters in the cavity.

The diphosphate moiety is bound to the Sr2+ ion with
bond lengths comparable to Sr-phosphate bonds in small
structures. In addition, six water molecules bind to Sr forming
an eight coordinated inner sphere which in turn is surrounded
by a second shell of wateL Strontium, being a heavier
atom, was selected to substitute Mg, which is essential for
enzyme-substrate binding. We interpret the Sr binding site
to mimic the Mg position, which has never been described
before.

Studies on alcohol dehydrogenase revealing
details about the active site and the trigger
to domain motions
(with E.S. Cedergren-Zeppezauer (Stockholm)
and H.W. Adolph (SaarbrOcken))

Alcohol dehydrogenase (ADH) is an extensively studied
enzyme but many aspects of the mechanism remain to be
solved before the enzyme action can be fully understood.
Data from various methods need to be combined with results
obtained from 3D structure determinations of the protein.
ADH activity is dependent on an active site zinc ion, the
protein undergoes extensive conformational changes and
protonation/deprotonation of protein groups are crucial steps
in the alcohol/aldehyde oxidation/reduction reactions. In this
work we focus our interest on (1) the role of the metal and of
metal-bound water and (2) geometrical changes in the zinc
coordination sphere during catalysis. (3) We also search for

the protein groups acting as triggers to the conformational
change of the protein and (4) try to identify the groups in the
active site which participate in proton reactions.

At atomic resolution new features in protein structures can
now be revealed relevant to our interests concerning ADH
chemistry. For this enzyme, with a molecular weight of
80 kDa, data at 1.0 Aresolution have been obtained. To our
knowledge, this is the 'largest protein for which such detailed
structural information is available.

X-ray intensities have been collected for four crystal forms,
at various resolutions of ADH representing native enzyme,
active site metal substituted ADH and different complexes
with the cofactor NADH, plus inhibitors. The temperatures
during data collection were 20°C, 4°C and 120 K, the
largest cell parameters were 167.2x 237.3 x 58.2 A, and for
the highest resolution structure (1.0 A) 323 884 independent
reflections were extracted.

Data for a large number of structures, 3 of which are at
atomic resolution, have been collected and evaluated, but
refinement and interpretation of these structures have not
yet been completed, and X-ray data at various pH values
still remain to be collected. However, new features have
been observed related to the conformational change. We
have obtained highly accurate metal-ligand bond distances
and angles which were lacking for ADH. Furthermore, we
observe a highly distorted zinc coordination sphere upon
coenzyme binding and can clearly say that the nicotinamide
ring of NADH is not planar.

The gross conformational changes in ADH when comparing
native unliganded enzyme (Apo-ADH) with the ADH-NADH-
DMSO ternary complex has been described earlier. Domain
rotations, around the hinge, take place which close the
ligand binding cleft between the central, coenzyme-binding
core of the dimer and flanking catalytic domains. When
we compared high resolution apo- and holo-ADH structures
we could see that residue 368 (from the moving domain)
changes Ramachandran angle upon NADH binding. Residue
Leu 368 is not directly involved in NADH interaction, but forms
a water-NADH link via the peptide backbone which results in
the strained conformation.

We also observe that the pyrophosphate site in the NADH
binding cleft, located between domains, can bind sulphate
ion. Sulphate binding at low concentration (1 mM) is clearly
seen in apo-ADH. The protein conformation is nearly identical
to apo-ADH without ion bound. The domain closure of the
binding cleft corresponds to a few degrees rotation only.
At high concentrations of ammonium sulphate (1 M) ion
binding causes closure of the binding cleft to an extent which
is nearly identical to an ADH-NADH complex (2.5° rotation
less). In addition, at high salt concentration, closed, open
and intermediate conformations of the subunits are found
simultaneously in the crystal lattice. Arginine 47 (from the
moving domain) is poorly defined in the electron density
in the low salt structure but well-defined in the high salt
structure making interaction with the sulphate ion. When
the domain closure in the ADH-sulphate complex resembles
the conformation of an ADH-NADH complex the peptide 368
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has switched to the odd Ramachandran angle. This result
clearly shows that residues Arg 47 and Leu 368 take part in
the trigger mechanism for the gross conformation change in
ADH.

Flexibility at the active site of ribonuclease Sa2
(with J. Sevcik (Bratislava) and C.N. Pace (USA))

Streptomyces aureofaciens bacteria secrete ribonucleases
belonging to an extensive microbial family. The structure of
RNase Sa was determined to high resolution with several
nucleosides bound to the active site. Here we report the
results on studies of RNase Sa2 which is highly homologous
to RNase Sa.

The crystal structure was solved by molecular replacement
using RNase SA as the search model. There are three inde-
pendent molecules in the crystal: A, Band C. Superposition
of the three Sa2 molecules on Sa shows that the core is highly
conserved. In RNase Sa and in molecules A and B of RNase
Sa2, Tyr 86 is at the bottom of the active site. In contrast,
in Sa2 molecule C there is a substantial rearrangement of
the main chain loop of five residues containing the catalytic
His 85 and Tyr 86. For Tyr 86, the Ca atom moves 4.5Aand
the OH of the side chain 10 A. The Ca atom of His 85 moves
by 2.0 A but its imidazole ring remains in about the same
position in both conformations. There is tetrahedral electron
density in the catalytic site of Sa2 molecule A indicating
the presence of a sulphate anion, which interacts with three
arginines from molecule A and a fourth from C. The position
of the anion agrees well with the position of the phosphate
group of inhibitors in complexes with Sa.

RNase Sa2 molecules A and C interact through their active
sites and are tightly bound to one another in the crystal by
nine direct H-bonds, seven H-bonds mediated by the anion
and water molecules and by the stacking of molecule CTyr 86
against Tyr 86 and Phe 37 in molecule A which form the
bottom of the active site. The aromatic ring of molecule C
Tyr 86 is inserted into the active site of molecule A and
lies in the same plane as the mononucleotide bases in
complexes with Sa. The OH atom of Tyr 86 C is H-bonded
to the main chain NH groups at positions 39 and 40 in
molecule A, which are the same atoms that form H-bonds
with the guanine base 06 atom in Sa complexes. All atoms
in the active site of molecule A which form H-bonds with
mononucleotides in the complexes of Sa are involved in the
H-bonding network in the complex with molecule C, Le. the
molecule A active site is fully inhibited by molecule C and the
anion. The interactions between the two molecules provide
the free energy to stabilize the alternative conformation of
molecule C. This conformational change in the main chain
of molecule C is one of the largest observed within a
single protein domain in different crystal environments. This
supports the concept that the interactions of the protein
molecules in a crystal can occasionally trap energetically
less favourable conformations which are present in solution.
Our results provide clear evidence of the flexibility of the
active site of RNase Sa2 and considerably enhance our
appreciation of the flexibility of proteins in general and
microbial ribonucleases in particular.
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D-Iactate dehydrogenase
(with S. Kochhar (USA))

Enzymes are selective for the chirality of the substrate.
NAD-dependent dehydrogenases are a good example of this
stereospecificity. They comprise the L- and the D-specific
dehydrogenases which are specific for L- and D-2-hydroxy
acids and so exhibit an inverse specificity, due to a mirror
inversion of the arrangement of their active sites. The L-
and D-Iactate dehydrogenases (LDH) catalyse the intercon-
version of pyruvate into the corresponding stereoisomers of
lactate. This is a key step in the enzymatic metabolism in
lactic acid bacteria. Sequence alignment has shown that the
D-LDHs and the L-LDHs belong to two distinct families: the D-
and L-hydroxy acid dehydrogenases. Previous studies have
suggested that these enzymes have the same but mirror-
inverted catalytic site, supporting the idea of convergent
evolution. LDH provides an ideal system to understand how
chiral recognition is achieved in nature. Knowledge of fine
details of stereospecificity can be exploited in the production
of enantiomerically pure chemicals.

To have a deeper insight into the active centre and to clarify its
function, it is essential to determine the structure of D-LDHs
from different sources. No crystal structure of D-LDH has
been published, but preliminary X-ray diffraction analysis has
been performed on crystals from Lactobacillus pentosum
and L.mesenteriodes and the structure of L.helveticus D-
LDH has been determined, although not yet published.

Lactobacillus bulgaricus D-LDH consists of two identical
subunits, each of 332 residues with a total MW of 37 kDa.
Diffraction data for a L.bulgaricus D-LDH complexed with
NADH were collected to 2.2 Aresolution. The crystals belong
to the space group P43212 with unit cell 79.4, 79.4, 228.6 A
and there are two molecules in the asymmetric unit. The
structure was solved by molecular replacement, using the
recently solved model of L.helveticus D-LDH complexed with
oxamate and NADH at 2.7 A. L.helveticus D-LDH has 85%
sequence similarity to the L.bulgaricus enzyme. The current
R-factor is 21 .0% and Rfree 32.2%.

PLATE 75

The structure of D-LDH.



PLATE 76

Scheme of the FDH active centre.

The high degree of conservation of Gin 313 in FDHs from
various organisms suggests an extremely important role
for this residue. We propose that it provides an extremely
low pKand a partial positive charge on its counterpart, the
His 332 imidazole. The affinity of the Gln313Glu mutant
towards substrates is slightly superior to wild-type at neutral
pH but rapidly decreases at basic pH. The pH range for
wild-type FDH is much broader (5.5 to 10.5) thus increasing
the viability of the cell under unfavourable environmental
conditions. Further structural studies of formate containing
complexes are required to localize the substrate binding
site and to draw more detailed conclusions about FDH
mechanism.

The mutant Gln313Glu has the same catalytic activity and
affinity for coenzyme as wild-type. The mutant binds formate
stronger in the pH range 6.0 to 7.0 where His 332 is expected
to be protonated. There is a new pH-transition for Km for
formate with pKof 7.6±0.2. Thus, the Gln313Glu mutation
affects the binding of formate to the active site due to change
of .the pKof His 332. Since formate anion is bound, the
protonation state of His 332 is piobably no longer essential
for catalysis. Both wild-type and Gln313Glu mutant show the
same catalytic activity within a wide range of pH.)-

\

Role of the His332-Gln313 pair in the
reaction catalysed by formate dehydrogenase
(with V.1. Tishkov, A.D. Matorin, A.M. Rojkova,
V.V. Fedorchuk, P.A. Savitsky, L.A. Dementieva,
A.V. Mesentsev &V.O. Popov (Moscow))

NAD-dependent formate dehydrogenase (FDH, EC 1.2.1.2)
from the methylotrophic bacterium Pseudomonas sp. 101,
belongs to the family of D-specific dehydrogenases act-
ing on D-stereoisomers of 2-hydroxyacids. Crystal struc-
tures of FDH and two D-specific dehydrogenases, D-
phosphoglycerate dehydrogenase and D-glycerate dehy-
drogenase revealed significant similarities in their three-
dimensional fold.

Three amino-acid residues in the FDH active site in the close
vicinity of the catalytic C4 position of the nicotinamide moiety
of NAD, Asn 146, Arg 284 and His 332, are candidates
for binding substrate, see Plate 76. In the FDH-NAD-azide
crystal structure Arg 284 and Asn 146 are directly involved
in binding azide. The imidazole moiety of histidine is an
ubiquitous acid-base catalyst found in a number of enzymes.
The active site His 332 forms a tight H-bond (2.8 A) with
Gin 313 NE2. This stabilizes the imidazole moiety in the
non-protonated state and lowers its pK, probably far beyond
the pH range in which the enzyme is stable (pH 5.5). A
partial proton transfer from glutamine to histidine induces
a positive charge on the imidazole and facilitates negatively
charged formate binding. It is expected that fully protonated
His 332 (HisH+/Glu--ion pair) would be the best ligand for
formate. Absence of a positive charge would hinder formate
binding. Mutation of His 332 to any residue without the ability
to form H-bonds is thus expected to destroy formate binding.
Indeed, the His332Phe mutant has no catalytic activity. Thus
His 332, as the third substrate ligand, seems to provide
favourable electrostatic interaction, in addition to H-bonds
formed between formate and Arg 284 and Asn 146 side
chains.

The fructose-6-phosphate binding
domain of glucosamine 6-phosphate
synthase from E.coli
(with M.-A. Badet-Denisot &B. Badet
(Gif-sur-Yvette))

Amidotransferases are responsible for utilisation of the amide
nitrogen of glutamine in a variety of biosynthetic reactions.
They consist of a glutaminase domain which catalyses
hydrolysis of glutamine to glutamate and ammonia, and a
synthetase domain which catalyses amination of a particular
substrate. Given the central position occupied by the glu-
tamine amidotransferases in cellular metabolism, elucidation
of the mechanism of nitrogen transfer in this family of en-
zymes may have significant implications for the discovery
of new therapeutic agents. Structure-functional studies of
glucosamine 6-phosphate synthase from E.coli have re-
sulted in the 3D model of the glutaminase domain which
was determined at 1.8 A resolution (see EMBL Research
Report 1995). Now we have solved the crystal structure
of the fructose-6-phosphate binding domain (FBD) at 1.9 A
resolution.

The FBD has been expressed in E.coli and crystallized in
the presence of the substrate, fructose-6-phosphate. There
were two crystal forms one of which, characte'rized by a unit
cell dimension of 340 A, two molecules in the asymmetric
part, and a strong pseudosymmetry (point group 622 in
the space group P61) was not suitable for X-ray analysis.
The main problem was that there were no two identical
crystals in terms of the orientation of non-crystallographic
symmetry elements. The structure of FBD was solved using
the other crystal form obtained from 30% MPD rather than
from salt (30% (NH4)2S04 + 30% Na formate). The crystals
belong to the rhombohedral space group R32 and diffract
beyond 2 A.
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The refined structure of the fructose-6-phosphate binding domain.

The structure of the FBD was determined by isomorphous
replacement and solvent flattening. The unusually high sol-
vent content of 72% (Vm=4.44 A3/Da) with only one protein
molecule in the asymmetric unit was helpful here. In the first
analysis, 285 residues, Le. about 80% of the structure, were
modelled into electron density. The final model of FBD at
1.9 A (R=200/0) contained all but the first two amino-acid
residues, and 196 water molecules, Plate 77.

Stabilization of the oxyanion of a
tetrahedral adduct of ()-chymotrypsin
(with A. McSweeney, G. Birrane &T. Higgins
(Galway) and University College (Dublin))

The serine proteinases are a group of enzymes that hydrol-
yse peptide bonds. Chymotrypsin, a member of this class
of proteinases, was one of the first enzyme structures to
be determined at high resolution by X-ray crystallography.
Cleavage of the peptide bond proceeds via a negatively
charged tetrahedral intermediate and the interaction of the
substrate oxyanion with the imidazolium cation of His 57,
supported by the carboxylate of Asp 102, is the key to
stabilization of this intermediate. Despite the mechanism of
action being probably better understood than that of any other
enzyme, there is still debate on the totality of interactions
contributing to this stabilization.

Pre-aligned dipoles in the oxyanion pocket have been pro-
posed as important contributors. However it has been ar-
gued that the observed movement of the Asp 102 side
chain in subtilisin does not support this. NMR studies also
highlight the importance of a low-barrier hydrogen bond
«2.65 A) between the oxyanion and the NH groups of
Ser 195 and Gly 193. Low-barrier hydrogen bonds can
only exist if the pKa of the two heteroatoms are almost
identical. The magnitude of this pKa difference in chy-
motrypsin is still debated. Undoubtably identification of
key acidic residues and measurement of their pKa val-
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ues, both in the parent enzyme and its intermediates, are
crucial to a complete understanding of the mechanism of
catalysis.

Specific substrate-derived chloromethane inhibitors exist
which form tetrahedral chymotrypsin adducts believed to
.closely resemble the intermediate formed during cataly-
sis. The inhibitor Z-Gly-Gly-[2-13C]-Phe-CH2CI was cova-
lently bound to B-chymotrypsin and used to study the pH-
dependent 13C NMR chemical shift of the hemiketal carbon.
This allowed the pKas of the oxyanion and the imidazolium
cation of His 57 to be calculated. The pKa of the oxyanion
was found to be low (6.9) while that of His 57 was raised
(>8.9).

The Z-Gly-Gly-[2-13C]-Phe-CH2CI inhibitor bound to bovine
pancreatic B-chymotrypsin has been crystallized and X-
ray diffraction data collected to a resolution of 2.15 A at
room temperature. The crystals have unit cell parameters
of a=b=121.2 A c=116.1 A and belong to the space group
P41212. The structure was solved by molecular replacement
and is currently being refined. Structural features, from
the refined model, of the reaction intermediate analogue
will be correlated with the thermodynamic data measured
by NMR. This model system is expected to provide fur-
ther insights into the stabilization of the oxyanion inter-
mediate formed during peptide bond hydrolysis by serine
proteinases.

Lipase catalysed resolution of ferrocenyl
cyanohydrins and sulfides: access to
novel ferrocenyl homochiral aminoalcohols,
diamines and sulfoxides
(with G. Nicolosi, D. Lambusta, M. Piattelli
& A. Patti (Valverde), J.A.S. Howell &
K. Humphries (Keele) and P. McArdle &
D. Cunningham (Galway)

Racemic 2-hydroxymethyl-1-phenylthioferrocene and (R)-
(+)-ferrocene cyanohydrin have been subjected to enzymatic
acylation by the lipase from Candida antartica (Novazym
435). The interest in homochiral ferrocenyl derivatives is
mainly due to their possible use as catalysts in asymmet-
ric synthesis or as starting materials in the stereospecific
synthesis of more complex molecules. Among the many
ferrocene-based ligands which have received attention are
aminoalcohols which catalyse the enantioselective addition
of dialkylzinc reagents to aldehydes. Best case enantiose-
lectivities are in the range 91-95°k.

Ferrocene cyanohydrin provides access to novel fJ-
aminoalcohols and diamines of possible catalytic interest.
Lipase catalysed acylation to 50% completion provides, after
chromatography, the acetate (+) of 84% ee and recrystal-
lization raised the ee to >95%. Treatment of this acetate
with the amine (-)-PhCH(Me)NHMe gave 2. The assign-
ment of the absolute configuration of 2 was difficult and
only crystallography provided the answer. The crystals were
however very small and after several attempts on conven-
tional equipment excellent results were obtained using beam-
line BW7A.



Earlier studies of both the native protein and single site
mutants were hindered from a crystallographic view point
due to the difficulties in studying the reduced forms of the

Cryocrystallographic redox studies on
Desulfovibrio vUlgaris flavodoxin
(with A. McCarthy &T. Higgins (Galway)
and P. O'Farrell &S.G. Mayhew (Dublin)

To.date, two cryoredox studies have been carried out. The
first involved the investigation of the contributions of a ty-
rosine residue in the modulation of the redox properties
of the flavodoxin-bound FMN. This tyrosine lies in close
contact and almost coplanar to the FMN ring system and has
been singled out to play an important role in the modulation
of the semiquinone/hydroquinone redox couple. The main
hypothesis put forward to explain the large shift in the above
redox couple is the unfavourable hydrophobic nature of the
FMN binding site for the formation of the negatively charged
fully reduced hydroquinone form of the co-factor. To assess
the contributions of this tyrosine, it has been substituted with
a serine and fully characterized. We have grown crystals of
the site mutant and X-ray diffraction data have been collected
on the oxidized and fully reduced hydroquinone forms of the
mutant at 120 K. The structure of the oxidized form of the
mutant co-factor binding site differs significantly, although no
large structural pertubations were observed at the mutation
site. The structure of the fully reduced form of the mutant
at the co-factor binding site was expected to undergo a
small conformational change similar to what occurs in the
native protein, but this was not the case. The structures have
revealed the importance of the tyrosine in shielding the FMN
from solvent.

protein crystals; the time required to collect a full X-ray
diffraction data set and exposure of X-rays led to oxidation of
the crystals during data collection. Cryocrystallography has
allowed routine collection of X-ray diffraction data on reduced
protein crystals.

The second study involved the determination of structure
of the complex between riboflavin which lacks the terminal
phosphate group of FMN and apoflavodoxin from D. vulgaris.
The purpose of this study was twofold. Firstly, flavodoxins
have been divided into two groups based on their affinity
for riboflavin. D. vulgaris flavodoxin belongs to the group
of flavodoxins which bind riboflavin. The structure of the
complex would provide valuable structural information on
why other flavodoxins are incapable of binding riboflavin.
Secondly, it has been proposed that the negatively charged
phosphate group of FMN interacts unfavourably with the
negative charge of the hydroquinone form of FMN and con-
tributes to the large shift in redox potential of the bound FMN.
The apoflavodoxin-riboflavin complex has been crystallized
and X-ray diffraction data collected on both the oxidized
and hydroquinone forms. The structural information suggests
that the phosphate group of the FMN does not contribute
significantly in the perturbation of the FMN redox potentials.
The ability to bind riboflavin appears to be due to the high
flexibility of one section of the FMN binding

Analysis of stereochemistry in Fusarium
solani cutinase at 1.0 Aresolution
(with S. Longhi, M. Czjzek, A. Nicolas &
C. Cambillau (Marseille)

Cutinase from Fusarium solani is a 197-residue lipolytic
enzyme responsible for the degradation of cutin. The enzyme
has been extensively investigated from both biochemical
and structural standpoints. Here we report the refinement of
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Crystal system: Orthorhombic P212121, a=6.001 A,
b=12.1 07 A, c=22.995 A. Independent reflections, 9504
[R(int)=0.0471], reflections observed (>2s), 8936. Final R
indices [1>2s(I)], R1 =0.0292, R(all data), R1 =0.0322. The
results are of very high quality and the absolute structure
was decisively determined.

Lipase resolution of the acyl ester of the sulfide of 3 fol-
lowed by sodium iodate oxidation gave the sulfoxide. The
crystals of 3 were also too small for conventional diffrac-
tometry and the absolute structure was also determined
crystallographically. Wavelength, 0.59400 A, orthorhom-
bic, space group P212121, a=7.315(2) A, b=10.258(2) A,
c=19.193(3) A, volume 1440.2(5) A3, 2=4, independent re-
flections, 3644 [R(int)=0.085], reflections observed (>2s),
3428 final R[I>2s(I)], R1 =0.0411, R(all data), R1 =0.0428.

The flavodoxins are a group of small flavoproteins which
function as electron carriers in low potential redox reac-
tions. They contain a single molecule of non-covalently
bound flavin mononucleotide (FMN) as their only prosthetic
group. They have been intensively studied and have been
proposed as a model system for understanding the func-
tioning of flavoproteins and biological electron transfer in
general. The FMN co-factor can exist in three oxidation
states: the oxidized, semiquinone and hydroquinone forms.
The protein dramatically perturbs the midpoint potential of
the semiquinone/hydroquinone couple of FMN on binding to
D. vulgaris apoflavodoxin. We have carried out an extensive
site-directed mutagenesis study at the co-factor binding site
of the flavodoxin from D. vulgaris, to fully understand the
protein/FMN interactions responsible for determining the
redox properties of this protein.
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(a) Overall fold of the Alcalase (light shading)/CI-2 (dark) complex.
(b) The geometry of the catalytic triad of Alcalase.

Ser221

2.01 A

(b)

Asp32

During refinement weak restraints were applied on bonded
distances and angles. However at atomic resolution the X-ray
contribution is dominant and thus the observed parameters
are expected to deviate from the targets. One of the most
significant deviation from the target (-0.021 A) concerns
the CB-CG2 bond of Thr residues. Moreover, many of the
observed bond lengths are smaller than the targets, thus
indicating a systematic and coherent deviation. Concerning
the Leu residues, the results obtained for the CG-CD2 bonds
may still be taken as significant (deviation of -0.010 A).
The lie CB-CG2 and Leu CG-CD1 bonds do not deviate
significantly from the targets. The CH2-CH2 bonds of Arg
residues (12 contributors) were also inspected. The deviation
for the CG-CD bond, although accompanied by a rather large
error, may be significant. We propose that a unique target
value for all the CH-CH3 and CH2-CH2 bonds, might not
be appropriate. These preliminary conclusions need to be
validated by a more extensive analysis based on a large
sample of protein structures at atomic resolution.

native cutinase at atomic, 1.0 A, resolution. One of the most
important implications of atomic resolution is the possibility
of a better definition of the stereochemical parameters.
Despite the increasing number of proteins for which data
have been recorded to atomic resolution the available data
in the literature are still scarce. In most cases, small protein
molecules are concerned.

SHELXL-93 was used to provide anisotropic treatment of
individual atomic displacement parameters. The drop in
both the R-factor and Rfree unambiguously demonstrated
that the anisotropic refinement was meaningful. Refinement
converged to an R-factor of 9.4% for all reflections within
15.0 to 1.0 A resolution range. A final cycle of overlapped
block-matrix least-squares minimization was carried out to
obtain error estimates. The overall accuracy of the final model
is very high due to an observation to parameter ratio of 5.5.
The mean coordinate error for protein atoms is 0.013 A.

The availability of an accurate cutinase structure at atomic
resolution allowed us to carry out an extensive analysis of
the main stereochemical parameters. The results support a
potential need for revision of some established parameters
in protein stereochemistry. The reliability of the observed
deviations is validated by means of the associated estimated
error. The results herein reported provide a further example
which will contribute to the challenge of finding new and more
appropriate parameters for protein stereochemistry.

Atomic resolution study of alcalase in
complex with CI·2 inhibitor
(with T. Halkier &C. von der Osten (Denmark))

Alcalase is a natural variant of subtilisin Carlsberg prepared
commercially from a selected strain of Bacillus licheniforrnis.
Crystals have also been obtained of the alcalase/wild-type
CI-2 complex. Data were collected to 1.05 A resolution
at 4°C. The high quality and resolution of the data al-
lowed a detailed analysis of this 32 kDa protein complex
(Plate 79a), with refined anisotropic temperature factors,
direct visualisation of hydrogen atoms, unrestrained refine-

ment of some stereochemical parameters including peptide
bond planarity and chiral volumes, and details of water
structure and its interactions with the protein.

The location of the protons on the catalytic residues is of
particular interest and has been the subject of extensive
experimental and theoretical studies. Most findings support
the view that the proton between His and Asp is located
on His. The location of the proton between the catalytic
Ser and His depends on whether the enzyme is in resting
state or in complex with a substrate or an inhibitor. During
the reaction, when serine is acylated or forms a tetrahedral
transition state, or is covalently bonded to an inhibitor, the
proton is on histidine. The details of the interaction between
Ser and His when the enzyme is in resting state or in complex
with peptide inhibitors have been unclear.

The (Fa - Fe) difference electron density map clearly shows
the position of most hydrogen atoms, including the protons
bound to the active site residue. There is a clearly defined
proton on the catalytic Ser221 and one on His64, on N51,
H-bonded to 051, of catalytic Asp32 (Plate 79b). This is the
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first direct observation of the proton on the catalytic serine.
The positive peaks in the (Fa - Fe) map persist even
after refinement of the model with the protons omitted.
The proton on the catalytic serine is close to the catalytic
histidine but the bond angle shows a very large deviation from
linearity.

The peptide plain containing the scissile bond in the inhibitor
also shows a large deviation from planarity.

Near-atomic resolution studies of an
2'-OMe(CGCGCG), an RNA duplex
(with D.A. Adamiak, M. Popenda &
R.W. Adamiak (Poznan) and J. Milecki (Poznan))

The molecular and crystal structure of 2'-O-Me(CGCGCG)
duplex RNA was determined at 4°C, to a resolution of 1.30 A,

the highest resolution to date in the RNA field. The structure
is a half-turn helix and shows the intrinsic properties of
alternating CG base pair duplexes. In steps CG guanines
are self-parallel while cytosines are not self-parallel. This
motif, not seen in other RNA crystal structures solved till
now, is reversed for GC step. The structure includes 44
solvent water molecules and two hydrated Mg2+ ions one of
which lies exactly on the crystallographic two-fold axis. There
are distinct patterns of hydration in the major and the minor
grooves. The major groove is stabilized by hexameric and
pentameric water clusters. The minor groove contains only
a single line of water molecules, every second one of which
qridges self-parallel cytosines. The structure provides first
evidence for the effect of 2' -O-methylation on RNA hydration.

A second crystal form was recently characterized and data
collected to 1.19 Aresolution, at 100 K. Structure solution is
in progress (Plate 80).

PLATE 80

Two orthogonal views (not on the same scale) of
2'-O-Me(CGCGCG) duplex RNA, showing packing of
the molecules in the crystal lattice. The unit cell is
drawn in projection.
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Collaborations with Italian
crystallography groups

In recent years we have established extensive collaborations
with several of the Italian protein crystallography groups,
including those from Pavia, Naples, Florence, Siena, Genova
and Bologna. These have taken the form of short-term
visits of pre- and postdoctoral fellows to Hamburg, EMBL
predoctoral fellowships for students from these groups and
in the case of Pavia, joint membership of two EU networks
through the Human Capital and Mobility Program. Work
on several of these collaborations is summarized in the
following.

Effects of pH on the crystal structure of bovine
pancreatic ribonuclease at atomic resolution
(with R. Berisio, F. Sica, A. Zagari &
L. Mazzarella (Naples))

Protein conformation depends on the physico-chemical prop-
erties of the environment, such as temperature, pH, ionic
strength and dielectric constant. The effects of these factors
are usually studied by means of nuclear magnetic resonance,
infra-red absorption, circular dichroism and calorimetry. The
most accurate information on the three-dimensional struc-
ture of biological macromolecules is obtained using high-
resolution X-ray diffraction. A powerful X-ray source (syn-
chrotron radiation) and well-ordered crystals are required
for such an analysis. As an example, multiple temperature
crystallographic methods have been recently used to study
the effect of temperature on two proteins: myoglobin from
sperm whale and bovine pancreatic ribonuclease (RNase A).

These studies prompted us to use the crystallographic ap-
proach to determine how the pH affects the crystal structure
of RNase A. This enzyme is a good candidate for this study:
(1) it forms crystals that diffract to very high resolution;
(2) its biochemical and structural features have been well
established; and (3) the pKa of active site histidines involved
in the catalysis alters upon changes in the environment.
RNase A efficiently catalyses the cleavage of the P-Osbond
of single-stranded RNA. The reaction proceeds in two steps:
a transphosphorylation of RNA to form a 2' -3' cyclic phos-
phodiester intermediate followed by hydrolysis of this cyclic
intermediate to form a 3'-phosphomonoester. Two residues
are essential to the enzymatic activity, His 12 and His 119,
hence the catalytic mechanism is strongly pH-dependent.
A general acid-base mechanism is implicated: His 12 acts
as a general base and His 119 as a general acid in the
transphosphorolytic step whereas the catalytic role of these
two histidines is inverted in the hydrolytic step. The principal
aim of the present work is the observation of the different
ionisation states of these two residues by means of X-ray
crystallography. As the pKa of His is about 6, a pH range
around this value has been explored.

Crystals of RNase A were obtained by free liquid diffusion at
room temperature. The crystals, with unit cell dimensions
a=30.40A, b=38.40A, c=53.19A, P21 were
transferred and equilibrated into 2-propanol/water solutions
(70% v/v) at a series of different pH.
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Complete data were collected at room temperature at five
different pH (5.3, 6.6, 7.0, 7.9, 8.8), each from a single
crystal in the resolution range 30 to 1.1 A. Coordinates of
RNase A refined at 1.26 A were used as a starting model.
The structures were independently refined with isotropic
temperature factors, using PROLSQ to an R-factor of about
. 17.5%. A comparison among all five data sets has shown
significant systematic differences between them. The re-
finement of all five structures with anisotropic temperature
factors, using SHELXL-96, is in progress and has already
provided evidences for conformational changes of charged
residues, as a function of pH.

Ab initio structure determination at 0.97 Aof
the cytochrome c-553 from Bacillus pasteurii
using anomalous patterson calculation and
a peak search procedure
(with S. Ciurli (Bologna))

Cytochrome c-553 from Bacillus pasteurii (an alkaliphilic
etherotrophic aerobic gram-positive soil living bacterium) is a
small protein (about 9.6 kDa, 92 residues) with a type C haem
which means it is bound covalently to the amino-acidic chain
by two cysteines. The iron is low spin with six-coordination
in which four positions are occupied by the haem pyrrole
rings and the two positions axial to the plane of the haem
are occupied by a methionine and a histidine. Crystals were
obtained from 3.2 M ammonium sulphate pH 5, 100 mM
sodium acetate.

Data were collected at 100 K to a resolution of 0.97 A.
Although no special effort was made to optimize the mea-
surement of the anomalous signal and the wavelength was
far removed from the absorption edge of iron, the anomalous
Patterson showed a very strong peak, 8 standard deviations
above the mean, corresponding to the position of the single
iron site, Plate 81. The iron ion was then used as the starting
model for phasing. A peak search procedure was used in the
difference Fourier synthesis to identify additional atoms - two
of the three sulphur atoms and haem atoms. The structure is
currently being refined.

The 1.3 Acrystal structure of cytochrome c'
from Rubrivivaxgelatinosus
(with S. Ciurli (Bologna))

The bacterial cytochromes c' occur in various photosyn-
thetic and denitrifying bacteria, where they are presumed
to act as electrons carriers. Most of them are dimeric,
composed of two identical subunits of about 14 kDa. Each
polypeptide chain incorporates a protohaem prosthetic group
covalenty bound through thioether linkages between two
cysteines and the haem vinyl group. A similar way to
link the haem to the amino-acidic chain is found in the
c-type cytochromes. The latter cytochrome type is low
spin, the iron being hexa-coordinated. The iron in the
c' haem is high spin due to the different coordination en-
vironment: the iron has 5 ligands, four of them nitrogen
atoms from the pyrrole rings and the axial one a histi-
dine.
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The anomalous Patterson for the Fe
atom in Cytochrome C553.
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Cytochrome c' from Rubrivivax gelatinosus (a photosyn-
thetic anaerobic bacterium) has molecu-
lar weight about 28 kDa (129 residues) and is com-
posed of two identical subunits both of them containing
a haem. It ·was recently crystallized and data were col-
lected to 1.3 Aresolution. The structure has been solved by
molecular replacement, using cytochrome c' of Alcaligenes
spp. as starting model. The structure is currently being
refined.

Superoxide dismutase from Photobacterium leiognathi
(with A. Pesce, F. Todone & M. Bolognesi (Pavia)

Data were collected at two different wavelengths from a
uranyl derivative of a crystal of superoxide dismutase from
Photobacterium leiognathi (PSOD) to optimize the measure-
ment of the anomalous dispersion signal from uranium. A
clear anomalous signal was obtained for both data sets.
Anomalous Patterson maps were calculated to verify the
solution of the heavy atom positions and the anomalous
signal was used togetherwith previously obtained native data
to calculate native phases. The structure was subsequently
solved based on these phases. Data were collected from
a native crystal of PSOD at 100 K, to 1.95 A resolution.
Crystals grow in 30% PEG 8K, 0.1 M NaCI, 100 mM acetate
buffer pH 4. The cryo-solution had the same composition but
contains also 10% glycerol.

Atomic resolution structure of monomeric
mutant CU,Zn superoxide dismutase
(with M. Ferraroni (Florence) and S. Mangani (Siena))

CU,Zn superoxide dismutase (SOD) is a homo-dimeric en-
zyme with 153 residues per subunit, containing a copper(ll)
and a zinc(lI) in the active site, which catalyses the dismu-
tation of two superoxide radicals to hydrogen peroxide and
molecular oxygen. The enzymatic reaction occurs through a
two step mechanism involving the reduction and the reoxida-
tion of copper (II). The active site Cu(lI) ion is coordinated by
four histidines one of which bridges the copper and the zinc
sites. CU,Zn SOD is widespread among diverse organisms
and all the enzymes from different sources are highly ho-
mologous. The crystal structure of the human, bovine, yeast
and amphibian enzymes in the oxidized form and that of the
bovine in the reduced form have been determined and show
great similarity. The tertiary structure of SOD is built upon
a j3-barrel formed by eight j3-strands connected by loops.
One of these loops is characterized by hydrophobic residues
which interact with those of the second subunit stabilizing
the quaternary structure. This loop is also connected to the
j3-sheet that is involved in the formation of the active site.
Therefore, modification of some residues in the loop could
also induce structural changes in the active site.

We have carried out biophysical studies on a mutated hu-
man SOD in which two hydrophobic residues at the dimer
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interface (Phe50 and Gly51) were substituted with a hy-
drophilic residue (Glu). The mutant is a monomer and has
substantially reduced activity compared to that of the native
enzyme. Single crystals were obtained using hanging drop
vapour diffusion. The presence of CdCI2 was essential for
obtaining high quality single crystals. Initial diffraction data
were collected to 1.4Aresolution at the Elettra synchrotron in
Trieste using cryogenic cooling, and the structure was solved
by molecular replacement with the program AMORE using
the atomic coordinates of native human SOD. Refinement
with PROLSQ and ARP converged with an R-factor of
0.218. SHELXL96 was then used to refine the structure with
anisotropic temperature factors for the metal ions. In addition
to the active site Cu(lI) and Zn(lI) metal ions, eight Cd(lI)
ions were found bound to negatively charged residues on
the enzyme's surface. R-factor converged to 0.201.

To date crystallographic structures of CuZn SOD from several
organisms have been determined but no atomic resolution
structure has been reported. Complete data have now been
collected in Hamburg to 1.02 A from a single crystal at
100 K. SHELXL96 is being used for refinement starting from
the coordinates previously refined at 1.4 A resolution. The
present R-factor is 0.12. This will provide an SOD structure
with an unprecedented accuracy, vital to understanding the
chemistry around the metal centres.

Data collection on a monomeric human
CU,Zn superoxide dismutase mutant
(with M. Ferraroni (Florence) & S. Mangani (Siena))

An active monomeric analogue of HSOD has been produced
by replacing four hydrophobic residues with hydrophilic
residues (Phe50Glu, Gly51 Glu, Va1148Lys, Ile151 Lys) at the
dimer interface of the native enzyme in a manner which has
preserved the total protein charge. Data were collected from
a crystal of this monomeric human superoxide dismutase
mutant at 100 K, to 2.7 A. The crystals belong to space group
1213 with the unit cell parameter a=164.12 A. The data are
99.9% complete between 20 and 2.75 Aand Rsymm is 0.095.
Structure solution is in progress.

Native and /3-mercaptoethanol inhibited
urease from Bacillus pasteurii
(with S. Ciurli (Bologna) & S. Mangani (Siena))

Urease from Bacillus pasteurii, a highly ureolytic and al-
kaliphilic soil bacterium has been recently purified to ho-
mogeneity. The enzyme was shown to be heteropolymeric
(Mr(a)=61.4 kDa; Mr(f3)=14.0 kDa; Mr('y}=11.1 kDa) with a
total molecularweight of ca. 230 kDa. The active site contains
two Ni2+ ions, and the amino-acid sequence of the three
subunits shows high homology (63% (a), 46% ({3), and 61%
(r)) with the enzyme purified from Klebsiella aerogenes, for
which the X-ray structure has been reported. The amino-acid
residues ligated to the nickel ions in the active site of
K.aerogenes urease are conserved in the enzyme from
B.pasteurii. The structure of K.aerogenes urease suggests
the presence of one tri-coordinated pseudo tetrahedral Ni2+
ion (with low occupancy of the fourth site by a water molecule)
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and one penta-coordinated distorted trigonal bipyramidal
Ni2+ ion, whereas the average coordination environment
of the Ni2+ ion in B.pasteurii urease, studied using X-ray
absorption spectroscopy, was shown to be represented by
nitrogen/oxygen ligands in an almost perfectly octahedral
hexa-coordinated geometry. These discrepancies might be
"resolved by detecting the number and position of small,
non-protein ligands in the vicinity of the metal ions, the water
molecules or hydroxide ions bound to the Ni2+ ion either in an
end-on or a bridging mode. Given the relatively low resolution
of the structure of urease from K.aerogenes (2.2 A), no such
ligands can be confidently detected in the proximity of the
comparatively heavy Ni2+ ion. To understand the catalytic
mechanism of urea hydrolysis, it is fundamentally important
to elucidate the role of water molecules (or hydroxide ions) in
the active site. A high resolution structure will also be useful
to assess the differences between the chemistry of nickel
found in urease as compared to the well-established stere-
oelectronic behaviour of this metal ion in small molecules,
containing little or no stereochemical constraints, for which
no cases of coordination geometry analogous to the one
found in K.aerogenes urease are known.

In this study, crystals of B.pasteurii urease were obtained
in a hexagonal form showing better X-ray diffraction prop-
erties than the previously reported cubic crystal form of
K.aerogenes urease. High quality data were collected for
native (2 A) and inhibited (1.65 A) B.pasteurii urease (re-
markable given the very high molecular weight of the protein,
230 kDa), using synchrotron radiation and cryogenic condi-
tions. This will allow a very accurate determination of the
molecular structure of this enzyme.

The crystal structures have been solved by molecular re-
placement, using the model of K.aerogenes urease as the
starting model, and are currently being refined. Preliminary
results indicate that the two Ni2+ ions in the active site
have different coordination. In the native structure one Ni2+
is tetra-coordinated with two histidines, one carbamylated
lysine and a still unknown ligand, only identified as elec-
tron density between the two Ni2+ ion. The other Ni2+ is
penta-coordinated and is ligated to two histidines, one aspar-
tate, the carbamylated lysine and the same unknown ligand
mentioned before. For the inhibited protein one Ni2+ is tetra-
coordinated with two histidines, one carbamylated lysine and
the sulphur atom of the inhibitor {3-mercaptoethanol. The
other Ni2+ is penta-coordinated and ligated to two histidines,
one aspartate, the carbamylated lysine and the sulphur atom
of the inhibitor {3-mercaptoethanol.
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X-ray absorption spectroscopy

Project scientist: H.-F. Nolting

Scientist: V.A. Sole

Postdoctoral fellows: R D'Angelo*, A.-K. Duhme*

Visitors (short-term): A. Barbieri, E. Bottari, H. Dau, A. Dilg, J. Dittmer, A. Durmus, N. Engler, M.G. Feiters, M.R. Festa, A. Gassmann, R. Gessenich,
J. Groppe, L. luzzolino, G. Jogl, J.R. Lloyd, R.J.M. Klein Gebbink, M. Koch, S. Kotte, G. Kratky, R.J. Kuban, W. Meyer-Klaucke, H. Paulsen, N.V.
Pavel, J. Rathmann, R. Reitzer, D. Roccatano, H.J. Sass, O. Sauer, G. Scherk, H. Schiller, B. Sift, R. Than, R. Wiesner, H. Winkler

The EMBL EXAFS beamline was in operation for in-house
and user projects for almost all of the beam time in 1996 (25
weeks). The 13-element detector which is generally used
for fluorescence detection was not available for 5 weeks
due to maintenance and repair work. The beam time was
used to perform measurements in transmission mode (e.g.
studies on biologically relevant model compounds). Despite
the delayed availability of the 13-elementdetector, about 75%
of the projects handed in to the priorities committee could be
performed, and in addition there was beam time for in-house
activities.

In the following sections a number of selected in-house
and collaborative projects are described. A complete list
of the projects in 1996 can be found in the EMBL Annual
Report. More detailled information about the projects can be
obtained either from the HASYLAB report or from a number
of publications.

The influence of energy calibration techniques
on the accuracy of structural parameters
derived from XAS data
(H.-F. Nolting &V.A. Sole)

Two different strategies are usually applied to perform the
energy calibration of X-ray absorption data. In the first
approach, the spectrum of a standard is recorded simulta-
neously using an additional ionization chamber. A particular
feature in the XANES (e.g. the first inflection point) is used to
perform an offset correction in angular space. This method
is used for energy calibration at most of the XAS spectro-
meters. The second technique uses Bragg reflections from
a static Si crystal mounted at the back end of the beam
line to establish the absolute energy axis (R.F. Pettifer &
C. Hermes, 1985). The calibration is valid for the whole
range of a spectrum; its accuracy is between 0.1 and 0.5 eV
depending on beam line set-up and energy range. It has

been established for almost all the edges within the energy
range of the EMBL EXAFS spectrometer (5-30 keV) and it is
implemented in the data evaluation software. The correction
function consists of an angular offset plus an oscillatory part
with a period of 10 associated with the worm gear of the
rotation table. The amplitude of the oscillatory part is about
20,urad resulting in energy differences of 0.8 eV at 6.5 keV
(Si(111) monochromator) and 8.3 eV at 20 keV (Si(220)
monochromator).

To monitor the effect of energy calibration on structural data,
the X-ray absorption spectrum of a Mo foil was recorded
in transmission mode and calibrated according to the two
stategies described above. The two spectra superimpose
very well close to the absorption edge, but they differ quite
dramatically at high k values. For a curve fitting analysis a
two shell model with fixed coordination numbers was used,
and the distances, Debye-Waller factors, and the threshold
energy were refined. The derived distances were compared
with those from the crystal structure. It turned out that the
offset calibration yields distances which are systematically
too short by more than 0.01 A, whereas correct distances
are found using the absolute calibration.

Synchrotron radiation induced photoreduction
of metal centers in biological systems
(H.-F. Nolting)

Biological samples can suffer from radiation damage when
they are illuminated with intense synchrotron radiation to
provide structural information by techniques like protein
crystallography, small-angle scattering or X-ray absorption
spectroscopy. In some cases these effects are directly de-
tectable in X-ray absorption edges. It is possible to charac-
terize the process and to work out strategies for recording
X-ray absorption spectra which are not affected by radiation
damage.
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PLATE 82

The Fe K-edge of purple acid phosphatase from kidney beans at
20 K; 1st scan (solid line), 3rd scan (dashed line) and 6th scan
(dotted line).

The phenomena described above have been observed with
moderate intensities (Le. on a bending magnet) within a
couple of hours. With higher intensities (wigglers, undulators,
FELs) radiation damage on biological samples may occur on
a much shorter time scale.

Different forms (free or complexed with a ligand) and ratios
present in solution are described by the stability constants,
but only a structural study can describe the metal-ligand
coordination. Solutions with low metal concentrations (1-
5 mM) have been studied by means of the fluorescence
EXAFS technique in well-established equilibrium conditions.
As a first approach to the XAFS investigation of Me-amino-
acid systems, we focused our attention on the Cu(II)-glycine
and Cd(II)-cysteine complexes.

In the Cu(II)-glycine system, the CuL, CUL2 or CUL3 species
are present in well-defined 10g[H+] intervals. Suitable hy-
drogen ion concentrations, with well-defined CuL:CuL2 or
CUL2:CuL3 ratios have beeen selected for the EXAFS ex-
periments. Multiple scattering contributions allowed us to
point out the structural differences between the CuL, CUL2
and CUL3 complexes. The Me-amino-acid biological systems
contain significant CI- concentrations. In these systems the
CI anion could be bound to the Me cation, competing with the
amino-acid ligand. Cu(lI) aqueous solutions at several CI-
concentrations have been studied to assess the sensitivity of
the EXAFS technique towards complex systems as CULxCly.
The Cu-CI coordination numbers have been determined in a
Cu:CI ratio ranging from 1:2 to 1:14.

Transition metal ions as iron, cobalt, copper, zinc and
manganese can be considered essential to living systems,
whereas lead, cadmium and mercury are detrimental for
human health. They are present in many biological fluids
as free metal ions or complexed by metalloproteins and
low-molar mass substances including peptides and amino-
acids. Proteins with specific binding sites for individual metals
have been selected during the biological function evolution.
Metal binding proteins are easy to isolate and many of them
can be well-characterized. On the contrary, low molecu-
lar weight complexes constitute multi-component systems
with different complexing species in equilibrium. The know-
ledge of the equilibrium distribution occurring in solutions
containing low concentrations of transition metal ions and
amino-acids, as well as the structural characterization of
their complexes, can be useful to explain many biological
processes.

X-ray absorption study of metals
binding amino-acids
(P. D'Angelo &H.-F. Nolting and
E. Bottari, M.R. Festa &N.V. Pavel (Rome))

Data on Cd(II)-cysteine systems in the presence of NaCI
have been collected. Preliminary results show the existence
of different complexes present in well-defined 10g[H+] inter-
vals. Moreover, XAS spectra of Cd(lI) aqueous solutions at
different CI- concentrations have been collected, with the
aim to characterize the possible Cd-CI coordination in the
Cd(II)-cysteine systems in NaCI ionic medium.

Energy [eV]

When XAS data are collected on frozen metalloprotein
samples at low temperatures, the absorption edge can be
shifted to lower energies while taking several scans on the
same sample position. Edge shifts have been reported for
instance for methane monooxygenase (J.G. DeWitt et al.,
1991) and for Fe(lIl) superoxide dismutase (D.L. Thierney
et al., 1995). We have performed measurements on the
purple acid phosphatase from kidney beans (in collabora-
tion with the group of B. Krebs, MOnster). As illustrated
in Plate 82, the Fe edge is shifted by 1.5 eV towards
lower energies after 6 scans, whereas the pre-edge peak
position is constant. In addition, there are clear changes
in the white line features. The edge shift can be inter-
preted as a reduction from Fe(lIl) to Fe (II), according

to: Fe3+ + e- -+ Fe2+

Most of the photoelectrons involved in the reduction are
created in the sample matrix (protein backbone plus sol-
vent). From an estimate of the number of absorbed pho-
tons it can be concluded that most of the photoelec-
trons are not produced by direct excitation of the metal
centre.

Photoreduction was observed for at least 4 projects out
of 15 which have been performed at the EMBL EXAFS
beam line in 1996. The metal ions have to be present in
"higher" oxidation states like Mn4+, Fe3+, C03+ or Cu2+ to
be photoreduced, for Fe2+ and Zn2+ no photoreduction is
observed. The dependency on the oxidation state can be
discussed in terms of redox potentials. From a study on
coenzyme B12 dependent enzymes (in collaboration with
C. Kratky et al., Graz; see also another contribution in
this report) it became obvious that also the ligands of the
metal ions can influence the photochemical behaviour of the
system.
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EXAFS measurements on coenzyme 812 dependent
enzymes
(C. Kratky, G. Jogi & R. Reitzer (Graz) and H.-F. Nolting)

Recently, the first crystal structure analysis of a coenzyme
B12 dependent enzyme - of methylmalonyl-CoA-mutase -
was published. Surprisingly, it showed a very large (>2.4 A)
distance between the cobalt centre and the axially coordinat-
ing protein-derived imidazole-nitrogen. This large distance
would indicate a considerably strained coordination, which
could explain the enzyme-induced enhancement of the rate
of cobalt-carbon bond homol9sis. The long distance would
therefore be a key element in the mechanism of coenzyme
B12 dependent enzymes. However, the crystallographic data
have a large standard deviation, and in the crystal struc-
ture the chemical constitution of the protein-bound cofactor
could not be assigned beyond doubt. Probably, the crystals
contained a mixture of cofactors in different oxidation states.
Therefore, we performed EXAFS and XANES measurements
at the Cobalt absorption edge of the coenzyme B12 de-
pendent enzymes glutamate mutase (GM) and methylen-
glutarate mutase (MGM) from Clostridium cochlearium.

Due to the low expected signal (1 cobalt atom per about
150 kDa), all data were collected from freeze-dried samples
in fluorescence mode. Since the native enzymes are very un-
stable, the enzymes were reconstituted from the correspond-
ing over-expressed gene products with methylcobalamin,
aquocobalamin and cyanocobalamin, yielding inactive but
more stable samples. EXAFS spectra from these samples
in the absence and presence of substrate should then allow
a reliable determination of the cobalt coordination geometry,
specifically with regard to a lengthening of the axial Co-N
bond upon substrate binding.

The first series of experiments involved reconstituted en-
zymes without substrate. Reasonable spectra could be ob-
tained for GM and MGM reconstituted with methylcobalamin,
while the samples obtained by reconstitution with aquo- and
cyanocobalamin were unstable in the X-ray beam, possibly
due to radiation-induced reduction. Interestingly, both, the
XANES and the EXAFS spectra of methylcobalamin recon-
stituted MGM and GM superimpose well upon each other,
and also upon the corresponding spectra obtained previously
for the isolated cofactor. Small differences are apparent in
the XANES region. We are looking forward to the results of
future experiments in the presence of substrate, which should
answer the question whether enzyme-induced cobalt carbon
bond homolysis is triggerd by a lengthening of the axial Co-N
bond.

Changes in the retinal vicinity during the
photocycle of bacteriorhodopsin
(H.J. Sass, R. Gessenich &G. BOldt (JOlich),
D. Oesterhelt (Martinsried), N.A. Dencher
(Darmstadt) and H.-F. Nolting)

Bacteriorhodopsin (BR) is a seven helix membrane protein
which uses the energy of light to transport protons from
the inside to the outside of the cell. Despite the recently
improved three-dimensional (3D) structure from an electron
microscopy (EM) study, the details of interaction between

the chromophore retinal, which absorbs the light, and the
protonable/deprotonable amino-acid residues as well as the
probable interaction with internal water molecules are not yet
solved.

From low resolution neutron and X-ray diffraction experi-
ments and now also from two-dimensional (20) EM studies
it is known that during the pump process, the photochem-
ical cycle, an intermediate called M exists which displays
changes in comparison to the ground state in the orien-
tation of two transmembrane helices. In addition it could
be shown that the tilt angle of the retinal is changed in
the M state. To analyse the structural changes with the
transition to the M state in the vicinity of the Schiff base,
the protonable/deprotonable link of the retinal to the protein,
we reconstituted the D96N BR mutant with a retinal to which
at position C13 a Br atom is attached instead of the methyl
group. From such a sample (incubated before freezing at
100% r.h., pH 9.6) we obtained EXAFS spectra in three
different photocycle states, the dark adapted ground state,
the light adapted ground state and the accumulated M state.

The EXAFS spectra of the three investigated states of the
photocycle are different. The biggest difference is between
the dark adapted and the M state. The data of the light
adapted sample seem to be somewhat intermediate. The
Fourier transformed fine structures show that the differences
are related to comparably small distance changes to the
nearest neighbour atoms, probably the atoms of the retinal.
However, the higher shell contributions for the M state are
clearly different from those of the two ground states of BR.
The experiment also shows that the degree of order is directly
reflected in the XANES of the sample. The size of the
pre-edge peak in the well-oriented sample (stacked PMs)
is much bigger than in less orientated samples.

From the improved data it became clear that the multiple
excitation processes at the Br atom should be considered for
our measurements. It could be simply shown by fitting care-
fully a different background to the experimental spectra that
some low-frequency noise can be removed. This simplest
form of the reduction or removal of the multiple excitation
effect results in a more reliable radial distance distribution.

Considering the multiple excitation effect, it will now be
possible to use more elaborated curve-fitting methods to
analyse the distances of the nearest neighbour atoms. This
analysis in combination with the improved data quality should
allow to elucidate whether the distance changes detected for
the M state with our experiments are related to changes in
the orientation of an amino-acid residue or the movement of
a water molecule during the photocycle. '

The photosystem II manganese complex investigated
by X-ray absorption linear dichroism spectroscopy
on vectorially ordered membrane particles
(H. Schiller, L. luzzolino, J. Dittmer, W. Dorner &
H. Dau (Marburg), W. Meyer-Klaucke (LObeck) and
V.A. Sole &H.-F. Nolting)

The catalytic centre of the photosynthetic water oxidation
(2 H20 + 4 hv -+ 4 H+ + 4 e- + 02) is a relatively
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Fourier transform of an EXAFS spectrum de-
tected on oriented PS II membrane particles
for angles between sample normal and X-ray
electric-field vector of 15° and 75° (Spinacia 01-
eracea, S1-state). Based on fit results and on
comparison with model compounds the following
peak assignment is proposed: (Ia) 8 x Mn-
o distance of 1.8 A, indicative of two di-,u-oxo
bridges; (Ib) a relatively inhomogeneous coordi-
nation shell due to various oxygen or nitrogen
ligands with a Mn-ligand distance of about 2.0 A;
(II) two Mn-Mn distances of 2.7 A, indicative of
two di-,u-oxo-bridged bi-nuclear Mn centres; (III)
interaction between two Mn atoms and other
backscattering atoms at about 3.4 A. Peaks be-
yond 4A are determined by noise. All the re-
solved Fourier peaks are not seriously affected
by multiple scattering effects.
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labile, tetra-nuclear manganese complex of unknown struc-
ture, which is embedded in a membrane-integral protein
complex (molecular weight 1"'V250 kDa), the photosystem II
(PS II). Elucidation of the reaction mechanism involved in
photosynthetic water oxidation is seriously hampered by the
lack of sufficient structural information. Today it seems to
be viable to obtain the structural information needed by Mn
K-edge X-ray absorption spectroscopy (XAS). By XAS on
partially-oriented protein samples information with respect
to the orientation of X-ray absorber-backscatterer vectors
becomes accessible (X-ray absorption linear dichroism spec-
troscopy, XALDS). It is our objective to establish and improve
the XALDS-method to gain significant structural information
on the PS II-manganese complex in its various functional
states.

A method has been developed for deposition of up to 0.6 mg
of vectorially ordered PS II membrane particles per rnm2 of
the supporting Kapton foil. These samples allow assessment
of the mosaic spread characteristics by EPR measurements
and, subsequently, the collection of high-quality EXAFS

spectra at relatively low X-ray fluxes. Prolonged exposure
of metalloproteins to intense X-rays (synchrotron radiation)
does not only cause massive formation of radicals, but also
photoreduction of the metal centre (see also another contri-
bution in this report). Extent and mechanism of manganese
photoreduction by X-rays have been investigated by EPR
and XAS measurement (Dau et a/., 1997); data collection
strategies have been developed to avoid the distortions of
XAS spectra which result from photoreduction of the metal
complex. The dichroism of Mn XANES spectra of the PS 11-
manganese complex in its S1-state has been investigated
(Dau et a/., 1997). For the first time, XALDS-EXAFS spectra
were collected at the EMBL Hamburg Outstation (Plate 83).
The EXAFS data allow determination of the angle between
the 2.7AMn-Mn vector and the membrane normal (see
Plate 84). Due to the methodological progress it became also
possible to analyse quantitatively the dichroism of the Mn-,uO
EXAFS oscillations (not shown). We conclude that at the
EMBL beamline high-quality XALDS-EXAFS measurements
are feasible; relevant structural information on the PS II
manganese complex becomes accessible.
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PLATE 84

Detection angle dependence of the apparent coordination number
for the 2.7 Adistance: experimental results (points) and simulated
curve (line). The simulation indicates that the average angle between
the thylakoid membrane normal and the 2.7 AMn-Mn vector is 75°;
work to resolve the individual angles is in progress.
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Muscle

Project scientist: G. Rapp

Postdoctoral fellows: A. Angelova*, Tenchov*

Predoctoral fellow: D. Woo*

Assistant: B.-H. Kunst

Visitors (short-term): A. Arner, C. Ashley, N. Baboi, A. Bagni, G. Bagordo, R Balgavy, C. Betzel, B. Brenner, G. Brezesinski, F. Bringezu, G. BOldt, C.
Burger, G. Cecchi, C. Czeslik, M. Degenhardt, N. Dencher, J. Erbes, S. Frisbie, S. Funari, A. Gabke, R Griffiths, 1. Gutberlet, B. Hoskins, R. lonov,
R Kinnunen, G. Kminich, M. Koberl, R. Koynova, T. Kraft, R. Lagerstedt, Q. Li, R. Malessa, B. Piep, J. Radler, M. Rappolt, O. Reis, F. Richter, J.
Sass, H. Schafer, I. Schlichting, A. Schoppe, B. Struth, S. Xu, L. Yu

Beam line X13 was in routine operation throughout the
beam time from May until December. From 174 days of
beam time in total, 20% were used for set-up, maintenance
and test experiments leaving 139 days for projects with
approved proposals. Since the demand for beam time on X13
accumulated to 265 days it was impossible to satisfy all users'
demands. Therefore, some experiments were postponed to
1997 and all the others were reduced in beam time and
squeezed in a tight schedule which, however, was only
possible with the assistance of guests experienced with the
beam line. Almost all resources were used for collaborative
projects. The software package SCACO for analysis of
image plate data on PC was further developed and found
widespread interest. As in previous years we had access to
an off-line- image plate scanner from the group of Prof. Ada
Yonath which we gratefully acknowledge.

A detailed description of in-house and collaborative projects
can be found in the HASYLAB Annual Report of 1996. In the
following these will be briefly summarized.

X-ray diffraction study on thermally induced
tension generation in relaxed rabbit psoas muscle

Skinned skeletal muscle fibres in the relaxed state (absence
of Ca2+ and presence of ATP) generate tension if heated to
about 35-40°C, Le. physiological temperatures. To elucidate
the structural basis of this phenomenon equatorial, merid-
ional and two-dimensional X-ray patterns were recorded
at different temperatures and tension levels. The ratio of
the intensities of the strongest equatorial reflections, Le.
1(11 )/1(1 0) decreases continuously from 5° to 39°C until it
increases with tension generation. This increase is paral-
leled with a decrease in lattice spacing of the thick and
thin filaments. As shown in Plate 85 meridional reflections
indicative of longitudinal order of the filaments disappear
or become weaker if tension is generated. Experiments
clearly show that temperature induced tension generation
in relaxed muscle arises from cross-bridges and not from
e.g. rubber type elastic elements (with K.W. Ranatunga,
Bristol).
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PLATE 85

Meridional trace from two-dimensional image
plate patterns of a small bundle of rabbit
psoas muscle incubated in relaxing solution
at different temperatures.

212



Structural studies and modelling
of skinned vertebrate muscle
(with C.C. Ashley, P.J. Griffiths &
B.H. Hoskins (Oxford))

Single frog muscle fibres were activated by flash photolysis
of caged calcium. A rapid tension increase was observed to
follow the flash. A second flash occurring 3 seconds after the
first did not elicit any further increase in tension indicating
that maximum tension had already been attained. Equatorial
X-ray diffraction patternswere recorded with 10 ms resolution
during activation. The changes in the intensities of the (10)
and (11) reflections had a similar time course to the isometric
tension development (t1/2 ms). This is similar to that
seen in intact tetanized fibres at this temperature. Lattice
spacing was observed to decrease. This decrease was
initially rapid and preceded the development of isometric
tension. A slower lattice compression ensued. The width
of both the (10) and (11) reflections increased with tension
indicating an increase in the disorder. The standard deviation
of the fitted Gaussian curves were modelled as the sum of
three independent variances. In summary the findings imply
that the disordering is due to attachment of the myosin heads,
not to generation of radial force.

Time-resolved mechanical and structural
studies in intact single skeletal muscle fibres
(with M.A. Bagni &G. Cecchi (Florence) and
C.C. Ashley & P.J. Griffiths (Oxford))

The pharmacological agent 2,3-butane-dionemonoxime
(BOM) reduces tension in active muscle at the millimolar
concentration range. Its mode of action is thought to be
the prevention of the transition of cycling cross-bridges to
the force generating conformation. We have examined the
X-ray diffraction pattern of electrically activated single intact
muscle fibres in the presence of BOM for evidence of an in-
creased proportion of weakly bound bridges, indicated by an
increase in 1(11) without a corresponding decrease in 1(10).
Both the equatorial diffraction pattern and the sarcomere
length were recorded during the development of force with a
time-resolution of 250 ms, the limit of the WPW detector. In
summary, data from lattice spacing indicate formation of low
force bridges in BOM giving rise to an expansive force on the
lattice, possibly because their attachment orientation range
results in a net expansive radial force, yet zero axial tension.
Manuscripts of this and previous work have been submitted
for publication.

X-ray diffraction and mechanical studies of
oriented fibres made from purified cardiac and
skeletal titin
(with Q. Li &J. Trinnick (Bristol))

Single titin molecules are about 1 ,um long and span between
the M- and Z-lines in the sarcomere. High resolution X-ray
diffraction patterns were obtained from single titin fibres of
50-100 microns in diameter. These patterns are the first
to be obtained from ordered titin fibres and they exhibit
many discrete reflections. The reflections are indicative of

J3-structure and show that the titin molecules are aligned
parallel to the fibre axis. We are currently modelling the
structure of titin molecule using the X-ray diffraction data.

Time-resolved investigation of muscle
structure during contraction initiated
by double stimulation
(with P. Sergienko, A. Vazina (Pushino) &
A. Gadzhiev (Baku))

The mechanical response of the muscle depends on the dis-
tribution of inter-pulse intervals and frequency of stimulation,
e.g. in hospitals a coupled stimulus is used for reanimation of
heart activity. Intact frog muscle fibres were activated using
different pulse protocols and the equatorial and meridional
diffraction patterns were recorded. The experiments have
shown that height and width of the meridional 14.3 nm
reflection markedly increases upon contraction initiated by
paired pulses when the second stimulus is given in the phase
of force development. Thus there is correlation between the
amplitude of transient increase of intensity of the 14.3 nm
reflection and the tension response.

Time-resolved X-ray diffraction studies
on cardiac muscle
(with A. Arner, A. Jaworowski &R. Lagerstedt (Lund))

Equatorial reflections from skinned cardiac muscle were
recorded in the relaxed and rigor state and during activation
or relaxation with 125 ms time-resolution. Photolytic release
of ATP in the presence of Ca2+ resulted in a rapid contraction
which was associated with a fast change of the equatorial
reflections. The data show that the rate of detachment from
rigor is sufficiently fast not to limit the rate of contraction.

Structural basis for regulation in
muscle contraction
(with S. Frisbie, S. Xu &L.C. Yu (Bethesda))

The effects of calcium on the structure of the thick filament
was investigated in muscle stretched to non overlap between
the actin and myosin filament. In this way any acto-myosin
interaction is avoided. Initial experiments on over-stretched
muscle were successful, showing that the myosin structure
was mainly unperturbed by Ca2+. High resolution X-ray data
from the thin filament were collected up to 1/2.5 nm on the
meridian from skinned muscles in relaxed and in rigor states.
With the focus of the camera on the X-13 beamline being very
fine, we expect to obtain diffraction patterns at even higher
angles while the first actin and myosin layer lines can still be
resolved.

X-ray diffraction studies on oriented lipid-multilayers

Lipid multilayers found widespread interest as model systems
for biological membranes and also as substrates for biosen-
sors. Together with the mechanical workshop a sample
holder was designed and constructed to study oriented lipid-
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multilayers on glass substrates. The holder is temperature-
controlled and the atmosphere inside the holder can be
changed to investigate the effect of humidity, air pressure
or other substances in the gas phase with the sample. Data
analysis of first experiments is in progress.

Intermediate structures in
amphiphilic/water systems
(with S.S. Funari (Teltow))

With time-resolved X-ray -diffraction in the C1sEOs/water
system on heating and cooling scans different phases were
observed and their structure determined. Between hexago-
nal and lamellar phases the structure is dependent of the
thermal path. Heating from hexagonal forms a cubic while
cooling from lamellar leads to an intermediate phase. A
manuscript has been submitted for publication.

X-ray studies on the C12E02/water system
(with S.S. Funari (Teltow))

Time-resolved diffraction patterns were recorded on heating
and cooling scans. Two neighbouring cubic phases were
observed and the transition between them was temperature,
but not concentration, driven. The cubic phases have been
identified as la3d (lower temperatures) and Pn3m (higher
temperatures). The la3d found in a sample with 67 wt%
has a lattice parameter a =12.9 nm, length and radius of
the rods 1=4.5 nm, (=2.5 nm, respectively. The parameters
for the Pn3m phase are a=12.2 nm, 1=4.3 nm and (=2.7 nm,
respectively.

Modification of POPE model
membranes by surfactant
(with S.S. Funari (Teltow) & N. Baboi (Bucharest))

We investigated the ternary system POPE/C12E02/water by
simultaneous SAXS and WAXS, and polarising optical mi-
croscopy. Temperature scans were performed to determine
the phases and the corresponding transition temperatures.
Below room temperatures non-lamellar phases were ob-
served. Detailed data analysis of these experiments is in
progress.

On the main transition of phosphoethanolamines
in multilamellar vesicles
(with F. Richter (Munich))

To investigate the mechanism of the main transition in
phospholipid liposomes in excess water X-ray reflections
up to the 6th order of the gel and liquid crystalline phase
and in the middle of the transition were recorded with high
spatial resolution. Analysis of the peak widths shows a
phase characteristic dependence of the width with the order
that is even present during the transition. They sharpen
in their respective pure phase region. The data give in-
formation on the nature of defects characteristic for each
phase.
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Phospholipase A2-activity on multilamellar
phospholipid vesicles
(with F. Richter (Munich))

The enzyme activity on dimyristoylphosphatidylcholine
(DMPC) vesicles was investigated in situ by time-resolved X-
ray diffraction. Changes in the overstructure of the liposome
and in the chain region were observed by recording SAXS
and WAXS simultaneously. Data analysis is in progress.

Mixing behaviour of saturated short-chain
phosphatidylcholines and fatty acids
(with R. Koynova &B. Tenchov (Sofia))

Phase diagrams of the binary mixtures dilauroylphosphatidyl-
choline (DLPC)/Iauric acid (LA) and dimyristoylphosphatidyl-
choline (DMPC)/myristic acid (MA) have been constructed
using high-sensitivity DSC and time-resolved X-ray diffrac-
tion. They are of different type compared to those of the
longer chain phosphatidylcholine/fatty acid mixtures, the lat-
ter being of maximum azeotropic point type. A manuscript
has been submitted for publication.

Accelerated formation of cubic phases
in lipid dispersions
(with B. Tenchov &R. Koynova (Sofia))

By X-ray diffraction we show that several sodium salts and
some disaccharides strongly accelerate the formation of
cubic phases in phosphatidylethanolamine (PE) aqueous
dispersions during temperature cycling through their lamel-
lar liquid crystalline - inverted hexagonal (La-HII) phase
transition. The degree of acceleration increases with solute
concentration. Such acceleration has been observed for di-
hexadecyl PE (DHPE), dipalmitoyl PE (DPPE) and dielaidoyl
PE (DEPE) that do not form cubic phases spontaneously.
For diluted lipid dispersions at 1 M solute concentration,
typically ten to fifty T-cycles result in disappearance of the La
phase and complete conversion of the lipid dispersion into
cubic phase. Most effective is temperature cycling executed
by laser-flash T-jumps: 10-12 cycles are sufficient to fully
convert the La phase into cubic phase. However, the cubic
phases produced in this way are less ordered compared
to the rather regular cubic structures produced by linear,
uniform temperature cycling at 10°C/min.

Low amounts of PEG-lipid induce cubic phase
in phosphatidylethanolamine dispersions'
(with R. Koynova &B. Tenchov (Sofia))

Using liposome preparations for in vivo drug delivery is a
long-standing goal. Some of the problems to be solved upon
developing such preparations include increasing their time in
blood circulation and controlled-release formulations. Impor-
tant recent advances in liposome design in these respects
represent incorporation into Iiposomes of phospholipids with
poly(ethyleneglycol) (PEG) chains for (1) prolongation of
the circulation time and (2) utilizing of cubic mesomorphic
liquid crystalline phases formed in lipid/water systems for
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PLATE 86

Small-angle X-ray diffraction pattern of DEPE/PEG-550 PE and a
model of the arrangement of lipid molecules.
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controlled drug release. By time-resolved X-ray diffraction we
found that low amounts of phospholipid covalently attached
to PEG-550 spontaneously form a cubic phase in aqueous
dispersions of dielaidoylphosphatidylethanolamine (DEPE).
The cubic phase was found in the temperature range be-
tween the La and HII phase. The spacings of the observed
small-angle scattering reflections of this phase arrange in the
ratio: y!2: y!4: y!6: y!8: y!lO: y!12: y!14: y!16: y!18: y!20:
y!22: y!24: y!26: y!32: y!42: y!48 (Plate 86), consistent with
cubic space group Im3m.

peak in the diffraction pattern of the Gel 4 phase appears
to be symmetric. Though no remarkable change in lamellar
spacing with pressure is observed for the Gel 3 and Gel
4 phases, the lateral packing of the lipid acyl chains in
these phases significantly changes. The pressure-induced
Ge14/Ge15 phase transformation is accompanied by a drastic
drop of the lamellar d-spacing from about 60 A to 55 A.
Assuming a parallel orientation of the lipid acyl chains to
the bilayer normal the lipid layer thickness is estimated close
to this d-value.

Effect of local anaesthetic heptacaine
on DPPC bi.layers
(with P. Balgavy & D. Uhrikova (Bratislava))

Heptacaine (C7A) is a very effective local anaesthetic. Due
to its insertion between phospholipids in membranes, and
because of the mismatch between the C7A and lipid chains,
the lipid bilayer should expand laterally and its thickness
should decrease with the C7A concentration and the phase
transition temperature Tc between the gel and the liquid
crystalline phases should decrease. These predictions were
tested on DPPC model membranes and verified in simulta-
neous SAXS and WAXS experiments.

The pressure and temperature-dependent
phase behaviour of DPPC model membranes
(with C. Czeslik, R. Malessa &R. Winter (Dortmund))

High pressure affects intermolecular distances and may
lead to conformational changes. We used the diamond
anvil technique to study the high pressure structure and
phase behaviour of DPPC model membranes. By X-ray
diffraction, five different gel phases could be characterized
up to pressures of 20 kbar. In the wide-angle diffraction
region, an asymmetric diffraction peak is characteristic for
the Gel 3 phase indicating a tilt of the lipid acyl chains with
respect to the bilayer normal, whereas the corresponding

Rate of phase transformations between
mesophases of the 1:2 lecithin/fatty acid
mixture DMPC/MA
(with J. Erbes &R. Winter (Dortmund))

Fatty acids are essential components of biological mem-
branes. Using the pressure-jump relaxation technique we in-
vestigated the rate and mechanism of phase transformations
of mesophases of the lecithin/fatty acid mixture dimyristoyl-
phosphatidylcholine/myristic acid (DMPC/MA) in the molar
ratio 1 :2. In equilibrium, the chain melting transition of this
system occurs without forming a lamellar liquid-crystalline La
phase. In DMPC/MA (1 :2) dispersions the phase sequence
is Lc --t Lf3 --t HII/QiJ --t HII/QiJD --t HII with increasing
temperature or decreasing pressure, respectively.

High pressure small-angle X-ray
diffraction studies of ,a-lactoglobulin solutions
(with R. Malessa, C. Czeslik &R. Winter (Dortmund))

The pressure-induced denaturation and aggregation be-
haviour of a mixture of two different genetic variants (AlB)
of {3-lactoglobulin was investigated. {3-lactoglobulin is a small
globular protein and a major component of whey. Except
under conditions of extreme pH or dilution, the protein exists
predominantly in the dimer form. In contrast to other globular
proteins, the denaturation and aggregation process starts at
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relatively low pressures (around 2 kbar). A Guinier-analysis
of the diffraction pattern exhibits an increase of the apparent
radius of gyration Rg from 21 Aat ambient pressures up to
32 Aat 3000 bar for a 1% (w/w) solution.

PLATE 87

X-ray diffraction patterns of DNA/lipid complexes below and above
the chain melting temperature. Many orders of a lamellar struc-
ture plus one reflection attributed to the DNA-DNA distance are
observable.

Studies on lipid and surfactant mixtures
(with T. Gutberlet &G. Klose (Leipzig))

The kinetics of the lamellar to hexagonal phase transition in
POPC/C12En systems was investigated. Under equilibrium
conditions a peak splitting is only present as a shoulder
within the peak profile. An intermediate hexagonal phase
during the transition may indicate that the dehydration
process on which the mixed lipids are forced to transfer
from the lamellar to the hexagonal structure, is a two step
process depending on the different hydration abilities of
POPC and the ethylene oxide surfactant. Thus the different
headgroups of both lipids may dehydrate separately. These
systems were further investigated using rapid changes in
hydration.
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to the lamellar stack shift to larger angles indicative for a
thinner lamellar lattice. In parallel, the reflection attributed to
DNA-DNA distance (see arrow in Plate 87) is shifted towards
smaller angles due to the lateral expansion of the mem-
brane. These results might be relevant for the application
of DNA-lipid complexes in gene therapy and also for the
understanding of membrane-polyelectrolyte compounds in
material science.

Erbes, J., Winter, R. & Rapp, G. (1996). Rate of phase
transformations between mesophases of the 1:2 lecithin/fatty
acid mixtures DMPC/MA and DPPC/PA - a time-resolved
synchrotron X-ray diffraction study. Ber. Bunsenges. Phys.
Chern., 100,1713-1722

Balgavy, P., Dubnickova, M., Uhrikova, D., Gordeliy, V., Kise-
lev, M., Yaradaikin, S. & Rapp, G. (1996). Phosphatidyl-
choline bilayer thickness in unilamellar and multilamellar
Iiposomes. Comparison of SANS, SAXS and SAXD results.
Chern. Listy, 90,625-626

Phospholipids provide the main components of biological
membranes. Methyl branches disturb the lateral packing of
phospholipid molecules. Therefore, the dibranched phospha-
tidylcholines (PC) form interdigitated gel phases. At temper-
atures below Tm, a lamellar gel phase was observed with two
sharp Bragg reflections in the small-angle region. The main
transition leads to a La-phase with molten chains. A transition
at 78°C (T1) occurs between two liquid crystalline phases.
The ratio of the long spacings (1 :y'3:2) indicates a hexagonal
phase above T1. Following the molecule shape concept an
inverse hexagonal phase is expected. While the transition
HII/La exhibits a pronounced hysteresis between the heating
and cooling scans (1 Klmin), the transition from the liquid
crystalline La to the gel phase cannot be supercooled.

Interaction of DNA with cationic
lipid membranes
(with G. Kminek &J.O. Radler (Munich))

Phases behaviour of a methyl-branched
phosphatidylethanolamine
(with G. Brezesinski, F. Bringezu &
H. Mohwald (Berlin))

Cationic Iiposomes complexed with plasmid DNA are highly
efficient as gene carriers in eukaryotic cells. An essen-
tial feature of this transfection method is that the Iipo-
somes when mixed with DNA collapse into dense liq-
uid crystalline condensates. We investigated the struc-
ture and thermodynamic properties of aggregates of
DMPC/DMTAP (dimyristoylphosphatidylcholine/dimyristoyl-
trimethylammoniumpropane) and 20 bp double-stranded (ds)
oligonucleotides. The oligo-lipid condensates exhibit liquid
crystalline order comprised of two-dimensionally packed
ds-oligos confined between lamellar lipid membranes. As a
function of increasing temperature the lipid chain melting was
observed at 39°C. In the WAXS region the typical gel reflec-
tion disappears and in the SAXS the reflections attributed
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Non-crystalline systems

Group leader: M.H.J. Koch

Scientist: D. Svergun

Predoctoral fellows: G. Barone*, A. Petrascu*

Postdoctoral fellows: S. Dev*, M. Kozin*, Z. Sayers*, V. Volkov*

Visitors (short-term): A. Angelova, A. Bigi, K. Brandenburg, K. Brown, G. BOldt, H. Bunjes, M. Chemloul, C. Czeslik, N. Dencher, A. Dietrich,
V. Everaert, A. Gabriel, G. Gehbauer, B. Godeeris, J. Halewyn, C. Hebetle, K. Hodgson, B. Hsiao, G. HObner, R. lonov, H. Jacobs, R. Kleppinger,
M. Killenberg-Jabs, S. Konig, X. Lefebvre, C. Lefevre, J. Nagy, W. Pohle, H. Reynaers, N. Roveri, W. Sager, B. Schmidt, E. Schoenbrunn, S. Seifert,
C. Selle, J. Smeets, S. Vanden Eynde, C. Wikner, T. Wilpert,

Major progress was made in implementing the space-time-
space conversion method for parallel readout of delay line
detectors (Gabriel & Koch, 1992) (with C. de Raad-Iseli &
F. Krummenacher, (Lausanne), M. Chemloul, H. Mio & P.
Laggner (Graz) and A. Gabriel (Grenoble). An application-
specific integrated circuit (ASIC) was designed and proto-
types were produced at the CMP in Grenoble using 1.0 ,um
CMOS technology. The chip contains 64 delay line elements
with 0.5 ns resolution/channel together with comparators and
counters. The desired number of channels is obtained by
connecting. several ASICs in series. First results (Plate 88)
were obtained using a specially designed PC data acquisition
board based on the HMI system (Mio et al., 1996). They
provide a proof of principle of the method which overcomes
the main limitation of conventional delay readout methods
that can detect at most one photon per bunch.

The software controlling the standard data acquisition system
on the beam line was further developed with F. Golding
(Lancaster). Such a system has now also been installed on
the small-angle scattering line of the Dupont de Nemours
- Northwestern University - Dow Chemicals collaboration at
the advanced photon source (APS) at Argonne National Lab-
oratory. Other systems are due for installation at laboratories
in- and outside Europe.

Purification and structural studies
of yeast Cu-metallothionein

PLATE 88
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Comparison of the structural parameters of the protein in
solution obtained by X-ray scattering (molecularweight 6 kDa
and radius of gyration of 1.25 nm) with those of lysozyme
(14.3 kDa and 1.48 nm) confirm that the protein has a very
extended shape in solution and explain its anomalous elec-
trophoretic behaviour. Crystallization attempts which have
to be carried out in anaerobic conditions were hitherto not
successful.
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First four diffraction orders of Ag-stearate taken on a modified Kratky
camera using a delay line detector connected to a data acquisition
card with 4 ASICs connected in series. The spikes indicate the limit
of each ASIC. The chip is clearly visible in the first prototype ASIC
(top left). Note the three blocks corresponding esssentially to the
delay line, the comparators and the counters. The final packaged
version of the ASIC is shown on the right.



PLATE 89

Four phase model of the 70S ribosome E.coli. Envelopes of the
subunits are displayed as lighter semi-transparent surfaces, those of
the rRNA moities as shaded solids. Top left view: 30S is closer to the

viewer, centre: 50S on the left, 30S on the right bottom, right: 50S
is closer to the viewer. Darker regions indicate the areas where the
rRNA protrudes to the surface.

Data analysis methods .
(with V. Volkov & M.Kozin (Moscow), H. Stuhrmann
(Geesthacht) and C. Barberato (Campinas))

On the basis of previous work (Svergun &Stuhrmann, 1991 ;
Svergun et a/., 1995; Svergun. 1996; Svergun et a/., 1996),
a program for ab initio determination of the low resolution
shape of biological macromolecules in solution from their
experimental scattering curves was written. Starting from
a sphere, the coefficients of the spherical harmonics used
to parametrize the shape of the particles that minimize
the discrepancy between the experimental and calculated
scattering curves are obtained. In all tests with solution

5 nm
scattering data of proteins with known crystal structures a
fair restoration of their shape was obtained directly from
experimental curves on a relative scale as illustrated in
Plate 89. Knowledge of the symmetry of the particles is an
advantage since for a given resolution fewer parameters are
required for their description due to selection rules for the
multipole coefficients.

The program runs on IBM-PC and various UNIX platforms.
When it is used in conjunction with the three-dimensional
graphic system ASSA (Kozin et a/., 1996) on a SUN Work-
station, the successive steps of refinement procedure can be
directly followed.
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Contrast variation study of the 70S E.coli ribosome
(with N. Burkhardt, G. Diedrich &K.H. Nierhaus
(Berlin), V.V. Volkov &M.B. Kozin (Moscow), I.N. Serdyuk
(Pouschino), W. Meerwink &H.B. Stuhrmann
(Geesthacht) and J. Skov Pedersen (Roskilde))

Neutron contrast variation scattering datawere obtained from
solutions of hybrid 70S E.coli ribosomes reassembled from
specifically deuterated subunits, and on the free 30S and
50S subunits. The authenticity ofthe particles was controlled
in parallel X-ray measurements. The data set (42 X-ray and
neutron curves in total) pfOved to be consistent to describe
the ribosome as a four component system composed of the
RNA and protein moieties of its subunits, and thus contains
ten times more information than a single solution scattering
curve. A model-independent comparison of these data with
the scattering curves calculated from recent electron micro-
scopic reconstructions in vitreous ice (Frank et al., 1995;
Stark et al., 1995) indicates that the "Swiss-cheese"-like
structure proposed in one of these reconstructions (Stark et
al., 1995) is very unlikely. The gross low resolution features of
this model are, however, also compatible with the scattering
data. A solid body four phase low resolution model of the
70S ribosome was built from the envelopes of the 30S and
50S subunits and of their RNA moities. These envelopes
were parametrized at a resolution of 3.5 nm using spherical
harmonics taking into account interface layers between the
phases. The initial approximation for two envelopes - those of
the subunits - was taken from the model (Frank et al., 1995)
and an optimized four phase model (Plate 89) was refined
by non-linear minimization to fit the available experimental
curves. Whereas the refined envelopes of the subunits differ
only by about 10% from the starting approximation, those of
the rRNA moieties differ significantly from the ones inferred
from electron microscopy. The RNA moiety in the 30S is more
anisometric than the subunit itself, whereas in the 50S RNA
forms a compact core. Both rRNAs protrude to the surfaces of
the subunits and the areas where the gap between the rRNA
envelope and that of the subunit is less than 1 nm (rRNA
probably exposed to the solvent) amount to 45% and 52% of
the entire surface for the 30S and 50S subunit, respectively.

Other collaborations

X-ray solution scattering of the subunit association
behaviour of thiamine diphosphate (TDP)-dependent
oligomeric enzymes
(with M. Killenberg-Jabs, J. Schaffner, C. Wikner,
A. Dietrich & S. Konig (Halle-Wittenberg))

Pyruvate decarboxylase (PDC) from Zymomonas mobilis
has a structure very similar to that of the yeast enzyme
(Konig et al., 1993) yet very different kinetic properties.
A study of the pH-dependent dimer-tetramer equilibrium
showed that the Zymomonas enzyme is more stable and its
shape determined from the solution scattering curve is more
compact and has a larger contact region between dimers
than the yeast enzyme. Similar studies were also made
on the yeast PDC mutants (E51Q, E51A, G413W) and on
PDC from germinating pea seeds which forms more complex
oligomeric structures than the yeast enzyme as well as on
two mutants (E418A and H481 A) of yeast transketolase.

220

Solution structure and thermal denaturation
of human interferon-g
(with J. Halewyn, R. Kleppinger &H. Reynaers (Leuven))

The aim of this project was to study the exact nature
(monomer-dimer equilibrium) of this key protein of the im-

. mune system. The thermal denaturation of the protein was
also studied to compare the results with those of Fourier
transform infrared spectroscopy. Data analysis is still in
progress.

reductase from E.coli
(with S. Kuprin, A. Ehrenberg &A. Graslund
(Stockholm) and C. Barberato (Campinas))

Analysis of the solution scattering from subunits R1 and R2
of this protein and their complex have shown that R1 exists
as a monomer-dimer equilibrium and that the R1 R2 complex
only forms in significant amounts in the presence of ATP.
The resulting complex is much larger than expected and
probably a tetramer of R1 R2. These findings might explain
that in contrast with the isolated R1 and R2 subunits the
R1 R2 complex could hitherto not be crystallized.

Structural studies on collagen
(with A. Bigi, N. Roveri &A. Ripamonti (Bologna))

Possible changes in the calcification process associated
with the change of the primary stucture of type I collagen
during evolution were investigated on fish bone. Further, the
morphological organization of the structural components of
compact bone was studied on sections of rabbit tibia. Such
studies are useful in understanding the mechanical response
of bone as well as in the design of bone prostheses.

Endotoxin polymorphism
(with K. Brandenburg &U. Seydel (Borstel))

Several aspects were studied this year including the interac-
tions of glucans with endotoxins (with A. MOiler (LObeck) and
D. Williams (East Tennessee)) and the correlation between
the conformation of LPS and lipid A and cytokine induction in
human monocytes (with A. Schromm & H. Loppnow (Bors-
tel)). The cubic structures which seem to be clearly correlated
with biological activity, and the HI! structures of lipid A from
Salmonella minnesota were characterized in detail. Further,
the influence of haemoglobin, which is known to enhance
the activity of endotoxin, on the structural polymorphism of
endotoxin was investigated.

Effect ofparticle size on the properties
of solid lipid nanoparticles
(with H. Bunjes &K. Westesen (Jena))

Aqueous suspensions of lipid nanoparticles are potential
carrier systems for the parenteral administration of lipophilic
drugs. Suspensions of colloidally dispersed triglycerides with
average particle sizes down to 50 nm display a complex
melting behaviour which is very different from that of the
bulk material. In particular, the occurrence of well-resolved
thermal events may reflect the melting of particles with



quantized thicknesses corresponding to multiples of the
triglyceride layer.

Thermal properties of polysaccharides
(with H. Jacobs, C. Hebette, N. Mischenko,
R. Kleppinger, J. Delcour &H. (Leuven))

The evolution of the scattering patterns of starch and of inulin
with temperture was correlated with differential calorimetry
(DSC) observations. As in the case of synthetic polymers
combined DSC and simultaneous smalt- and
wide-angle scattering are indispensable to interpret the com-
plex thermal behaviour of these substances which are of
major importance in the food industry. Analysis of the results
is in progress.

Further details about other ongoing projects as well as about
some projects on micro-emulsions (W. Sager et al., Leiden)
and synthetic polymers can be found in the 1996 HASYLAB
Annual Report. Data for, some of the latter projects (M.
Dosiere et al., Mons; Reynaers et al., Leuven; David et al.,
Brussels) collected in previous years were analysed and the
results prepared for publication. The successful activity in
1996 should, however, not hide the fact that, beside other
factors, the total absence of technical staff in the group during
a year with 220 days of beam time has created a very difficult
situation which has already forced us to delay a number of
projects accepted by the Priorities Committee in 1996 until
next year.
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The Grenoble Outstation

Introduction

The Grenoble Outstation of EMBL has the dual roles of
pursuing research in structural molecular biology and of
collaborating with its neighbouring international institutes, the
Institut Laue-Langevin (ILL) and the European Synchrotron
Radiation Facility (ESRF) in provision of respectively neutron
and X-ray facilities for visiting biologists.

At the ESRF, BM14 (previously BL19) has produced a num-
ber of MAD crystal structures including the first with the ESRF
designed charged coupled device (CCD) detector system
which is now routinely operational. The macromolecular
crystallography endstation of the ESRF high brilliance beam-
line 102 (previously BL4) continues to provide the world's
most inten·se beam for external user groups doing protein
crystallography. One of the highlights using data from this
beamline is the determination of the crystal structure of the
blue-tongue virus core at 3.5 Aresolution by an Oxford group.
The construction of the 1014macromolecular crystallography
beamline has been hotting up with the opening of the first
two endstations being planned for September 1997. The
instrumentation group has completed the large area off-line
image-plate scanner which will be used in conjunction with a
Weissenberg camera on one of the 1014 endstations. For the
first time in these research reports, a separate section deals
with the activities of the EMBUESRF Joint Structural Biology
Group which was formally established in 1996 to co-ordinate
activities related to the structural biology beamlines at the
ESRF.

The common theme running amongst the biologically ori-
entated groups at the Outstation is an interest in proteins
interacting with nucleic acids, either RNA or DNA. Two
in-house groups continue to have major research efforts
on unravelling structure-function relationships in the family
of aminoacyl-tRNA synthetases which specifically charge
tRNAs with their cognate amino-acids. During 1996, two
new synthetase crystal structures have been determined,
asparaginyl-tRNA synthetase and prolyl-tRNA synthetase
both from T.thermophilus, bringing to fourteen the number of
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aminoacyl-tRNA synthetase structures known and a further
step towards obtaining the complete set of twenty struc-
tures. Both enzymes were first cloned, sequenced and over-
expressed at the Outstation. Other synthetase highlights
include the cloning of the human mitochondrial seryl-tRNA
synthetase and detailed biochemical studies on yeast cy-
toplasmic and mitochondrial asparaginyl-tRNA synthetases.
The first crystal structure of proteins from the mammalian
signal recognition particle (SRP), the SRP9/14 heterodimer
from the Alu-domain of SRP, has been determined and
refined at 2.5 Aresolution. This shows that SRP9 and SRP14
have the same fold, despite low sequence homology. They
form a pseudo 2-fold symmetric dimer whose most striking
feature is a inter-dimer extended fj-sheet which forms a highly
concave and positively charged surface, perhaps part of the
RNA binding site.

The protein:DNA interaction group has made good progress
in 1996. The aim of this group is to study, using crys-
tallography as major tool, the recognition between eu-
karyotic transcription factors and their specific DNA se-
quences and how interactions between different specific
and general transcription factors regulate transcriptional
activity. A crystal structure has been determined at 2.5A
resolution of the first T domain:DNA complex, which re-
veals that this domain binds as a dimer, each monomer
having an Ig-Iike fold. A 2.1 A resolution structure has
been determined of the NF-K'B P52:DNA complex which
although similar to the known NF-K'B P50:DNA complex
shows some interesting differences. Crystals have also
been obtained of Stat3 in complex with DNA but they
currently only diffract to 3.8 A resolution. The virus struc-
ture group continues its work on the transciption/replication
complex of influenza virus by a combination of molecular
biology, biochemistry (notably chemical probing in solution
of RNA-protein interactions) and electron microscopy. In
addition crystals have been obtained of a fragment of the
influenza M1 protein which plays a key role in virus assem-
bly.



Crystallography group

Group leader: S. Cusack

Scientists: A. Aberg*, C. Berthet-Colominas, M. Tukalo, A. Yaremchuk*

Postdoctoral fellows: G. Bec*, S. Monaco, M. van Raaij*

Predoctoral fellows: D. Birse, O. Weichenrieder

Visitors: S. Hansen*, R. Helland*, E. Hough*, J. Smith*

Assistant: U. Kapp

The primary focus of the group is structural studies of proteins
that interact with RNA with the aim of understanding the
structural basis of specific RNA recognition and the function
of particular RNA-protein complexes. The systems being
studied are aminoacyl-tRNA synthetases and proteins from
the mammalian signal recognition particle. An additional
interest is in viral proteins.

Aminoacyl-tRNA synthetases

The major theme of the group's activity is structural studies of
aminoacyl-tRNA synthetases and their substrate complexes
(ATP, cognate amino-acid and tRNA) with the aims of un-
derstanding molecular recognition (specificity and discrimi-
nation), reaction mechanisms and evolution. We are accel-
erating rapidly towards the determination of all 20 synthetase
structures and a very comprehensive, structurally based un-
derstanding of this functionally similar but otherwise diverse
bi-family of enzymes (the ten class 1 and ten class II enzymes
having distinct ancestors). In 1995, eleven of the twenty
synthetase structures were known (Cusack, 1995). During
1996 three more new structures have been determined, two
of them in this group, the asparginyl- (in collaboration with
the Leberman group) and prolyl-tRNA synthetases and the
third, isoleucyl-tRNA synthetase, by a Japanese group. As
expected, surprising results are still emerging!

Purification and crystallization of T.thermophilus
prolyl-tRNA synthetase (ProRSTT)
(A.Yaremchuk &M.Tukalo)

Prolyl-tRNA synthetase (ProRS) is a class Iia aminoacyl-
tRNA synthetase having the closest structural similarities to

threonyl-, histidyl- and glycyl-tRNA synthetases. The wild-
type enzyme was purified from T.thermophilu5 cells of HB-8
and HB-27 strains and found to be an lX2-dimer of estimated
molecular weight 108 kDa. The hanging drop technique
was used to screen a large number of crystallization con-
ditions. Crystals of ProRS from T.thermophilu5 HB-8 and
its complex with proline were obtained in ethylene glycol
but no crystals were obtained of the enzyme from HB-27.
Crystals of the enzyme diffract to better than 2.7 Aresolution
and are of space group P21212 space group with unit cell
dimensions a=132 A b=192 A c=125 A. An excellent data
set has been obtained on BM14 at the ESRF at 2.7 A
resolution (Rmerge=0.04, 98.6% complete, 86899 unique
reflections). Crystals of ProRSTT were successfully soaked
with proline and a complete data set has been collected
to 2.9 A resolution on the Swiss-Norwegian beamline at
the ESRF.

Cloning, sequencing and expression of
T.thermophilus prolyl-tRNA synthetase
(A. Yaremchuk & M. Tukalo)

To permit further studies of structure-function relationships
of ProRSTT we decided to clone the corresponding struc-
tural gene. The purified enzyme provided several short
peptide sequences: an N-terminal sequence of 20 residues
and 5 internal tryptic peptides (determined by the Protein
and Peptide Group, EMBL, Heidelberg). Using sequence
information from two peptides, oligonucleotide primers were
designed which allowed amplification of a partial gene frag-
ment (700 bp) of ProRSn by PCR. That this corresponded
to a putative ProRS gene was verified by cloning and
DNA sequencing. The cloned fragment was then used as
a probe for Southern blot hybridization to T. thermophilu5
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chromosomal DNA digested with several restriction en-
zymes. A 2.75 kb BamHI fragment was cloned into pUC19
plasmid and sequenced. The open reading frame of the
proS gene contains 1431 bp, from which the sequence of
the 477 amino-acid residues comprising the subunit was
deduced.

Comparison of the primary sequence of ProRSTT with all
other known prolyl-tRNA synthetases shows significantly
more similarity to eukaryote cytoplasmic ProRS (e.g. 35%
homology to yeast ProRS and 37% to D.melanogaster
and human ProRS) than-to other eubacterial prolyl-tRNA
synthetases (18% homology to E.coli ProRS and 14%
to C.trachomatis). This highlights the fact that there are
two distinct structural forms of ProRS: (1) "eukaryote-
like" including ProRS from cytoplasm of eukaryotes,
M.genitalium, M.janasschi (archae) and T.thermophilus,
characterized by the absence of an insertion domain
between motifs 2 and 3 and an extra C-terminal do-
main beyond the normal class Iia anti-codon binding do-
main; (2) "prokaryote-like" including ProRS from mito-
chondria of eukaryotes, E.coli and C.trachomatis, which
are larger enzymes with a very large insertion be-
tween motifs 2 and 3 and no extra C-terminal do-
main. These two forms must have diverged early from
a primitive ancestor of ProRS. This represents the third
T.thermophilus synthetase (GlyRS, lIeRS and ProRS)
which has "eukaryote/archae-like" characteristics rather than
"prokaryote-like", suggesting some possible horizontal trans-
fer event.

In the C-terminal extension of ProRSTT there are 5 cys-
teines of which 4 are conserved in "eukaryote-like" ProRS.
The crystal structure of ProRSTT (see below) shows that
there is indeed a Zn2+ binding site in this domain. The
importance of zinc binding in ProRS has been evaluated
via modification of the cysteines with p-(hydroxymercuri)-
phenylsulfonicacid (PMPS) and mercury aniline. The release
of Zn2+ from ProRSTT during modification with PMPS was
monitored by the changes in absorbance at 500 nm in
the presence of 4-(2-pyridylazo)resorcinol and the amino-
acylation activity of ProRS was assayed at 37°C. The Zn2+
ion was released upon cysteine modification but did not
reduce the amino-acylation activity of ProRSTT. Probably
the Zn2+ ion does not participate in the amino-acylation
activity, but may be structurally important particularly at
the high optimal growth temperature (rv70°C). To obtain
large amounts of ProRSTT we have cloned the proS gene
into E.coli using the expression vector pET17b. The over-
expressed ProRSTT was purified by heat treatment fol-
lowed by two ion-exchange chromatography steps and is
now being used in crystallization and biochemical experi-
ments.

Crystal structure of T.thermophilus
prolyl-tRNA synthetase
(S. Cusack, A. Yaremchuk & M. Tukalo)

The crystal structure of ProRS was solved to 5 Aresolution
by SAD (single wavelength anomalous diffraction) using only
the optimized anomalous scattering from a mercury aniline
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PLATE 90

Crystal structure of one subunit of T.thermophilus prolyl-tRNA
synthetase showing the catalytic domain (white), anti-codon binding
domain (black) and C-terminal zinc-domain (grey).

derivative, measured on BM14 at the ESRF. Five mercury
sites were found from the anomalous Patterson map and
nine additional sites from phased anomalous maps; one
mercury site in each subunit coincided with the natural
zinc site. The low resolution phases were improved by
four-fold averaging and phase extension to 2.7 A using
the native data and the fact that there are two ProRS
dimers in the asymmetric unit. The final experimental map
was of excellent quality and the chain could be traced
for the entire molecule except residues 1-4, 78-87. The
model has been refined to Rwork=0.234, Rfree=0.264, with
excellent geometry, but no added water. The same initial,
poor quality, 5 ASAD phases, followed by 4-fold averaging
and phase extension, were applied to the 2.9Adata on
ProRS soaked with proline. This again gave rise to an
excellent experimental map (not difference map!) which
clearly shows the proline bound in the active site together
with the significant conformational changes in the enzyme
associated with its binding.

The crystal structure of one subunit of ProRSTT is shown
in Plate 90 and shows two remarkable and unpredicted
features. The unique extra C-terminal domain is in fact
a zinc-binding domain situated in the position normally
occupied by the insertion domain between motifs 2 and
3. The zinc is tetrahedrally co-ordinated by four cysteins
and appears to have a structural role. The Zn-domain is
connected to the preceeding class lIa anti-codon domain
by a long a-helix. The extreme C-terminus, a tyrosine,
absolutely conserved in the "eukaryote/archae-like" ProRS,
doubles back into the active site strongly suggesting that
the exposed carboxyl-group plays an important role in
activity.



Crystallization of T.thermophilus prolyl-tRNA
synthetase: tRNApro complex
(A. Yaremchuk, I. Kriklivyi (Kiev) and M. Tukalo)

The subclass Iia synthetases, prolyl-, threonyl-, histidyl- and
glycyl-tRNA synthetases, all have a homologous C-terminal
a/{3 domain which is presumed to be involved in tRNA
anti-codon binding and recognition. No synthetase-tRNA
complex crystal structure is yet available showing how this
domain interacts with RNA. We have therefore undertaken
crystallization trials on the complex of ProRSTT with cognate
tRNA using three tRNApro isoacceptors which were isolated
from total Ithermophilu5 tRNA by I. Kriklivyi in Kiev (Institute
of Molecular Biology &Genetics). All isoacceptors tRNApro
have been co-crystallized with ProRSTT using ammonium
sulphate as precipitating agent and the hanging drop vapor
diffusion method. Small single prism crystals of complex
were obtained with tRNApro3 at pH 7.5, but have not been
characterized. A different crystal form of the complex were
obtained with isoacceptors tRNApro1 and tRNApro2. These
crystals grow from solution containing 1:2 stoichiometry of
synthetase dimer to tRNA at pH 7.5. They are of tetragonal
space group P43212 with unit cell dimensions a=142.6 A,
b=142.6 A, c=230.9 Aand diffract to about 3.1 A resolution
when exposed to the most intense synchrotron radiation, but
are extremely radiation sensitive even frozen to 100 K. Anal-
ysis of washed and dissolved crystals by electrophoresis and
enzymatic assay indicates that crystals contain both protein
and intact tRNA. A complete data set to 3.6 A has been
measured using two crystals and structure determination by
molecular replacement using the known ProRS structure is
in progress.

Recognition of tRNA1ys by T.thermophilus
lysyl-tRNA synthetase (LysRSTI)
(M. Tukalo, A. Yaremchuk & S. Cusack)

We have investigated the specific recognition of tRNA1ys
by LysRSTT by biochemical, genetic and crystallographic
methods. The problem is to understand how tRNAs with
similar anticodons, tRNAasp (Q/GUC), tRNAasn (Q/GUU) and
tRNA1ys (C/mnm5s2UUU) can be discriminated by their corre-
sponding class lib synthetases. The crystal structure of a het-
erocomplex of LysRSTT with E.coli tRNA1YS(mnm5s2UUU)
at 2.75 A resolution has been described previously and
shows the residues involved in specific anti-codon recog-
nition (see 1994 Research Report and Cusack et al., 1996).
This year several mutant forms of E.coli and I thermophilu5
tRNAlys have been obtained. The kinetic parameters of
amino-acylation were determined for some of the purified
mutants. Dethiolated E.coli tRNA1ys (which has anticodon
mnm5UUU after treatment with H202) shows only an 8-fold
decrease in the specificity constant (Kcat/Km) in comparison
with a 85-fold decrease for fully unmodified transcript of
E.coli tRNA1ys (with anticodon UUU). On the other hand the
C34 mutant transcript of E.coli tRNA1ys (Le. unmodified) has
more then 20 times high lysine charging activity than the
wild-type unmodified transcript. These results demonstrate
that the thio group of mnm5s2U has some importance for
tRNA recognition but that some other modification(s) of
E.coli tRNA1ys is also crucial, possibly the mnm5 group.

Replacement of C34 ·in the anticodon of Ithermophilu5
tRNA1ys with U34 exhibited a 9-fold decrease in Kcat/Km.
Substitution of this pyrimidine base by a purine (A or G)
caused a more serious decrease in the lysine charging
activity (57- and 64-fold for A34 and G34 correspondingly).
This result shows that LysRS can discriminate purine and
pyrimidine in position 34 which is important for discrimination
tRNA1ys and tRNAasn by LysRS. To understand the struc-
tural basis for discrim'ination between closely related anti-
codons we purified the wild-type transcript of Ithermophilu5
tRNA1ys and some of its mutant forms in position 34 and
co-crystallized these transcripts with LysRSTT. Crystals
of the complex obtained using transcripts of tRNA1ys (34-
CUU) and tRNA1YS(34-UUU) have the same space group
(P4212) as crystals of homocomplex of wild-type (fully mod-
ified) I thermophilu5 tRNA1ys with LysRSTT (Yaremchuk et
al., 1995). A single crystal of complex between transcript
tRNA1YS(34-CUU) and LysRSTT was measured to 2.9 A
resolution on BM14 (ESRF, Grenoble) at 100 K and its
structure has been solved. The structure shows that the
backbone and base conformation of C-34 is identical to
that of mnm5s2U-34 in the heterocomplex (Cusack et al.,
1996).

Crystal structure of asparaginyl-tRNA synthetase
from Thermus thermophilus (AsnRSTI)
(C. Berthet-Colominas &S. Cusack and
L. Seignovert & R. Leberman)

Asparaginyl-tRNA synthetase is a class lib synthetase,
closely related to the two other members of this sub-group,
aspartyl- and lysyl-tRNA synthetases. The particular inter-
ests in AsnRS are, how it discriminates asparagine from as-
partic acid, how it discriminates tRNAasP (G/QUC anticodon)
from tRNAasn (G/QUU anticodon) and the evolutionary re-
lationship between AspRS, AsnRS and the homologous
asparagine synthase.

The Ithermophilu5 AsnRS was cloned, over-expressed in
E.coli and crystallized in two different crystal forms by
Laurence Seignovert (see Leberman group report). It is
a dimeric enzyme with 438 residues/subunit. The crystals
belong to the P43212 and P6422 space groups with unit
cell parameters a=b=83.8 A, c=168.3 A, and a=b=124.7 A,
c=122.0 A respectively and each with the monomer in the
asymmetric unit. Molecular replacement using the coor-
dinates from yeast AspRS (18% identity) allowed a first
determination of the phases in both space groups. Never-
theless, several regions which differ from the model were
not well-defined and did not improve upon refinement. An
independent structure solution was therefore found by MIR
using three derivatives containing Pb, U and Sm. The MIR
map permitted a complete model to be obtained which
has been refined satisfactorally at 2.7 A resolution to an
Rwork=23.4% and Rfree=30.00/0. Note that even though the
hexagonal form crystals diffract better (2.7 Aresolution) than
those having the tetragonal form (3 A resolution) the data
from tetragonal crystals was crucial in the determination of
the extreme N terminal which was better defined in these
crystals.
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PLATE 91

Crystal structure of one subunit of T.ther-
mophilus asparaginyl-tRNA synthetase (left)
compared with the other two class lib syn-
thetases, T.thermophilus lysyl-tRNA syn-
thetase (centre) and yeast aspartyl-tRNA
synthetase (right). In each case, the catalytic
domain is white, the N-terminal anti-codon
binding domain is black and the insertion
domain is grey.

As expected from sequence alignments the structure of
AsnRSTT is remarkably similar to that of yeast AspRS (Plate
91), although the orientation of the N-terminal, anti-codon
binding /3-barrel domain differs by about 12 degrees between
the two enzymes. The rotational orientation of this domain
is indeed rather variable in known class lib synthetase
structures even between for instance LysRS from different
organisms. The AsnRS insertion domain has the same
topology as that of yeast AspRS, which is distinct from that
of LysRS. The active sites of AsnRS and yeast AspRS are
extremely similar, differing only in two residues: a lysine
which interacts with the substrate aspartic acid in AspRS
is replaced by an alanine in AsnRS and a nearby aspar-
tate in AspRS is systematically a glutamate in AsnRS. To
understand exactly how these changes specify asparagine
instead of aspartic acid, we have co-crystallized AsnRSTT
with ATP-Mg2+ and asparagine which enzymatically gives
the stable intermediate, asparaginyl-adenylate in the crystal.
AsnRS co-crystallizes with the adenylate in the hexagonal
form in the same buffer but with a PEG content much lower
(7% PEG, compared to 14% PEG for the native). The crystals
are small and we have only managed to collect data to 3.2 A
resolution. Neverthless, good difference density is observed
for the Asn-AMP although the resolution is too poor to be sure
about the interactions of the asparagine side-chain. As with
the corresponding seryl-tRNA synthetase case (Belrhali et
a/., 1995), there is a residual magnesium ion bound between
the a-phosphate of the adenylate and Glu-361 and Asp-352
of AsnRSTT.

The complex with ATP has been obtained by soaking native
hexagonal crystals in a solution containing 5 mM ATP and
10 mM MgCI2. The crystals crack slightly when they are
soaked but after equilibration for several hours they anneal
and the space group changes to P6522 with the c-axis dou-
bled to 246 A, so that now the dimer is the asymmetric unit.
Data on this complex have been collected to 3 A resolution
and difference maps show very clearly the unusual, but
characteristic bent form of ATP in the class II active site. In
addition, three magnesium ions are surprisingly clearly seen,
one between the a- and /3-phosphates and one on each side
of the /3-, y-phosphate linkage, an arrangement identical to
that seen in seryl-tRNA synthetase (Belrhali et a/., 1995)
but not previously reported for a class lib synthetase. The
clarity of the magnesium sites is probably because of the
low salt crystallization medium. This result (and that on the
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adenylate) highlights the importance in class II synthetases
of a second positive charge (e.g. divalent cation) adjacent
to the a-phosphate in addition to the conserved motif 2
arginine, for catalysis of the amino-acid activation reaction,
as proposed by Belrhali et a/. (1995). In HisRS this role
is fulfilled by a second arginine instead of a divalent cation
(1995 Research Report and Aberg et a/., 1997)

Structure determination of a complex of the
capsid protein p24 of HIV·1 and a monoclonal Fab
(C. Berthet-Colominas, S. Monaco &
S. Cusack with BioMerieux (Lyon))

A new project in collaboration with a group of BioMerieux
was started this year on the capsid protein p24 of HIV-1
complexed with an Fab. p24, which comprises 231 residues,
is the major capsid protein of HIV. It is expressed in infected
cells as part of the Gag polyprotein and only after cleavage
of Gag by the viral protease which is concomitant with
viral budding, does p24 condense to form the characteristic
conical capsid observed in mature virions. Besides its clear
structural role, p24 seems to be essential in a more active
role during virus assembly and disassembly both in its
mature form and as part of the Gag protein. In addition
p24 is responsible for bringing cyclophilin A (CypA, a proline
cis-trans isomerase) into HIV virions for an essential, but
unknown function. During an HIV-1 infection, the viremia may
be followed from an early stage by detecting p24 antibodies
in the serum.

The structure of the first 150 residues of p24 has been solved
by NMR (Gitti et a/., 1996) and also visualised by X-ray
crystallography of an Fab complex (Momany et a/., 1996).
The structure of the C-terminal remains unknown since it is
disordered in the Momany et a/. crystal structure. Epitope
mapping using the Fab we are working with suggests that it
is binding to the C-terminal domain of p24 which therefore
may be stabilized.

Crystals of the p24-Fab complex have been obtained at
pH 7.5 using PEG8000 as precipitant. They are triangular
platelets of size up to 200 x 100 x 40 mm3 and belong to the
space group C2. When they are frozen at 100 K the unit
cell dimensions are, a=193 A, b=48 A, c=191 A, /3=92.4°.
The resolution is up to 3.3 A on a synchrotron source but the



crystals are frequently twinned. A partial data collection (80%
complete) has been measured to 3.8 A resolution on a single
untwinned crystal 30 mm thick on the ESRF microfocus
beamline.

To facilitate the solving of the Fab-p24 complex structure,
crystals of the Fab alone have also been grown. This will
also permit an understanding of the role of induced fit
in the antibody-antigen interaction. The Fab crystals be-
long to space group P212121 with a=36.6 A, b=81.6 A and
c=134.2 A (cell parameters at 100 K). These crystals diffract
strongly to beyond 1.8 A resoltJtion. Until now three complete
data sets have been recorded: at room temperature on a
rotating anode (to 2.7 A resolution), at 100 K on a rotating
anode (to 2.7 A resolution) and at 100 K on a synchrotron
source (to 1.8 A resolution). For the last data collection, the
high mosa"icity of the particular crystal does not allow the ex-
ploitation of the high resolution range. Molecular replacement
using the Fab from the published p24-Fab complex (Momany
et al., 1996) has given a convincing solution which is now
being refined. However the sequence of the Fab remains to
be determined.

The Alu domain of the mammalian signal
recognition particle
(A. Aberg, D. Birse, K. Brown, U. Kapp,
O. Weichenreider & S. Cusack and K. Strub (Geneva))

The mammalian signal recognition particle (SRP) is a ri-
bonucleoprotein particle which plays an essential role in
the targeting of secretory and membrane proteins to the
rough endoplasmic reticulum (RER). Targeting occurs co-
translationally and translocation across the RER membrane
begins before polypeptide synthesis is complete. The Alu-
domain of SRP is responsible for translation arrest during
the targeting process. This domain comprises a region of
the SRP RNA containing the 3' and 5' ends, to which a
heterodimer of small proteins, SRP9 and SRP14, tightly and
specifically bind. The Alu-domain of SRP RNA is homolo-
gous to, and thought to be the evolutionary origin of, the
Alufamily of repetitive DNA sequences some of which are
transcribed to give small cytoplasmicAluRNAs (scAlu) which
may be complexed with SRP9-14. Since the mechanism and
exact functional rationale for the elongation arrest activity
are currently unknown we are collaborating with K. Strub of
Geneva University to determine the crystal structure of the
SRP Alu-domain.

Crystal structure of SRP 9/14 heterodimer
(D. Birse, U. Kapp, S. Cusack &A. Aberg)

For functional studies, and to overcome expression problems,
K. Strub constructed a fusion protein, denoted SRP<I>14-
9, by connecting mouse SRP14 and SRP9 with a linker
peptide. This construct can functionally replace the SRP9/14
heterodimeric subunit in RNA binding and elongation arrest
and release of elongation arrest activity.

Crystals of SRP<I>14-9 are reproducibly grown at 4°C using
Na2H/NaH2/K2H/KH2P04 as precipitant in the presence of

PLATE 92

Crystal structure of the SRP14/9 heterodimer. SRP9 is grey, SRP14
is white and the unconnected extra strand, possibly from the fusion
protein linker peptide, is in black.

14 N-term

ammonium sulphate (Birse etal., 1996). The crystal structure
of SRP<I>14-9 at 2.5 A resolution has been determined by
multiple isomorphous replacement using mercury, platinum
and selenomethionine derivatives (Birse et al., 1997). The
structure has been refined to an Rwork=25% and Rfree=300/0.
SRP9 and SRP14 are found to be structurally homologous,
having the same {3-a-{3-{3-{3-a fold (Plate 92), except that
SRP14 has a much larger, partially disordered loop between
{31 and 132. This we designatethe Alu binding motif (Alubm), a
new member of the family of small al{3 RNA binding domains
(which includes the RNP, KH and dsRNA binding domains).
The heterodimer has pseudo 2-fold symmetry and is saddle
like, comprising a strongly curved 6-stranded amphipathic
{3-sheet with the four helices packed on the convex side
and the exposed concave surface being lined with positively
charged residues and one exposed phenylalanine.

Crystal structure of SRP 9
(K. Brown, U. Kapp, A. Aberg & S. Cusack)

Considerable effort has been made to solve the crystal
structure of the murine SRP9 using a selenomethionyl-
incorporated protein. Previous MAD experiments (see An-
nual Report 1995), had indicated that crystals belonged to
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the space group P3121/P3221. However, after careful data
treatment, a self-rotation function showed the presence of
non-crystallographic 2-fold axes close to crystallographic
2-folds. From this result, it was concluded that the crys-
tals possess P31/P32 crystallographic symmetry with the
additional2-folds being non-crystallographic. Furthermore, a
cumulative intensity distribution plot showed clear evidence
of hemohedral twinning. After having treated the data in the
lower symmetry space group, software was written to decon-
volute the observed intensities, thus correcting for the effect
of twinning. Despite this, attempts to solve the structure by
MAD methods have not besh successful. Molecular replace-
ment taking the SRP9 moiety of the SRP<I>14-9 structure
(see above) as a model, has shown no clear solution. A
possible explanation for the diffculties may lie in the fact
that biochemical results have shown that the SRP9 molecule
(which contains two cysteines) only crystallizes after a sub-
stantial fraction of the solution has formed disulphide bonded
dimers.

To get around this problem, the highly homologous human
SRP9 protein was purified and crystallized, using PEG1500
at pH 4.5 and pH 5.0. These crystals appear to contain
the monomer. Preliminary experiments suggest that the
space group is P41/3212, with cell dimensions a=b=55.0 A,
c=1 09.5 A. Attempts to solve the structure by molecular
replacement have not been successful perhaps due to low
completeness of the dataset. Work is presently under way to
identify heavy atom derivatives.

Characterization of a minimal Alu RNA motif
(0. Weichenrieder, U. Kapp and K. Strub (Geneva))

Four regions (I-IV) have been identified on synthetic ca-
nine SRP .RNA, that are protected from hydroxyl radi-
cal cleavage in the presence of SRP9/14 (Strub et al.,
1991). The apparent dissociation constant (appKd) for ca-
nine SRP9/14 and synthetic canine SRP RNA has been
estimated to be in the sub-nanomolar range. This prompted
us to try the crystallization of a complete Alu RNP. To
this aim a minimal Alu RNA had to be identified, char-
acterized and purified in milligram amounts. Last year we
reported the identification of a minimal 86 nt long SRP
Alu RNA (SA86) that contains all four previously identi-
fied protection regions (I-IV) in their natural base pairing
context. Milligram amounts of SA86 can be purified with
nucleotide resolution using ribozyme technology. In nitrocel-
lulose filter binding experiments SA86 competes efficiently
with synthetic canine SRP RNA (SRP301) for SRP<I>14-9
(Research Report, 1995). This minimal Alu RNA was used
as the reference RNA in all further experiments described
here.

The apparent dissociation constant (appKd) of SA86 in the
complex with SRP<I>14-9 was determined to be between
5 and 20 nM and the half life of the complex at 6°C is
around 20 s. A similar combination of low appKd and fast
dissociation has been found previously also for the R17 coat
protein and its RNA target (Carey & Uhlenbeck, 1983). To
try to reduce the identified minimal Alu RNA motif even
more, the deletion analysis was extended. Three other RNA
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variants (SA79, SA50, SA54) were designed in collaboration
with K. Strub: SA79 lacks the complementary strand of
the adaptor stem. The protection regions III and IV can
thus not be in their natural base pairing context. SA50
lacks the adaptor stem completely and only contains the
protection regions I and II. SA54 contains only a small 5'
stem and the adaptor stem with the protection regions III
and IV. The small 5' stem is closed by a loop that occurs
similarly in the SRP RNA from Schizosaccharomycespombe.
None of the three new RNA variants competed efficiently
with SA86 for SRP<I>14-9. To test whether the free 3' and
5' ends were essential for protein binding two circularly

. permuted Alu RNAs were analysed. The original ends were
joined with either a short "U"-linker (SA85.3) or a long
"UUUU"-linker (SA88) and new ends were created instead
of closing the adaptor stem. SA85.3 is designed to be
rather rigid, forcing the adaptor stem to stack on the short
5' stem. SA88 should allow more flexibility between the
adaptor stem and the rest of the molecule. Digestion with the
double-strand specific RNase V1indicates similar secondary
structures of SA88, SA85.3 and SA86. Surprisingly, when
directly compared in the filter binding assay with SA86,
SA88 showed only a hardly detectable twofold increase in
the appKd' whereas SA85.3 did not compete at all (Plate
93).

The deletion analysis shows that all four regions of synthetic
canine SRP RNA that are protected by SRP9/14 from hy-
droxyl radical cleavage have to be contained in an Alu RNA
for efficient binding of SRP<I>14-9. This is necessary but not
sufficient. The Alu RNA also has to adopt a defined sec-
ondary and probably tertiary structure for being recognized
by the protein. If specific base recognition should exist in
addition, it cannot occur outside of this structural context
or does not lead to a detectable interaction. The analysis
of the circularly permuted RNAs underlines the importance
of the correct tertiary structure. It is not essential at all to
have the RNA termini at their natural location as long as
some flexibility is allowed in the linker region. The almost
identical primary sequences of SA85.3 and SA88 can be
dramatically discriminated against exclusively on the basis
of the correct fold. Secondary structure conservation of
divergent Alu primary sequences has been claimed to be
important for both retroposition of genomic Alu elements
(Labuda & Zietkiewicz, 1994) and generation of small cy-
toplasmic RNAs (Maraia et al., 1993). With SRP<I>14-9 it
has been shown for the first time that a protein can se-
lect Alu sequences on the basis of their tertiary structure.
One might speculate that the Alu RNA consists of two
domains: A 5' domain (nucleotides 1-46) flexibly linked
by U47 to the adaptor stem domain (nucleotides 48-86).
Protein binding might involve an induced fit bringing binding
sites on both domains together or alternatively moving one
domain out of the way to get access to a binding site
on the other domain. Both kinds of movements would be
blocked in SA85.3 but be allowed by the flexible link in
SA88.

The crystallization of a complete Alu RNP is currently being
attempted with different RNA variants based on SA86 and
SA88. The variations include different closures of the adaptor
stem and putative metal binding sites.



PLATE 93

Direct competition of synthetic canine SRP
RNA and various Alu RNAs with SA86 for
SRP<p14-9. The appKd for SA86 (a) is virtu-
ally the same as the appKd for SRP301 (b).
SA88 (c) has a twofold higher appKd than
SA86 whereas the appKd for SA85.3 (d) is
more than 1000-fold higher. I-IV: regions in
synthetic canine SRP RNA that are protected
from hydroxyl radical cleavage by canine
SRP9/14.
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Many of the projects described below are dependent on the
continuing collaboration with the X-ray crystallographers at
the Outstation and on their results of structural analyses.

Phosphoryl and nucleotidyl transfer reactions
(K.S. Larsen & R. Leberman)

The capacity of the E.coli seryl-tRNA synthetase to catal-
yse phosphoryl and nucleotidyl transfer reactions has been
further characterized. Initial work based on HPLC and NMR
analysis showed that over 20 nucleotide phosphates react
with the enzyme-bound seryl-adenylate to form mono- and
dinucleotide phosphates of the formulas Apn or ApnN; where
N is either a purine or pyrimidine base and the sugar residue
is either a ribose or a deoxyribose. Kinetic studies revealed
that the transfer reactions proceed with conservation of
phosphate bonds and the equilibrium constants are close
to unity. As a consequence, the enzyme can both synthesize
oligonucleotide phosphates and, at the same time, utilize
these compounds in the amino-acid activation reaction.
Thus, the E.coli seryl-tRNA synthetase is able to recuperate
activation energy from ApnAs that might accumulate in the
living cell in a stationary phase or in response to stimuli that
temporarily halt protein synthesis. The rates of amino-acid
activation by AP3A, AP4A, AP5A, and ApsA are within a factor
of 10 compared with that of ATP under standard conditions,
whereas AP2A is not acted upon at all. The interaction with
AP5A and ApsA is noteworthy because these molecules have
potent physiological effects, possibly by acting as transition
state inhibitiors for the adenylate kinases. Work is under
way to exploit enzymatic synthesis to prepare and test
asymmetrical transition state inhibitors.

Transition station inhibitors for glycyl- and alanyl-tRNA syn-
thetases have been synthesized. The compounds, Ap2Gly
and AP2Ala, mimic the transition state of the aminoacylation
step by a tetrahedral phosphate in the place of the carbonyl
carbon of the aminoacyl-adenylate. The two inhibitors were
obtained by adenylating the corresponding phosphoamino-
acids by using the E.coli seryl-tRNA synthetase.

Seryl-tRNA synthetase from Staphylococcus aureus
(N. Bausch, M. Hartlein & R. Leberman)

Oligonucleotide primers were based on conserved regions of
other bacterial seryl-tRNA synthetases and used in PCR with
chromosomal DNA from S.aureus. The amplified fragment
showed strong similarity to the E.coli sequence and was
used as a probe to isolate the whole gene from a Lambda
ZAPII library. Once sequenced, the gene was inserted in
an expression vector with a calmodulin-binding peptide tag.
This could be expressed to produce a soluble and active
protein in E.coli when induction was performed at low
temperature (23°C) and low IPTG concentrations (0.1 mM).
The fusion protein could be isolated from cell extracts by
binding to a calmodulin column and eluting with solutions
of EGTA.

Seryl-tRNA synthetase from Haloarcula marismortui
(C. Taupin, M. Hartlein & R. Leberman)

As reported last year both the Haloarcula marismortui serS
gene and a mutant gene could be expressed in E.coli but
the products are enzymatically inactive. Comparison of the
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PLATE 94

Phylogenetic tree of seryl-tRNA synthetases

The structure of the gene for the human
cytoplasmic seryl-tRNA-synthetase
(N. Tarbouriech &M. Hartlein)

Tree inferred using the "PHYLIP 3.57cpackage". Numbers are levels
of confidence of each node on 100 replicates with matrix distance
(underlined) or maximum parsimony methods.

Human mitochondrial seryl-tRNA-synthetase
(N. Tarbouriech & M. Hartlein)

The human seryl-tRNA-synthetase cDNA has been se-
quenced in this laboratory but the structure of the gene
'is unknown. We have examined the intron/exon pattern
using PCR on human genomic DNA with primers derived
from the cDNA sequence. The sequence of the intron/exon
junctions and the size of the introns were determined after
cloning of the amplified fragments. We have screened the
total coding sequence and characterized ten introns with a
length ranging from 357 bp to more than 3 kb. The exon
size varies from 81 bp to 222 bp. The gene spans more
than 16 kb and most of the exon junctions are in phase O.
Exons code for defined secondary structure elements of the
catalytic domain of the enzyme which shows high similarity
with the homologous bacterial enzymes. As for other higher
eukaryotic class II synthetase genes, there is an intron in
the motif 2 region. Motif 1 and motif 3 regions are on single
exons.

Haemophilus influenzae

Escherichia coli

------- Coxiella burnetii

'----- Bacillus subtilis

81
58

100..- Haloarcula marismortui
22-
61

'--------Mycoplasma genitalium

'--------- Thermus thermophilus

HOMO SAPIENS

CAENORHABDITIS ELEGANS

------- SACCHAROMYCES CEREVISIAE

'----- Suljolobus soljataricus

Q2
2

sequence of the halophilic enzyme with known sequences
of other seryl-tRNA synthetases shows that it is closer to
bacterial than to the eukaryotic or even to other archae-
bacterial enzymes which is consistent with our experience
that it can serylate E.coli tRNA. A phylogenetic study of
seryl-tRNA synthetases leads to trees where archaebacteria
appear paraphyletic, with that of H.marismortui located with
the prokayotes whereas that of another archaebacterium
Sulfolobus .solfataricus with the eukaryotes (Plate 94). In
the absence of the possibility to obtain a crystal structure
of the enzyme, a three-dimensional model was constructed
based on the known structures of other seryl-tRNA syn-
thetases. This model shows how the relatively large number
of acidic amino-acid residues of halophilic enzyme leads to
a remarkable negative charge distribution over the protein
surface.

Human cytoplasmic seryl-tRNA synthetase
(C. Vincent & M. Hartlein)

The recombinant human seryl-tRNA synthetase over-
expressed in E.coli using the T7 expression system has
been purified and tested for specific activity and homo-
geneity on non-denaturing PAGE. The enzyme was puri-
fied in two chromatographic steps. About half of the pro-
tein is soluble when the culture is realized at 25°C, the
low aminoacylation activity shows qualitatively the speci-
ficity of the SRSHS. In this case, non-denaturing PAGE
shows mainly one band which is a good indication for
the homogeneity of SRSHS. We have also tried to ex-
press SRSHS in Pichia pastoris to improve the specific
activity. Unfortunately the expression is so low that we
are not able to use this system to purify or to study the
enzyme.

Starting from a partial human cDNA sequence coding for
a peptide sharing strong sequence similarity with the pu-
tative yeast mitochondrial enzyme, a complete cDNA se-
quence was obtained using nested primer peR on a hu-
man liver cDNA library. The deduced protein sequence of
518 amino-acids shows 35% sequence identity and 58%
sequence similarity with the putative yeast mitochondrial
seryl-tRNA synthetase, but only 26% sequence identity
with the human cytoplasmic enzyme. An N-terminal mi-
tochondrial import signal has been identified. An inter-
esting feature of the sequence is a motif 2 loop which
is one residue shorter than that of all seryl-tRNA syn-
thetases known so far. This loop interacts with the ac-
ceptor stem of the cognate tRNA. Due to the absence
of the variable arm in mammalian mitochondrial tRNAser
a more selective recognition on the level of the acceptor
stem might be necessary. Expression of the enzyme was
achieved as a calmodulin-binding peptide tagged form. The
enzyme was purified by affinity chromatography. It sery-
lates tRNA from E.coli and calf liver, but not tRNA from
yeast. The determination of its gene structure is under
way.

Asparaginyl-tRNA synthetase from
Thermus thermophilus
(L. Seignovert, M. Hartlein &R. Leberman)

To understand the functional specifities of asparaginyl-tRNA
synthetase from Thermus thermophilus (NRSTI), which has
been over-produced in and isolated from E.coli, we would like
to know how the substrates (asparagine, ATP, magnesium
and tRNAasn are recognized by the enzyme. NRSTI has
been co-crystallized with the substrates asparagine, ATP and
magnesium and the crystals analysed by X-ray diffraction
(see report of crystallography group). To study the interaction
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of NRSTT with its cognate tRNA TT-tRNAasn we require
sufficient material for crystallization trials and have opted to
produce this by either in vivo or in vitro synthesis. For this the
sequence of TT-tRNAasn is required. To obtain this sequence,
we have used a simple procedure to label the 3'-end with 32p
PCP individual tRNA species in a total T.thermophilus tRNA
preparation. The TT-tRNAasn labelled at the 3' OH was used
to probe the genomic T.thermophilus DNA for the sequence
coding for tRNAasn . The sequence of tRNAnasn has been
determined; this sequence is similar to the E.coli tRNAasn
(76% of identity).

Mitochondrial and cytoplasmic asparaginyl-tRNA
synthetases from Saccharomyces cerevisiae
(I. Landrieu, M. Hartlein &R. Leberman)

One of the open reading frames located on chromosome III
of the yeast S.cerevisiae, YCR24c, encoded a 492 amino-
acid protein, homologous with asparaginyl-tRNA synthetase
(NRS) from E.coli, with a 38% amino-acid identity. The
protein encoded by YCR24c expressed, as a histidine-
tagged form, in E.coli has been isolated. The enzyme
asparaginylates unfractionated E.coli tRNA conforming with
the genetic evidence that YCR24c encodes the mitochon-
drial NRS gene. The cytoplasmic enzyme is encoded by
a separate gene which was cloned by complementation of
an asparagine auxotroph mutant strain with a S.cerevisiae
genomic library. The mutant strain NRS shows a ten-fold
increased Km for asparagine. The point mutation respon-
sible for the defective enzyme was determined. The yeast
cytoplasmic enzyme was expressed in E.coli in a soluble
form and purified in three steps to homogeneity. The cy-
toplasmic enzyme is able to asparaginylate unfractionated
tRNA from yeast but not unfractionated tRNA from E.coli.
The level of. expression in E.coli of the cytoplasmic NRS
is higher than the level of expression of the mitochon-
drial one. tRNAasn transcripts derived from S.cerevisiae
cytoplasmic and mitochondrial tRNAasn sequences were
obtained by in vitro T7 RNA polymerase transcription.
The unmodified cytoplasmic tRNAasn transcript can be as-
paraginylated by the purified recombinant cytoplasmic As-
nRS as efficiently as the modified native tRNAasn demon-
strated by kinetic measurements of the aminoacylation reac-
tion.

Cloning of the asparaginyl-tRNA synthetase
from Brugia malayi
(S. Price, M. Hartlein &R. Leberman
and M. Kron (Michigan))

Following problems with the stability of this synthetase as a
fusion protein during purification and crystallization trials, it
was decided to remove the maltose binding protein domain
and reclone the gene in a different vector. Three vectors
were tested and the gene inserted. Following problems with
sample contamination, part of the gene was inserted in a
pET-9a vector which carries the kanamycin resistance gene.
Following insertion of the rest of the gene, this vector will
be used to transform cells suitable for over-expression of the
protein.

Valyl-tRNA synthetase from Thermus thermophilus
(M.-T. Dauvergne, M. Hartlein &R. Leberman)

The gene for this class I aminoacyl-tRNA synthetase has
been sequenced; this has proved more difficult than antici-
pated due to the high G+C content of the chromosomal DNA.
The coding sequence of the gene consists of 2565 bases cor-
responding to an amino-acid sequence of 854 residues. The
sequence of the enzy'me shows strong sequence similarity
with other prokaryotic and eukaryotic valyl-tRNA synthetases
in the N-terminal region. Expression of the thermophilic
enzyme in E.coli is being pursued.

Cloning, purification and crystallization trials
of the glycyl-tRNA synthetase from Bombyxmori
(S. Price, S. Cusack & R. Leberman
and J.D. Dignam (Ohio))

The vector containing the clone for the glycyl-tRNA syn-
thetase was used to transform competent cells of two
different strains: HMS 174 (DE3) pLysS and BL21 (DE3)
pLysS. Over-expression of the synthetase was induced by
the addition of IPTG to 0.3 mM and the cells left over night at
30°C. The original purification protocol was improved using
faster lysis of the cells followed by ammonium sulphate
precipitation. The protein was then fractionated on DEAE
sepharose CL-6B and ACA44 columns, and finally on a
phenyl superose FPLC column. Crystallization trials were
performed on both the purified enzyme alone and including
the cognate glycyl tRNA, and glycyl adenylate. The Douglas
Instruments crystallization robot was used to screen over one
hundred solutions with and without the addition of detergents
but as yet no crystallization conditions can be defined.

Studies on the oligomeric state of the
E.coli EF-Tu.EF-Ts complex
(T. Kawashima, A. Barge & R. Leberman)

The bacterial elongation factor complex EF-Tu.EF-Ts was
found to form a dimer in the asymmetric unit of the crystal
which allowed its structure determination. The dimer is built
such that one EF-Tu binds to one EF-Ts, while the latter forms
contacts with its non-crystallographic symmetry related mate
and the formulation EF-Tu·(EF-Ts)2·EF-Tu is most suited
to describe this organisation. As earlier solution studies
did not indicate the possibility of such a dimerization, a
study on the oligomeric state of this complex was initiated.
Electron microscopy was used to measure the size of the
particles, in a context which is different from the situation in
the crystal lattice, although not in solution. The preparation
involved platinum shadowing of complex or EF-Ts samples
(15 jlg/ml) with glycerol (50%) to enhance spreading of
the particles. The average size of the particles for the
complex was 9x7.5 (±0.9) nm and compares well with the
size of the monomer estimated from the crystal structure.
Interestingly, if glycerol is not added in the preparation, the
size becomes 12x11 (±1.4) nm, which compares better
with the size derived from the dimer. EF-Ts shows similar
behaviour regarding preparation in the presence or absence
of glycerol: particles are smaller when glycerol is present.
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In addition, dynamic light scattering as well as analytical
centrifugation experiments (with the assistance of C. Ebel
at the IBS) were performed. Preliminary analyses tend to the
monomer, without ruling out the dimer being present as a
minority species.
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Introduction

We study the structure and function of negative strand RNA
viruses and focus in particular on the structures and proteins
that can be found inside the viral lipid envelope and which
are directly involved in viral replication. We now compare the
nucleocapsid structures of the three major virus families in
the negative strand virus group, the influenza viruses, the
paramyxoviruses and the rhabdoviruses. Apart from this,
there are ongoing collaborations with outside groups on the
membrane fusion mechanism of rabies virus and on the
structure of the penton complex of adenovirus.

Structure of negative strand RNA
virus nucleocapsids
(F. Baudin, E. Garino, F. Iseni, K. Klumpp &
R. Ruigrok, Y. Gaudin &D. Blondel (Gif-sur-Yvette)
and J. Curran (Geneva))

In the 1995 Research Report we described the work on
the chemical probing of the Watson-Crick positions of the
bases of ribonucleotides of the viral RNA inside the influenza
viral ribonucleoprotein (RNP) complexes in the presence and
absence of the polymerase. We are extending this work to
a study of the reactivity of the N7 positions of the purines
to define the footprint of the polymerase complex. One of
the key features of the influenza viral RNP is that all the
bases of the coding region are exposed to the solvent to
allow the polymerase to produce mRNA and new copies of
cRNA (and later vRNA from this cRNA), without the need
for dissociation of the nucleoprotein from the vRNA. It has
been questioned if availability of the bases is also the case

for the other negative strand RNA viruses since for these
viruses the interaction of the nucleoprotein and the RNA is
cor:sidered to be much more tight. Therefore, we started
the work on the nucleocapsids of vesicular stomatitis virus
(VSV), a rhabdovirus, and sendai virus, a paramyxovirus. We
have found for VSV that the bases are also exposed in the
intact nucleocapsid and are now studying the polymerase
footprint on the various promotor sequences. The work on
sendai virus has only just started. We hope that, in comparing
the structures and replication mechanisms of the different
virus families, which contain human pathogens such as flu,
measles and rabies, we may learn more about the general
principles ruling the replication of these viruses.

Influenza virus M1 protein
(F. Baudin, C. Elster, K.S. Larsen
(Leberman group) &R. Ruigrok)

In the 1995 Research Report we reported on cross-linking
studies of influenza virus M1 protein with RNA. M1 was found
to bind to RNA without any RNA sequence specificity, as
verified in a series of filter binding experiments using a large
variety of nucleic acids including DNA. The peptide sequence
that bound to the RNA was the RKLKR nuclear localisation
signal (NLS) of M1. Site-specific mutagenesis of recombinant
M1 showed that most of the basic residues in that region had
to be mutated to inhibit RNA binding. We also constructed
an M1 mutant that no longer bound to RNA but which was
still able to inhibit the in vitro transcription activity of isolated
viral ribonucleoprotein, albeit to a lower extent. Mutation of
the zinc binding sequence had no effect on RNA binding or
transcription inhibition activity.
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PLATE 95

Electron micrographs of negatively stained human adenovirus
type 3 penton dodecahedrons showing 2-, 3-, and 5-fold sym-
metry.

2 3 5

Vesicular stomatitis virus M protein
(A. Barge &R. Ruigrok and Y. Gaudin (Gif-sur-Yvette)

The VSV M protein (see Research Reports 1994 and 1995)
is soluble at high salt concentrations (>700 mM NaCI)
but polymerizes in low salt «300 mM NaCI). We have
suggested in the past that polymerization was a reversible
process and occurred through nucleation sites. Depletion
of these sites by limited polymerization and removal of the
aggregates by centrifugation, resulted in a preparation of
M that was soluble even at low salt. We now performed
a set of experiments using zinc ions to induce new nu-
cleation sites in preparations of M from which the original
nucleation sites had been removed and also in untreated
M but in 700 mM salt. These zinc induced nucleation sites
take time to form and in these experiments polymerization
occurs only after a delay depending on the M and zinc
concentrations. The mathematical analysis of delay times,
kinetics and total level of polymerization shows that the
nucleation sites probably exist of a trimer or tetramer of M
and polymer growth after nucleation occurs through stepwise
addition of monomers. This polymerization behaviour and
the effect of zinc are similar to other biological polymerizing
systems such as tubulin, Aj3-peptide (Alzheimers disease
fibrils) and maybe also prions. Infrared spectroscopy sug-
gests a sig"nificant increase of j3-structure upon zinc-induced
polymerization and loss of random coil. There was no change
in the amount of a-helix. This suggests that soluble M
protein, which is about 10 nm long and 2 nm wide, has
considerable freedom in the conformational space which is
restricted upon polymerization. Increase in j3-structure has
also been observed upon polymerization of Aj3-peptide and
prions.

In terms of viral budding, where VSV M protein is produced
as a soluble protein that then directly goes into "insoluble"
virus, the budding process could be described as a classical
biological polymerization process. The nucleus for polymer-
ization is probably formed by a complex of other viral proteins
at the plasma membrane.

Human adenovirus type 3 penton dodecamers
(R. Ruigrok and J. Chroboczek (Grenoble))

Recombinant adenovirus type 3 penton, the complex of
penton base and fibre, produced in the baculovirus system,
was found to form dodecahedrons (Plate 95), Le.
resembling the intact virus particle that has 12 pentons on
the 5-fold vertices of its capsid. The absence of the other
antigenic viral proteins and of the viral DNA, makes this
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dodecahedron an ideal candidate for in vivo gene transfer.
Inside the dodecahedron there was only a very small cavity
which was not big enough to package DNA. However, using
a peptide with at its N-terminus the sequence of the fibre that
normally binds to the penton base and at its C-terminus a
poly-Lys sequence, we were able to show that DNA could
bind to the dodecamer in a condensed form. This DNA can
be transferred with high efficiency. Using a dodecahedron
consisting of only the penton base and incubating this with
fibres of other subtypes, hybrid particles could be made
which should have different cell tropisms. This opens up the
way for the development of a system in which cells to be
transfected can be specifically targeted in an organism.

Mutants of the fusogenic glycoprotein
of rabies virus
(R. Ruigrok and Y. Gaudin (Gif-sur-Yvette))

The glycoprotein (G) of rabies virus can exist in three
conformational states; the native state at neutral pH, the
hydrophobic state which is observed directly after lowering
the pH to 6.4 and the inactive state which is observed after
long incubation below pH 6.7. All conformational changes
are reversible by pH adjustments and at each pH value there
exists an equilibrium between the 3 forms (see Research
Reports of 1992 and 1994). The hydrophobic state is thought
to be an activated form of G and the low pH state is inactive
for fusion and is, possibly, not related to the fusion process.
We have now characterized a number of point mutants of
G that were isolated in the Gif-sur-Yvette laboratory by A.
Flamand. The mutant G proteins, with changes at positions
44, 282, 392 and 396, showed similar or faster fusion kinetics
than the parent strain but were considerably slowed down in
the transition to the inactive state, reinforcing the idea that
the structural transition to the inactive state is not related
to membrane fusion. With two of the mutants we observed
the formation of an hexagonal lattice on the virus surface
at the pH of fusion activation (Plate 96). This is the first time
that lateral interactions between rhabdovirus 6 proteins have
been observed and it raises questions about the influence of
these interactions and their possible cooperative effect on
the fusion process.
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PLATE 96

Electron micrographs of negatively stained rabies virions showing a
hexagonal lattice of the glycoprotein.
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The role of the diffraction instrumentation group is to develop
instruments for X-ray and neutron diffraction in collaboration
with the European Synchrotron Radiation Facility (ESRF) and
the Institut Laue-Langevin (ILL).

At the ESRF the construction of the macromolecular crys-
tallography beam-lines on BL20 are now well advanced
and the off-line image plate scanner capable of reading
plates of 800 mm x400 mm at 100 ,um resolution, which
has been developed for use on BL20 endstations, is being
commissioned. In addition, a rapid image plate changer with
full data base control has been designed, constructed and
successfully tested in collecting multi-wavelength anomalous
dispersion data on the BL19 beamline.

At ILL, a neutron quasi-Laue diffractometer (LADI) which
uses neLitron sensitive image plates has been installed and
used to collect data from several protein and small molecule
systems. Significant improvements have been made to the
automation of diffractometer alignment.

Multi-wire proportional counter (MWPC) detectors for use in
both X-ray and neutron diffraction experiments have been
constructed and used at ESRF, ILL and at several other
laboratories.

corners of each plate by exposure to ultra-violet light through
100 ,um holes. To uniquely identify the plates, each one
carries a bar-code on its reverse side which is read through
a small window in the back of the cassette and its value fed
to a control program which allocates the exposure a series
number. When the image plate is scanned, the bar code is
re-read and the exposure is thus uniquely identified. Software
has been written to control each step in the data collection
process, storing all relevant experimental parameters in a
data base. The status of the data collection is regularly
determined by interrogating the data base with the structured
query language (SOL), minimizing human error and ensuring
the smooth progress of an experiment.

A MAD experiment on crystals of ribonucleotide reductase
(RNR) was performed using the plate changer. The structure
was solved to 2 Aresolution, only using experimental phases
derived from the anomalous scattering of mercury atoms
bound to the molecule, thereby demonstrating that the plate
changer is capable of collecting data of a quality sufficient to
solve structures by the MAD method.

barcode reader

Components of the rapid image plate changer.

Ancillary beamline equipment for ESRF

Fast image plate changer
(K. Brown, F. Felisaz, F. Lapeyre & A. Thompson)

An off-line image plate detector (Plate 97) has been con-
structed and installed on BL19 (BM14) at the ESRF for use in
multi-wavelength anomalous dispersion (MAD) data colllec-
tion. Image plates which are held in individual cassettes have
carbon fibre covers to protect them against damage and are
mounted on a rigid hexagonal frame (a "carousel") using a
vacuum system. The carousel can rotate each plate through
60° into the exposure position in 120 ,us with a positional
accuracy of 50,um and a rotational error of less than 0.02° in
horizontal and vertical directions. Fiducial marks, from which
any mis-orientation can be later corrected are made in two
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Large X-ray image plate scanner (LIPS)
(F. Cipriani, J.C. Castagna, L. Claustre & H. Blampey)

The Weissenberg diffractometer on the macromolecular
crystallography BL20 (1014) beamline at the ESRF will
use image plates which are read with an off-line X-ray
large image plate scanner which based upon the design
of the LAOI on-line neutron diffractometer (described be-
low). The main characteristics of the scanner (Plate 98)
are: cassette containing from 1 to 16 FUJI image plates

PLATE 98

The large image plate scanner LIPS.
(1) reading head
(2) head carriage
(3) stepping motor
(4) two 30 mW laser diodes
(5) drulll encoder
(6) image plate
(7) drum scanning motor and stepper positioning motor
(8) image plate cassette
(9) image plate transfer jacks
(10) vacuum monitoring valves and pressure transducer
(11) vacuum pump

(800x400 mm); plate scanning cycle time 6.5 minutes for
100 Jlm2 , 4 minutes for 200 Jlm2 pixels; dynamic range
16 bits; noise 2-3 LSB (at one Fe55 photon per LSB);
resolution 130 Jlm FWHM, 800 Jlm FW1%M; spatial distortion
<50 Jlm (plate thermal expansion excluded); absolute plate
positioning error <500Jlm; image plates are bar code iden-
tified. A fully automated image plate management system
(see above) is achieved by the use of a data base linked
to the camera, the "robot assistant" and the scanner. Plate
99 shows the first (400x800 mm) image from a crystal of

PLATE 99

100 J.Lm2 pixel 800 mm x 400 mm image of isopenicillin-N-synthase
read using the large image plate scanner LIPS.
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PLATE 100

Absorption of X-rays in position-sensitive detector with side window.

1000

10000

100000

addition to the demonstration with gas detectors, tests of
the method have been performed with scintillating materi-
als and photomultiplier tubes. The technique can be also
extended to the measurement of charged particles. Plate
101 shows the comparison of the radiation from a copper
sealed anode X-ray source (100 J1m collimated) equipped
.whith a quartz monochromator (Plate 101 a) and a set of
focusing mirrors on a rotating anode (Plate 101 b). In Plate
101 a, the radiation is truly monochromatic and the plot of
Log(l) vs x yields a straight line (top curve). The effect of
an aluminium absorber (lower curve) is only to displace the
pattern along the ordinate. In Plate 101 b the radiation is
not monochromatic, as indicated by the curvature of the
Log(l) vs x plot. Insertion of the absorber results in beam
hardening due to the preferential absorption of the lowenergy
radiation, indicated by a reduction in slope and curvature of
the Log(l) plot, demonstrating the energy resolution capability
of the method. A two-dimensional MWPC with a side entry
window (shown in the lower part of Plate 100) can then be
used as a linear PSD with energy resolution and with an
intrinsic correction for parallax, as the x,y coordinates of the
photon detection are known. Due to the long photon path
lengths in the gas, a reduction in space-charge limitation is
also possible.

(a)

x-ray or
neutron
beam

lateral aperture..

lateral aperture
x-ray or
neutrons beam..

UNEAADETECTOR

I(x) = 1(0) e -fJ.X

20 DETECTOR

isopenicillin-N-synthase (courtesy J. Hajdu, Oxford/Uppsala
University) taken at ID2 and scanned with 100 J1m resolu-
tion. The function of the "robot assistant", which is under
construction in collaboration with ESRF, is to take each
image plate from a cassette, erase it, present it to the
robot of the BL20 Weissenberg camera and after exposure
put it back in the cassette. Image plates are handled by
suction cups and moved by pneumatics jacks. The image
plate transfer is controlled by a PLC connected to the robot
for synchronization and to a UNIX supervisor for bar code
management. Image plates are erased during the transfer
from the cassette to the robot by two 2 kW halogen lamps.
The image plate handling cycle (taking out, erasing, putting
back) is about 20 seconds.

Multi-wire proportional counters
(A. Gabriel &F. Dauvergne)

CHANNEL

(a) Absorption of X-ray beam from sealed tube with Cu target and
quartz monochromator.

(b) beam from rotating anode tube with focusing mirrors. Lower
curves are measured with an aluminium absorber in the beam.

The main effort continues to be in the development of X-ray
detectors for synchrotron radiation and there are active col-
laborations with ESRF, LURE, APS, ELETTRA, HASYLAB,
NTHU (Taiwan) and other laboratories. In addition we are
now involved in building neutron detectors using a similar
method of detection and have fruitfull collaborations with ILL,
LLB (Paris) and HMI (Berlin). In addition to this work, two
fundamental developments for the improvements of these
detectors have now been experimentally demonstrated.

The first concerns the simultaneous measurement of the
positions and energies of incident X-ray photons by a "beam
hardening" technique. The method is based on the gas
absorption law I(x) = 1(0) e-}1'x, where 1(0) is the incident
beam intensity, I(x) is the measured intensity along the
detector (Plate 100) as a function of distance x and J1 is
the absorption coefficient which depends on the type and
pressure of the gas. By tracing the beam trajectory in the
detector, a parallax-free instrument with a high count rate
and efficiency for X-rays or neutrons can be obtained. In

100000

.10000

1000

(b)
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PLATE 102

Imageing properties of delay line read-out system.

X ray•

guide where 0.8-2.5Aneutrons are available. In this wave-
length range, the instrument is capable of collecting a com-
plete data set to 0.8 Afrom a small molecule structure (e.g.
asparagine di-hydrate) in half a day, opening up the possibility
of dynamic experiments for these small unit cell materials.
Technical improvements have included the construction of
an-automated system for the alignment of the diffractometer
and its associated Ti-.Ni multilayer band-pass filter. LADI is
mounted on air pads and the filter and the collimation tube
(mechanically linked to it) are moved by two linear motions.
An electronic system controls the two motors and displays
the position of the instrument. The collection of one data
set often needs many exposures when a narrow band-pass
is used, so to limit the need for manual intervention by the
user, the electronics and the acquisition software are being
replaced by a new VME/device server system, allowing a fully
automated data acquisition (sample positioning, exposure,
read-out, erasure). A SPEC supervisor (client) running on
a UNIX workstation will manage the acquisition sequence
and have the ability to control auxiliary devices such as
cryostat or furnace. Mechanical improvements are in hand to
allow automatic drum positioning, the use of larger sample
environment systems and a scanning time reduced from 5 to
1.5 minutes, a significant improvement when exposure times
are short.

Image plates containing varying concentrations of the neu-
troil converter Gd203 and the storage phosphor BaFBr:Eu+
have been prepared and their neutron sensitivity measured
on the LADI diffractometer at a wavelength of 3.5 A. It was
found that the optimum neutron sensitivity was obtained
for volume fractions of Gd203 between 20 and 30%. A
model which has been developed involving the fraction of
conversion electrons produced by the Gadolinium atoms
which are absorbed by the storage phosphor, the penetration
of the laser light used to read out the plates and the diffusion
of the blue light emitted from the storage centres gives good
agreement with observation, allowing predictions to be made
for the further improvement of the detection efficiency. The
detective quantum efficiency (DOE) of these phosphors has
also been measured by calculating the pixel by pixel variance
of the counts when the image plate was illuminated by a
uniform flux. Account must be taken of the covariance of
the counts in nearby pixels, and the measurement of this
covariance matrix allows the autocorrelation of the point
spread function of the instrument to be determined from a
flat field illumination experiment.

Improvement of neutron-sensitive image plates
(C. Wilkinson, M. Thoms, M.S. Lehmann &D. Myles)

Most Bragg reflection integration programs for image plate
(two-dimensional) data involve box integration (with however
elaborate a box) or least squares fitting of reflections using
certain strong reflections as models. These work well as long
as the reflections are spatially well separated, but break
down when the reflections are overlapped. A method of
fitting the intensities of Bragg reflections and backgrounds

Two-dimensional pattern fitting (C. Wilkinson & D. Sivia)

•
X ray image
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Neutron Laue diffractometer
(F. Cipriani, J.C. Castagna, M.S. Lehmann,
D. Myles & C. Wilkinson)

The second development concerns an improvement in the
count rate capability of MWPC detectors. The major limitation
using delay line read-out with high brillance x-ray sources lies
in the compromise between spatial resolution and count rate
due to the limited technical performance of the time-to-digital
converter. The scheme which we have developed gives the
position of the incident event without the use of a clock,
observing its "reflection" in a "mirror" which is a second delay
line connected head-to-foot to the first delay line (Plate 102).
The two delay lines correspond to an optical system where
the incident event is in the object plane and the read-out event
is in the image plane, with position and phase information
restored as in optical geometry.

The quasi-Laue diffractometer LADI which was constructed
at EMBL and which uses neutron-sensitive image plates
has been used to collect data to 2.1 Aresolution from crys-
tals of tetragonal lysozyme (collaboration with N. Niimura,
Japan) and from crystals of concanavalin-A (collaboration
with J. Helliwell, Manchester). Both data sets have now been
successfully analysed and publications are in preparation.
These experiments were each performed within ten days,
an improvement of an order of magnitude over what has
previously been possible on monochromatic diffractometers.
A full data set to 1.8 A has also been collected on a
(unique) per-deuterated crystal of myoglobin, and is now
under analysis. One difficulty with these data is that there
are two components to the crystal, producing overlapping
reflections with varying degrees of resolution from completely
resolved to completely superposed. These data can now be
treated with a two-dimensional data fitting routine which has
been developed (see below).

Recently, the instrument has been moved from its position
on the cold neutron beam H142 where 3-4Aneutrons were
used for data collection to a position on a thermal neutron
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for all reflections, even those which are overlapped, has been
developed with D. Sivia of the Rutherford Laboratory using
Bayesian statistical methods. Data from LADI images have
been successfully treated, and the program is now being
extended to X-ray diffraction images where similar problems
occur. This should extend the technique of X-ray diffraction
methods to crystals with larger unit cells, and also allow
the treatment of "pathological" data sets where crystals are
cracked or twinned.

Publications during the year

Cipriani, E, Castagna, J.-C, Wilkinson, C., Oleinek, P &M.S.
Lehmann (1996). Cold neutron protein crystallography using
a large position-sensitive detector based on image-plate
technology. J. Neutron Res., 4,79-85

Cipriani, F., Castagna, J.-C, Wilkinson, C., Lehmann, M.S. &
BOldt, G. (1996). A neutron image-plate quasi-Laue diffrac-
tometer for protein crystallography. In Neutrons in Biology,
Life Sciences. Eds. Schoenborn, B. & Knott, R.; Plenum
Press, New York. 64, pp. 423-431

Gourier, G., Daillant, J., Braslau, A., Luzet, D., Blot, C.,
Grubel, G., Legrand, J.E, Vignaud, G., Alba, M., Rieutord,
E &Gabriel, A. (1996). Probing the fluctuations of amphililic
films by X-ray grazing incidence diffuse scattering. ESRF
Newsletter, 25
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Protein:DNA interaction group

Group leader: C.W. MOiler

Postdoctoral fellow: S. Becker

Predoctoral fellows: G. Cingolani*.., P. Cramer, A. Varrot*

Visitor: B. Kazimierczak*

Scientific progress in 1996

Our group is interested in the structure and function of
DNA-binding proteins and their interactions with DNA. In
particular we want to study on a molecular level how eu-
karyotic transcription factors recognize their DNA target site
and how interactions between different specific and general
transcription factors regulate transcriptional activity. Further-
more we are interested how transcription factors get activated
in the cytosol and how transport into the nucleus occurs.
The protein:DNA interaction group currently comprises five
people.

In 1996 X-ray suitable crystals of three protein:DNA com-
plexes have been obtained. The T domain:DNA complex
was solved by multiple isomorphous replacement and the
obtained model was refined at 2.5 A resolution. Crystals
of a NF-KB P52:DNA complex which diffracted beyond
2.0 A were grown. The structure was solved by molecular
replacement using the NF-KB P50:DNA complex structure
as a model. The refinement at a resolution of 2.1 A is almost
completed. We also obtained crystals of a large fragment
of the eukaryotic transcription factor Stat3 in complex with
DNA. The crystals diffract to 3.8 A. We are currently trying to
improve these crystals.

Three new projects have been started in 1996. We want
to determine the structure of a ternary complex of the
Rei protein Gambif1, a close homologue of the Drosophila
morphogen Dorsal, together with its effector DSP1 and its
specific target site. We also started a structure determination
project of hSRP1 a (importin a), which is one cytosolic
component of the complex transport system responsible for
the import of proteins into the nucleus. In collaboration with
the virus group we are determining the crystal structure of
a large N-terminal fragment of the matrix protein M1 from
influenza virus.

T domain:DNA complex
(C. MOiler and B. Herrmann (Freiburg))

T protein is a transcription factor responsible for mesoderm
formation in higher eukaryotes. Its DNA-binding domain
named "T domain" comprises 230 residues and shows

now homology to other DNA-binding domains. Nucleotide
selection experiments determined a palindromic 20-meric
DNA sequence as target site. By sequence comparison the
T domain has been found in a growing family of eukary-
otic transcription factors with diverse functions. We over-
expressed the T domain from Xenopus laevis and from
zebrafish in a bacterial expression system and we were
able to obtain crystals with a 24-mer DNA duplex containing
its target site. Crystals of both homologues diffract beyond
2.0 A resolution (Plate 103) and crystallize in related space
groups (T (Xenopus laevis) P212121, a=37.9 A, b=113.9 A,
c=149.oA, T (zebrafish) P21, a=58 A, b=39 A, c=149A,
f3=97°). The structure of the T domain:DNA complex from
Xenopus laevis was solved by multiple isomorphous re-
placement combining data from three iodo-substituted oligo-
nucleotides and selenium-methionine substituted protein.
Data were collected at the ESRF beamlines BM14 and BM1.
The refinement at a resolution of 2.5 A has been completed
(R-factor=21.5%

, Rfree=28.3%
).

PLATE 103

1 degree oscillation photograph of T (Xenopus leavis):ONA co-
crystals, recorded at the microfocus beamline, 101 (ESRF, Greno-
ble).
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PLATE 104

Stat3:DNA crystals

The X-ray structure shows that the T domain binds the DNA
as a dimer. The dimer approaches the DNA from the minor
groove and it spans a large arc over the DNA. Each monomer
consists of a J3-barrel related to Ig-domains. Two smaller
J3-pleated sheets form a lid which close the barrel at the side
pointing towards the DNA. At the C-terminus the J3-barrel is
followed by two a-helical extensions. The T domain shows
a novel mode of DNA recognition. The DNA is contacted by
residues protruding from the two small J3-sheets at backbone

and in the major groove. The C-terminal helices
contact the backbone and the minor groove of the DNA. The
T domain shows some structural similarity to NF-K"B P50 and
the tumour suppressor P53. This similarity extends beyond
the trivial similarity of proteins containing an Ig-fold and may
indicate a common ancestor. Base-contacting arginines in
the N-terminal domain of NF-K"B P50 and in the T domain
protrude from the same loop. As a consequence the relative
orientation of these domains to the DNA is the same.

Signal transducer and activator of
transcription (Stat)-protein
(S. Becker and B. Groner (Freiburg))

Stat transcription factors are a new class of eukaryotic
transcription factors. They are activated by cytokines via
the Jak-Stat pathway: cytokine signalling results in the
tyrosine phosphorylation of the cytoplasmic Stat proteins
by the Jak kinase (just another kinase, janus kinase).
The phosphorylation event leads to dimerization of the
Stats via SH2 domains and to translocation to the nu-
cleus, where Stat proteins bind to their target site. Stat
transcription factors consists of an N-terminal domain of
15 kDa molecular weight, which is important for cooperative
binding at multiple DNA sites, a central core region con-
taining the SH2 domain which mediates dimerization and
DNA-binding to single DNA-sites and a short C-terminal
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tail responsible for transcriptional activation.

While the central role of the Stat transcription factors in
cytokine signalling has been described extensively, there
is very little structural information available on how Stat
proteins interact with their different partners along the sig-
nalling pathway until they bind to their DNA target site.
Three-dimensional structures of Stat transcription factors in
complex with interacting proteins and with their target DNA
will provide valuable additional insight. A detailed X-ray struc-
ture will show the shape of the molecule, the protein :protein
interaction responsible for dimerization and the protein:DNA
interaction important for DNA-binding.

During the last year we tried to over-express Stat proteins
in bacteria, yeast (pichia pastoris) and in collaboration with
B. Groner in Sf9 cells using the baculovirus system. Bacterial
expression of different Stat5 constructs containing the N-
terminal domain and the core region only yielded insoluble
material. In yeast very little protein was expressed and
coexpression of Stat5 with Jak kinase in Sf9 cells only
yielded transiently active material. Following the results of
Vinkemeier et a/. (1996) for Stat1, we were able to express
the core domain of Stat3 (Mr=68 kDa) in Escherichia co/i.

Screens of crystallization conditions with oligonucleotides of
different length gave rise to crystals. The best co-crystals
obtained so far grow to a size of 800x400x100 mm3

(Plate 104) and diffract to maximal 3.8 Aresolution. Despite
their considerable size the crystals diffract only weakly.
We are currently trying to improve the crystals and to
grow a stronger diffracting crystal form. Simultaneously we
started working on this crystal form: crystals containing
iodo-substituted oligo-nucleotides could be obtained and
conditions were established which allow data collection at
cryogenic temperature.



PLATE 105

1 degree oscillation photograph of NF-x:B
P52:DNA cocrystals, recorded at beamline BM14
(ESRF, Grenoble).

NF-K,8 P52:DNA complex
(P. Cramer and G. Verdine (Cambridge, Mass.))

NF-K"B P52 is a close homologue to NF-K"B P50. Both
proteins bind preferentially to the same site, the MHC class I
site, but they are expressed at different levels in different
mammalian cell types. Despite their close homology, P52
contains a much shorter "insert" - a stretch of residues only
found in P50 and P52 - which is believed to be important for
interactions with other proteins.

Different crystal forms of the NF-K"B P52:DNA complex
were already obtained in 1995. However low reproducibility
and weak diffraction quality of the crystals prevented the
structure solution. Based on the tertiary structure of the close
homologue NF-K"B P50 we decided to remove 12 residues
at the C-terminus. These residues are part of the highly
conserved Rei homology region and they are disordered in
NF-K"B P50. Using the C-terminallytruncated protein we were
able to obtain co-crystals which diffracted to better 3.0 A. By
soaking in solutions containing 30% PEG 400 and 0.5 mM
Yb(N03)2the crystals can be transformed to a form which
diffracts beyond 2.0 A(Plate 105). The improvement in reso-
lution is accompanied by a change from space group 1212121
(a=44.5 A, b=129.4 A, c=131.9 A, 1/2 complex per asym-
metric unit) to spacegroup P212121 (a=44.2 A, b=121.0 A,
c=134.9 A) with one complex per asymmetric unit. A data
set to 2.1 A resolution was recorded at BM14 at the ESRF.
The structure was solved by molecular replacement using
the NF-K"B P50:DNA complex as a model. The refinement

has been almost completed. The current crystallographic
R-factor is 21.9% (Rfree=32.7%

). As expected the structure
resembles the structure of the NF-K"B P50:DNA complex.
However distinguished differences can be observed: the
shorter "insert" found in P52 underlines the importance of
this region for interactionswith other proteins. Helices H1 and
H2 adjacent to the "insert" point away from the N-terminal f3-
barrel. In this way a large concave surface formed by mostly
polar residues results. The cocrystals contain a 13-mer DNA
duplex with overlapping ends. Only an 11 basepair duplex
corresponding to the MHC class I target site is visible in the
electron density. The DNA is unbent. This is different from the
previously determined structure of NF-K"B P50 from human,
which had been co-crystallized with the same target site and
where we observe an overall bent of the helical axis of about
30 degree. The high resolution of this co-crystal structure
will allow us to discuss DNA recognition by base-specific
contacts, indirect readout and water-mediated interactions in
detail.

Gambif1 :DSP1 :DNA complex
(A. Varrot and C. Barillas-Mury &F. Kafatos
(Heidelberg) and J. Brickmann &M. Ptashne
(Cambridge, Mass.))

Through interaction with the high mobility group (HMG)
protein DSP1 the Drosophila protein Dorsal, a member of the
Rei family, can be switched from a transcriptional activator to
a repressor. DSP1 binds cooperatively with Dorsal or NF-K"B
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P50 to its DNA-target site. We want to study in molecular
detail the ternary complex of a Rei Protein, the HMG protein
DSP1 and its DNA target-site. Gambif1 is a close homologue
to Dorsal (72% identical amino-acid residues) and shows
the same DNA-binding specificity. It was over-produced as
soluble protein in Escherichia coli. The corresponding Dorsal
construct is completely insoluble.

We started crystallization experiments with a protein which
contained a His-tag (kindly provided by C. Barillas-Mury).
The protein crystallized readily with its DNA target site,
but the obtained crystals (jiffracted only to low resolution.
We have cloned and expressed the same protein lacking
the His-tag. Initial crystals with its DNA target site have
been obtained. Simultaneously we are producing the C-
terminal region of DSP1 which contain two HMG boxes
and a C-terminal extension (provided by J. Brickmann).
Co-crystallization experiments are under way.

hSRP1a(importin a)
(G. Cingolani and K. Weis (San Francisco))

The protein hSRp1 a is a cytosolic receptor for nuclear
localization signal sequences (NLS). The binding of hSRP1 a
to the NLS is the first step in the complex mechanism
of nuclear import followed by association with the import
factor P97 (importin [3). The protein hSRP1 a has a molec-
ular weight of 60 kDa. Proteolytic digestion of hSRP1 a
removed a region of approx. 70 residues at the N-terminus.
The remaining fragment still binds to NLS sequences, but
does no longer interact with P97. We are currently try-
ing to crystallize the C-terminal fragment of hSRP1 a by
itself and full length hSRP1 a in complex with the import
factor P97.
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Matrix protein from influenza virus
(C. MOiler and E Baudin, R. Ruigrok &J. Grimes)

Crystallization experiments of full-length matrix protein from
influenza virus (M1 , 27 kDa) gave rise to crystals after sev-
eral weeks. N-terminal sequencing and mass-spectroscopy
'showed that the crystals contain a 18 kDa N-terminal frag-
ment. The corresponding fragment was expressed in bacteria
by E Baudin. Crystallization experiments are under way.

Publications during the year
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Joint structural biology group

Scientists: S. McSweeney, B. Rasmussen, A. Thompson, (S. Cusack)

Postdoctoral fellows: T. Eriksson, J. Windmolders*

Assistants: J.-M. Bois, L. Claustre, F. Felisaz, F. Lepyre, D. Pognant

During 1996 the EMBL and ESRF Councils approved the
formation of the Joint EMBUESRF Structural Biology Group
(JSBG) which will bring together under one umbrella sci-
entists and technical staff directly involved in the structural
biology beamlines at the ESRF. The work of EMBL staff
members who are members of JSBG, but not of other
groups at EMBL is reported here. All reported activities are
collaborations with a large number of ESRF staff and EMBL
staff in other groups.

The high brilliance beamline, 102 at the ESRF
(B. Rasmussen, A. Aberg, J.-M. Bois,
L. Claustre, F. Felisaz, F. Lepeyre &D. Pognant
with P. Bosecke, E. Mitchell, J. Shaw &O. Diat (ESRF))

The high brilliance beamline continued to be devoted to
macromolecular crystallography for half of the usable time
and has by the end of 1996 been in continuous operation for
almost two and a half years.

All user groups awarded time were scheduled and received
no less beamtime than granted - no experiments were
cancelled nor rescheduled and only a few groups reported
any beamline/endstation problems during their experiments.
A total of 25 groups from 7 countries carried out experiments
in structural biology (Plate 106) in addition to a small number
of proprietary research projects. This is a smaller number
of groups than in 1995 (37 groups). Given that more overall
beamtime was available in 1996 (4825 hr in 1995; 5304 hr
in 1996) and that almost no beamtime was reserved for
commissioning this meant that each group on average had
considerably more time for their experiments compared to
1995. Visitor travel expenses were also this year supported
where possible by a grant to EMBL under the EU HCM

to Large Scale Facilities Programme.

The endstation was operated with the 5-circle diffractometer
together with the 300 mm MAR on-line image-plate scanner
installed in 1995. To match the relatively short exposure time
needed for most experiments it is the clear goal - by end
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Scheduled user experiments on 102 during 1996
Experiment title
RNA bacteriophages and RNA complexes.
Src-kinase domain.
DNA gyrase.
Bovine Mitochondrial F1 ATPase
High resolution studies of the light harvesting antenna complex
Prospects for MAD phasing via sele nomethionine incorporation in large proteins
Tropomyosin from lobster mustle.
Structure determination of gona- dotrophins.
X-ray crystallographic study of the intertactions between p21 ras and
its GTPase activatign proteins p120GAP and neurofibromin.
Mammalian phosphatidylinositol-specific phospholipase C.
Mitochondria b/cl complex from bocine heart.
The structure elucidation of the membrane instrinsic protein complex photosystem I
FtsY crystals: high resolution and complex with GTP analogue
Bacteriophage phiX174 procapsid structure.
HIV-1 RT: inhibitor and subtrate binding for wild type and drug resistant forms.
Towards atomic models of Bluetongue virus cores and corelike particles.
Tropomyosin from lobster mustle.
Cytochrome coxidaste crystals from Paracoccus denitrificans
Bovine heart mitochondrial cytochrome bc1 complex (cytochrome c reductase)
Signal recognition particle selenomethionyl SRP 0 14-9 fusion protein
T. thermophilus aminoacyl-tRNA stythetases and their
substrate complexes (AsnRS,ProRS and His RS·tRNA his).
Complexes of E. coli ribonucleotide reductase.
The structural basis for infectivity-neutralization escape of influenza virus mutants.
Structural studies of four-way DNA (holliday) junctions
Crystallographic studies on ribosomes
Bovine heart mitochondrial cytochrome bc1 complex (cytochrome c reductase)
Towards atomic models of Bluetongue virus cores and core-like particles
SinQle crvstal enzymology of isopenicillin N synthase: The fourth dimension
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1998 - to equip the station with a charged coupled device
(CCD)-type array detectorwith fast read-out. In the meantime
a new 345 mm MAR on-line image-plate scanner will be
used. The new scanner together with a new HP computer
were purchased mid-1996. All required modifications are in
progress at the moment and the new environment will be
ready for outside users by March 1997. This development is
a significant upgrading of the beamline where the detector
cycle time is severely limiting throughput. The new scanner
should improve throughput by at least a factor of 2.3.

Considerable effort (D. Spruce ESRF and the beam line
staff) has been invested over the past year to develop a
user friendly graphical interface that allows smooth station
operation. The new package, named ProDC, currently pro-
vides a mature and reliable interface controlling the 5 circle
goniometer and the MAR scanner by communicating with the
underlying hardware control software. It is intended that this
package will be used for the new scanner as well. Several
new features to the software, in progress at the moment
(in collaboration with ID14), include an on-line integration
section and a data collection strategy section designed to
increase beamtime efficiency. Finally, a database containing
all the necessary information is foreseen facilitating semi-
automatic on-line data collection and analysis. ProDC could,
when complete, form the basis of a general data collection
package for all biocrystallography endstations at the ESRF.

The sample preparation laboratory adjacent to ID2 reached
its final state and has now basic equipment needed for
experiments in structural biology and all needed equipment
for cryocrystallography. The infrastructure of the biocrystallo-
graphic experimental and control hutches were significantly
upgraded making equipment easier accessible.

The quality of the beamline, still one of the most intense
sources of low divergence X-rays in the world, allowed a
number of experiments in the front-line of structural biology
(Plate 106). Several very demanding data collection projects
were successfully carried out over the past year but in
particular one project which was started on ID2 about one
and a half years ago and which could not have been collected
elsewhere, has progressed significantly and illustrates how
high brilliance X-rays can be used to solve structures of
extremely large biological assemblies.

Blue-tongue virus (BTV)
(D. Stuart's group (Oxford))

This virus infects cattle and wild ruminants but not humans.
It obtained its name because in some infected animals the
tongue becomes swollen, blueish and may protrude from
the mouth. The virus particle is large and composed of an
outer fuzzy shell and a well-defined inner core. The core is
800 Ain diameter with a molecular weight around 60 million
Daltons. It has a stable protein shell, comprising 780 copies
of one protein, VP 7, of 39 kDa molecular weight each
and 120 copies of a second protein, VP 3, of 103 kDa
molecular weight. Inside this shell is the genetic information
for making more virus particles in the form of 10 RNA
molecules comprising a total of 19,200 base pairs.
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Core particles of BTV have been crystallized and are the
largest biological assemblies that have given well-diffracting
crystals. Two different crystal forms have been obtained from
two different strains of the virus, BTV 1 and BTV 10. X-ray
data have been collected on both forms during two visits
in 1996. BTV1 crystals have unit cell dimensions a=754 A,
b=796 Aand c=823 A. A dataset to 3.5 Aresolution on BTV
1 was collected using the image-plate detector off-axis. A
typical 0.25 degree image, obtained in a 20 s exposure,
contains more than 40,000 reflections. Using these data, D.
Stuart's group has obtained an atomic model of the protein
shell of the core particle. The shell is composed of two layers,

. an inner scaffold comprising the 120 copies of VP 3 and an
outer layer formed by the 780 copies of VP 7.

The protein shell of all spherical viruses is built up using
icosahedral symmetry. The 2-fold, 3-fold and 5-fold rotation
axes of an icosahedron produces 60 equivalent units, each
containing one or several protein subunits. Therefore the
number of subunits of a specific protein in a virus shell is
a multiple of 60 called a triangulation number, T. Simple
geometric consideration has shown that only certain values
of T are allowed to preserve quasi-equivalence in the packing
of the subunits of the shell. VP 7 with 780 copies has
T=13 which is an allowed number and the structure shows
that the packing environment of all VP 7 subunits is, at
a first approximation, similar or quasi-equivalent. This is
not the case, however, for the VP 3 subunits. T=2 is not
an allowed triangulation number, since it is not possible
to arrange 120 subunits in a quasi-equivalent way into an
icosahedral shell. However, the structure of BTV shows how
simply and elegantly nature has overcome this theoretical
obstacle. The packing unit is not a single copy of VP 2
but a dimer of two copies. There are 60 dimers, one in
each equivalent icosahedral unit forming a perfectly normal
icosahedral packing arrangement.

The MAD beamline, BM14 at the ESRF
(A. Thompson, J.-M. Bois, L. Claustre,
F. Felisaz, F. Lepeyre &D. Pognant
with V. Biou (IBS, ESRF), V. Stojanoff,
G. Leonnard &S. Labours (ESRF))

BM14 supplies a narrow bandpass, rapidly tunable source
of intense X-rays for structure determination using multi-
wavelength anomalous diffraction (MAD) from protein crys-
tals, and was built as a collaboration between EMBL and the
ESRF. The beamline has been operational since September
1995. The bandpass with the monochromator crystal cur-
rently available is approximately 3.0x 10-4 from a Si(111)
monochromator. A Si(311) monochromator and a second
Si(111) monochromator with an improved surface finish will
be available for testing early in 1997. The wavelength is tun-
able between limits of 0.6 Aand 1.8 Aand can be accurately
and reproducibly changed within these limits within a few
minutes.

The first experiments have been performed with the rapid
image plate changer - a device capable of changing an
exposed plate in 0.15 s. The image plates themselves are
identified by a bar code reader both as they are exposed in



the X-ray beam and just before reading in the FUJI BAS2000
image plate scanner. Details of the oscillation angle of the
exposure, wavelength, time of exposure, etc. are recorded
in a data base which can be displayed using NETSCAPE.
The knowledge of the time elapsed between exposure and
reading of the plate permits a correction to be made for
the decay of the photo stimulated luminescence. See also
Wilkinson group report.

Significant progress has been made towards the calibra-
tion and routine use of an image intensified CCO camera
(II/CCO) designed at the ESRfii. A brief description of the first
successful MAD experiment with this detector is described
below. Other new technical developments on the beamline
include the new crystal mounting laboratory and data pro-
cessing room adjoining the beamline, a joystick for quick and
easy sample alignment, and improved cryogenic facilities for
freezing, storing and transferring crystals to the X-ray beam.

The program MAONES (Pflugrath and Messerschmidt) for
collecting and analysing data collected with a diffractometer
and area detector, has been modified by the experimental
programming group (see relevant report section) to collect
data using the beamline kappa goniostat and the II/CCO
detector. A graphical user interface PXGEN (Kinder (1996))
developed at the CCLRC Oaresbury Laboratory, U.K., allows
easy control of data collection, and has recently been in-
stalled for testing on the beamline.

One of the highlights of the year was undoubtedly the first
MAD structure solved on the beamline with the new II/CCO
detector. The structure of Maclura pommifera agglutinin (a
plant lectin) is of great medical interest due to its high affinity
and specificity to bind tumour antigen on the surface of
carcinoma cells from which 85% of cancers develop. The
structure was solved in collaboration with a group from the
protein crystallography laboratory of the Cleveland Cancer
Research Clinic, headed by Dr. X. Lee. Although the protein
is itself rather small (153 or 154 amino-acid residues), the
structure solution was not easy due to the difficulty in finding
derivative crystals, and the fact that the protein belongs to
a new lectin family. Hence three datasets were collected
spanning the lead absorption edge of a potential derivative.
The model obtained by a MAD phasing analysis (to 2.9 A
resolution) was used to find a molecular replacement solution
for data collected from crystals with the tumour antigen
Galf31,3GaINAc bound (data to 2.2 A resolution collected
at the Cleveland Cancer Research Clinic using a rotating
anode). The current refined model, showing the antigen
bound, has been refined to a crystallographic R-factor of
17%.

The protein ALA dehydratase, an aldolase studied for the last
6 years by Dr. J. Cooper of Birkbeck College, London, is ex-
tremely difficult to derivatize, and certain metals, for example
lead, inhibit the protein. The protein contains 5 methionine
residues in a 38 kOa molecular weight, so substitution of
selenomethionine for methionine in the growth medium pro-
vided an alternative approach to obtaining phase information.
A MAD experiment was performed using the selenated form
of the protein, yielding an extremely good electron density
map to 2.5 A resolution. The data were collected from a

randomly orientated crystal on a MARresearch image plate
(lent from EMBL), and phases calculated using MLPHARE
(Otwinowsky). The overall figure of merit was 62%, with an
overall phasing power of 1.3 and Cullis factor of 0.69 (to
3.5 A). The resultant electron density map was of very high
quality.

Other structures determined by l\1AO on this beamline have
been the signal recognition particle receptor FtsY (Montoya
et al., 1997, Sinning group, EMBL Heidelberg) and T5 exonu-
clease (Ceska, et al., 1996, Suck group, EMBL Heidelberg).

Quadriga: the ESRF macromolecular
crystallography beamline

Beamline 20/28 is an undulator beamline on a high f3 section,
10 14, dedicated to monochromatic macromolecular crystal-
lography. Using two undulators, it will provide high brilliance
at around 13.5 keV, as well as wide tunability between 7
and 40 keV. This beamline will have four stations: three
side stations using thin diamond crystals, and an end station
with a double crystal monochromator and a toroidal focusing
mirror. These stations will be operated independently to allow
four different user groups in protein crystallography to collect
data simultaneously. The lay-out of the beamline has been
described in previous Research Reports, the first two exper-
imental facilities are under construction and are described
below. A large team is building Quadriga under the overall
responsiblityof Dr. S. Wakatsuki (ESRF). The other beamline
scientists are S. McSweeney (EMBL), W. Burmeister (ESRF)
and E. Mitchell (ESRF).

Experimental station EH3
(First side station, responsibles
S. Wakatsuki & W. Burmeister (ESRF))

This station will be designed specifically for the crystallog-
raphy of molecules with very large unit cells (for example
ribosomes and viruses). It will have two detector systems:
a Weissenberg camera using image plates and a tapered
fibre-optics coupled CCO detector.

The Weissenberg camera uses a flat image plate (IP) with a
sensitive surface area of the detector of up to 80 cm x 80 cm.
A helium cone can be placed between the sample and the
detector for a long crystal to camera distance. The camera
will use a robotic image plate changer, and a cassette system
to allow autonomous operation during data collection. The
image plate will be scanned off-line using a drum scanner
for 40 cm x80 cm image plates, which is befng developed
in collaboration with the EMBL instrumentation group (see
Wilkinson group report). Using a cassette, this scanner can
scan up to 16 image plates automatically. At a wavelength
of 1Aand with unit cell parameters of 1500 A, a highest
resolution of 4.4 A in the meridional and of 3.6 A in the
equatorial direction is possible using a spot separation of
1 mm.

The CCO system will be used for quick assessment of
the decay of the diffraction patterns during off-line IP data
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collection as well as for the alignment of the crystal and
the determination of the parameters for the Weissenberg
exposure. In operation without the Weissenberg camera,
it can be used for data collection on protein crystals with
relatively small unit cell dimensions, shorter than 150 A.
The station will be equipped with a compact 4-circle kappa
diffractometer with a horizontal-axis to allow free access
to the sample. A low temperature nitrogen stream will be
provided. A short 2B-arm attached on the diffractometer can
be used for calibration and alignment purposes. The CCO
detector will be supported by an additional large 2B-arm.

Since this station will be used for virus crystallography, a
biohazard level P2 enclosure facility is planned. This will
consist of a hood equipped with filters and an inward-
directed airflow. The side panels around the diffractometer
will be removable. For P2 experiments, the control cabin
immediately in front of the experimental hutch is used as
a controlled access area. Also, an additional level P2 laminar
flow hood inside this controlled area is provided for sample
manipulation.

Experimental hutch EH4
(End station, responsible S. McSweeney (EMBL))

The equipment in this experimental hutch is designed to
make full use of the high intensity of the undulator beam.
A kappa four circle diffractometer, similar to the one in EH3,
will be combined with a CCO detector. The CCO detector
will have a sensitive surface of 140 mm x 140 mm with
2000x2000 pixels, allowing >300 diffraction orders to be
resolved across the detector face. The diffractometer will be
linked to "intelligent" software to allow flexible and rapid data
collection. A cryosystem providing a cold nitrogen flow will
be provided. The station will be available for conventional
single wavelength data collection and will also exploit the
tunability of the undulator for anomalous scattering and MAD
applications.

Data acquisition and analysis

A software package for beamline control, data acquisition and
data analysis is being developed to fulfill the requirements of
the beamline:

(1) The on-line data analysis runs automatically as the im-
ages are collected and keeps up with the data acquisition
so that users know the quality of the data, completeness,
etc.

(2) A graphical user interface (GUI) will be able to interact
with different processes (beamline control, data acquisi-
tion, and data analysis) running on different computers at
different times.

(3) The data collection strategy is based on cell dimensions,
space group. This includes orienting the crystal to opti-
mize the anomalous signal knowing all the geometrical
constraints of the kappa diffractometer, including the
beam stop and the collimator. If one or more data sets
have already been collected from other crystals, it will
suggest a best strategy for a new crystal to fill the missing
region of the previous data sets. The strategy can be
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updated while the data set is collected.
(4) The GUI will be interfaced to widely used data processing

programs such as OENZO and MOSFLM and other data
reduction programs with common graphical representa-
tion of results.

(.5) A structured database will be implemented to deal
with the high volume of data that can be produced
by the beamline. We are also investigating methods of
data handling based on a combination of distributed
and central computing facilities. The estimated rate of
raw data will range from a few Gbytes/day/station to
150 Gbytes/day/station, depending on the type of exper-
iments.

Microcrystal measurements on the
ESRF micro-focus beamline 109
(S. Cusack, C. Berthet-Colominas, L. Claustre,
J.-M. Bois, O. Pognant with H. Belrhali,
A. Bram &C. Riekel (ESRF))

Micro-crystal diffraction is potentially of great interest in
structural biology for several reasons. In some cases, only
microcrystals of macromolecules can be grown and the small
size «50 microns) has hitherto prevented structure determi-
nation. This is often true of membrane protein crystals. It
may be that microcrystals in some cases diffract better or
have lower mosiacity than larger crystals. This could be due
to uneven growth of large crystals. The use of microcrystals
could be especially important in the case of frozen crystals
where the mosaic spread increases upon freezing. This is
possibly due to lattice distortions arising from temperature
gradients and may be minimized by using micro-crystals
which can be frozen more rapidly and homogeneously. In
some cases the crystallinity of sub-volumes of larger crystals
may be more perfect. This can be exploited by scanning a
large crystal with a microfocus beam.

We have begun to develop the micro-focus beamline (1013)
at the ESRF for macromolecular microcrystal diffraction.
This bearnline is designed for microdiffraction experiments
on crystals, fibres or powders with currently available beam
sizes of 2, 10 and 30 microns. Monochromatic flux densities
close to 5.107 ph/s/mm2/mA for the smallest beam sizes at
13 keV are currently a worldwide record. Preliminary results
using a 30 mm beam size, obtained in test experiments on
1013 in August 1996, on a number of different protein crystals
are very promising and show that there is sufficient intensity
to measure good quality data on macromolecular micro-
crystals. The price paid is rapid radiation damage to the
crystals even when frozen. Especially encouraging were the
results on bacteriorhodopsin microcrystals (Pebay-Peyroula
(IBS, Grenoble), Rosenbusch & Landau, Biozentrum, Basle).
Tiny hexagonal plates (30x30x8 microns) grown by a
novel crystallization method (Landau &Rosenbusch, 1996)
involving lipidic cubic phases gave diffraction to beyond
2.5 Aresolution. The first three-dimensional X-ray structure
of bacteriorhodopsin has subsequently been determined.

Routine measurements on microcrystals requires further
developments on microcrystal manipulation and visualisation
and a faster CCO detector.
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EBI Research Programme

Introduction

The last few years have seen quite extraordinary devel-
opments in the fields of genomics and protein structure.
Just 12 months ago the formal decision was made, at a
Wellcome Trust sponsored meeting in Bermuda, to complete
the entire sequence of the human genome within the next
seven years or so. The complete sequence of the genome
of the yeast Saccharomyces cerevisiae was completed in
mid-1996 and the entire sequences of the genomes of half
a dozen or so microbes are now available, with at least
50 more now being done and predicted to be finished
within a year or two. Another yeast, Schizosaccharomyces
pombe, and. several parasitic protozoa (Plasmodium falci-
parum, Trypanosoma, Leishmania) are in progress. Projects
to sequence the genomes of three complex eukaryotes,
C.elegans, Drosophila melanogaster and Arabidopsis, are
under way, and more are projected (e.g. zebra fish, As-
pergillus). It is remarkable that these achievements have
been made with conventional gel-based sequencing tech-
nology. The impact of "sequencing on a chip" has yet to
be felt, but will clearly be dramatic, particularly in the field
of resequencing, e.g. of mutant alleles. In the field of protein
structures the number of solved structures is now about 5,600
and is increasing at over 1,000 a year; by the year 2000 it is
expected to top 30,000.

These data present enormous challenges to all biologists.
Very broadly speaking these challenges are in three areas:
firstly, the interpretation of the primary data, for example how
to determine coding and other regions of interest from DNA
sequence data; secondly, the challenge of prediction, for ex-
ample how to predict function and structure from sequence;
finally, the challenge of integration, how to integrate the mass
of data from sequence and structure into the general body of
biological understanding.

The EBI Research Programme was set up to meet these
challenges. The Programme effectively began in the autumn
of 1995 when Chris Sander moved from Heidelberg to

Hinxton. ShoshanaWodak, who has a joint appointment with
the Universite Libre de Bruxelles, established her group in
the autumn of 1996. In 1996 three appointments were made
as group leaders: Christos Ouzounis, from the Stanford Re-
search Institute, and Thure Etzold, from EMBL-Heidelberg,
(both of whom began at the very end of 1996) and Des
Higgins, who subsequently left to take an appointment at
the University of Cork in Ireland, after four years in the EMBL
Data Library and two years in the EBI Service Programme.
In addition, Janet Thornton, whose prime appointment is in
the University of London, has one postdoctoral fellow at the
EBI. Michael Ashburner, who has a joint appointmentwith the
University of Cambridge, appointed Heikki Lehvaslaiho as a
staff scientist in the autumn of 1996 and has very recently
been joined by Takis Benos as a postdoctoral fellow.

The work of the Programme crosses many of the fields of
bioinformatics, from the interpretation of sequence data to
the analysis of protein-ligand interactions; from the prediction
of protein structure to the design of new databases for
biological information.

One feature of the Research Programme of the EBI deserves
emphasis: its very close links with the work of both the
Service and Industry Programmes of the Institute. Much,
though by no means all, of the work of the Research
Programme is expected to provide products and services
for the Service Programme. One example is the Human
Mutation Database, being developed within the Research
Programme, but which is expected, in the long run, to
provide an EBI service. The EBI's industrial partners also
have a great interest in much of the work of the Research
Programme, for example in the development of databases
integrating information on protein function and metabolic
pathways and in automated procedures for genome analysis.
These interactions between the Research Programme, the
Service Programme and industry are fundamental to the
mission of the EBI.
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The functional classifications of gene function

Group leader: M. Ashburnero

Scientist: H. Lehvaslaiho*
.-

Visitors: R. Guigo*, C. Kuiken*, G. Yagil*

Consider yourself to be a cell biologist studying the import
of proteins into the nucleus of yeast cells. In the course of
your research you isolate, by fair means or foul, mutations in
several genes involved in this complex process. You are, of
course, not the sort of parochial yeast cell biologist who is
interested in nothing except yeast, so you would like to know
what proteins (genes) are involved in the "same" fundamental
process in C.elegans, or Drosophila, or mouse. How do you
find out? One way, of course, is by comparisons of primary
protein sequences. Tools, such as BLAST, will easily identify
for you proteins from other organisms with similar sequence.
These may, or may not, have similar functions in these
organisms. But even so, you will be forced to analyse the
BLAST output, and then go to the sequence records and
then, often, the literature, to find out. Of course, if there are
no sequence similarities between the proteins involved in the
process then sequence similarity tools will fail. What I, and
others, are attempting to do is to provide a classification of
cellular function that can be directly linked to, for example,
sequence and genomic databases. This is not easy, for two
reasons. The first is that our knowledge of function is far
from complete. The second is that there is no unique way to
classify function. Consider the example given. A preliminary
classification may look like this:

The tools for examining these trees will allow users to
enter at any node, and retrieve information for all daughter
nodes.

When we get to the level of developmental processes the
problems of classification and of similarity in process be-
come acute. Many processes will be specific for a partic-
ular model organism, such as this fragment for Drosophila
gastru lation:

This sort of classification differs from one based on protein
sequence or structure. In principle, proteins involved in a
similar function in different organisms mayor may not have
recognisable similarities in either sequence'or structure. We
also have to be able to distinguish between assignments of
function based on experimental evidence and on the basis
of sequence similarities.

AMINOACID AND DERIVATIVE METABOLISM
Serine metabolism
Serine anabolism
Glycine hydroxymethyltransferase {EC 2.1.2.1 }
PhosphogIycerate dehydrogenase
{EC 1.1.1.95}
Phosphoserine transaminase {EC 2.6.1 .52}
Phosphoserine phosphatase {EC 3.1.3.3}
Serine catabolism
Glycine hydroxymethyltransferase {EC 2.1.2.1 }
Glycine synthase
Aminomethyl transferase {EC 2.1.2.1 o}
Glycine dehydrogenase (decarboxylating)
{EC 1.4.4.2}
L-serine dehydratase {EC 4.2.1.13}5.

5.
5.

4.
5.
5.
6.
6.

2.
3.
4.
5.
5.

To each "leaf" on the tree we will attach links to the
genome databases for the major model experimental sys-
tems (S.cerevisiae, S.pombe, C.elegans, Drosophilaand
mouse), although the first implementation will be only for
Drosophila. I am now working with Natalie Maltsev at the Ar-
gonne National Laboratory to develop a first generation func-
tional classification. In the area of intermediary metabolism
this is reasonably easy, for example this is the classification
for a part of amino-acid metabolism:

Nucleocytoplasmic transport
Nuclear pore structure
Nucleoporin
Pore membrane protein
Nuclear protein import
Importin
Importin alpha-subunit
Importin beta-subunit
Ran GTPase
Ran exchange factor
Ran GTPase-activating protein
Nuclear RNA export
Rev protein
Nuclear export signal (NES) receptor
Rip protein
Ran GTPase
Ran exchange factor
Ran GTPase-activating protein

3.
4.
4.
5.

4.
5.
5.

2.
3.
4.
4.

3.
4.
5.
5.
5.
6.
6.
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1. EMBRYOGENESIS
2. Mitotic cycle

2. Cellularization

2. Blastoderm segmentation

2. Gastrulation
3. Ventral furrow formation
3. Posterior midgut invagination
3. Anterior midgut invagination
3. Cephalic furrow formation
3. Germ-band extension
3. Amnioserosa formation

2. Segment specification

2. Germ-band shortening

2. Dorsal closure

2. Epidermal development

2. Morphogenesis

2. Mesoderm derivatives

This classification will allow biologists to query a genome
database, such as FlyBase the database for Drosophila,
and ask for all genes known to be involved in a given
process - either very broad (e.g. embryogenesis) or suc-
cessively narrower (gastrulation, germ-band formation). For
different model organisms then alternative classifications will
be needed.

A human mutation database
(H. Lehvaslaiho)

A complete reference sequence of the human genome can
be expected within the next eight years or so. This is
the implication of the meeting sponsored by the Wellcome
Trust in Hamilton, Bermuda in February 1996. In addition,
we will have available the complete sequence of at least
three eukaryotic model organisms (C.elegans, S.cerevisiae,
S.pombe), considerable genomic and cDNA sequence data
from mouse, fugu, Drosophila and several plants (especially
Arabidopsis and rice) and the complete sequences of per-
haps several hundred "protozoan" and prokaryote genomes.
Great strides will have been made in the functional analysis
of these sequence data, both in silico and by experiment.
Sequencing technology will have reduced the expense of
genomic sequencing to a fraction of today's cost and se-
quencing on chips will be in very widespread use for both
research and diagnostic uses.

The growth in data concerning sequence variation in humans
will be dramatic over the next decade. These data will be
collected for a variety of purposes - to understand the genetic
basis of particular diseases, to quantify and map "normal"
genetic variation within and among human populations, to
correlate changes in sequence with changes in function

and so on. If over 5,000 "point" coding region mutations
(in 500 genes) causing human disease are now known
(D. Cooper &M. Krawzcak, personal communication) then
the number known in 10 years time can be expected to be
at least 250,000. Add to these other classes of mutation,
Le. non-point mutations; mutations not in coding regions;
mutations not known to cause disease; somatic mutations;
mitochondrial DNA mutations, then a prediction of over
a million (different) characterized mutations in humans by
the year 2005 is not unrealistic. These mutations will be
distributed among several thousands of genes and of non-
genic regions of the genome.

We know now some of the purposes to which these data
will be put. They will be used for both diagnosis and prog-
nosis. They will be analysed for contextual effects on the
frequencies of mutation. They will be used to study the
origin and dispersal of human populations. They will be
used to study the relationship between protein structure
and function. They will be used by molecular biologists,
forensic scientists, epidemiologists, demographers, public
health personnel, population biologists, genome mappers,
medical students, insurance companies, providers and users
of diagnostic tools, drug designers and the "general public"
(we thank Jim Ostell for many of these). There will be other
purposes and users, as yet not imagined.

For all these reasons it is now urgent to begin the systema-
tisation of these data. Major efforts have already been made
- both by "general" databases (e.g. OMIM and the Cardiff
Human Gene Mutation Database) and by about 25 groups
concerned with one or a very few genetic loci. There is
general agreement that these efforts are neither sufficient
nor sustainable. For this reason work at the EBI has begun
on the design of a database for human genome mutations
(and, in the longer term, on mutations in homologous genes
from mammalian model organisms, such as mouse). The
object of this work is to design a database that will allow
scientists to study nucleotide variation in humans across the
entire genome.

We see the relation between existing and future single locus
databases and the central database to be best described by
the "Apple Tree Model": The advancing scientific knowledge
on cellular mechanisms and malfunctions (the apple tree)
creates intense research interests (flowers) on a small subset
of existing genes. If conditions are right, a group of people
form a consortium and are able to attract funding (bees with
pollen) to start a new mutation database (apple). For various
reasons, the interest to maintain the database will gradu-
ally wane (emphasis moves on to other fields, difficulties
in attracting long-term funding, key people move to other
positions...) and finally stops (the apple drops from the tree).
During this development, the central database (the earth) is
there to collect the few, initial mutations and to give them
to a new consortium to curate, to give help to validate and
annotate them, and finally to take the responsibility of making
these data publicly available.

Work on the central database has begun by the high level
modelling of all potential data types that a general sequence
variation database might want to store and by defining rela-
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tionships between them. A graphical object-oriented design
approach, which allows abstraction level where basic units
are biologically meaningful, is being used.

This design links directly with the on-going development
at the EBI to provide a high level object layer to existing
sequence databases, as well as to the new macromolecular
structure database.

A mutation database needs an identifiable and unchangeing
reference sequence which is then annotated by variations.
The nature of the data necessitates the collection of three
levels of variation: nucleotide mutations, transcript changes
and amino-acid changes. Upper level variants are not in all
cases derivable from lower level variants and must there-
fore be collected and stored separately. This also makes
it possible to integate into the database a large number of
known mutations that have been characterized only at the
amino-acid level.

While the modelling at the molecular level needs to be precise
and exact, the modelling of data on patient phenotype,
population, and experimental conditions needs to address
rather different problems. In the absence of a consensus, the
central database needs to reflect the different approaches
used in existing databases, and for example in the case of
phenotype, offer loosely structured, yet adaptable, ways of
storing data.

In this initial phase of the design, the current model has been
evaluated within the EBI. The next step is to send it to the
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curators of ten established single locus mutation databases
with whom we are collaborating.

Two results of preparatory work for the database will
shortly be made publicly available: A database of mutation
databases and a general mutation validation program.

Visitors

R. Guigo (Barcelona) and C. Kuiken (Amsterdam) made a
working visit to the Programme to study phylogenetic relation-
ships among HIV-1 subtypes. In particular they studied the
extent to which differences in overall base composition and
in codon usage were characteristic of the five named sub-
types (with HIV-2 and SIV as comparisons). No systematic
differences were found, but this conclusion must be qualified
by the very limited amount of complete genomic sequence
data for HIV-1 subtypes, other than for subtype B.

G. Vagil (Weizmann Institute, Rehovot) made an extended
working visit to develop his analyses of "binary" sequence,
e.g. R,Y tracts. In particular, an analysis of the genomic se-
quence of Methanococcus janaschii showed binary tracts to
be statistically over-represented (as in eukaryote genomes).
A collaboration with R. Durbin and S. Jones (Sanger Cen-
tre, Hinxton) to analyse genomic sequences of C.elegans
was begun. This work showed a far higher than expected
frequency of R,Y tracts within regions a few-hundreds of
base pairs 5' to initiator codons. The biological significance of
these observations is the propensity for R,Y tracts to unwind.



Genomes and protein structures

Group leader: C. Sander

Staff scientists: G. Casari, L. Holm

Scientists: A. de Daruvar, R. Schrfeider

Postdoctoral fellows: M. Andrade*, N. Brown*, B. Rost

Predoctoral fellow: S. Horsch*

Visitors: B. Honig*, L. Oliveira*, K. Sj0lander*, J. Tamames*, A. Valencia*, S. Wasch*, G. Yagil*

Recently, the group has worked in the following areas: large
scale sequence analysis of the completed yeast and bacterial
genomes, as well as the human genome; prediction of
protein function and identification of functional residues from
sequence information; classification of the universe of protein
structures and identification of folding units; protein model
building by homology; validation of protein structures; and,
parallel computation on multi-processor computers. Some
of these projects are carried out in the context of projects
funded by the Commission of the European Union (EU). The
genome-related projects fit particularly well into the activities
of the Wellcome Trust Genome Campus, the new home of
EMBL-EBI.

formation and computational services are made available
over Internet - via http://www.sander.embl-heidelberg.de
and http://www.sander.embl-ebi.ac.uk. The two most widely
used computational servers are the PHD server for protein
structure prediction (Plate 107) and the OALI server for
searching databases of three-dimensional (3D) protein struc-
tures. For genomes, the GeneQuiz server gives access to the
results of ongoing functional analysis of the protein products
from completely sequenced genomes. In this report, the
group's work is illustrated by shortened abstracts of selected
papers.

PredictProtein Jan 1993 - Dec 1996

PHD server statistics
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Large scale .genome sequencing and accelerating determi-
nation of protein structures provide the data on which our
efforts in computational biology are based. Our work has
addressed some of the following questions. How is genetic
information translated to protein structure and function? How
can one efficiently process the information in many thou-
sands of new sequences and hundreds of new structures?
How can remote evolutionary relationships be detected and
exploited to provide biological insight? How do proteins fold?
What are useful quality criteria for protein model structures?
How can we predict structure from sequence? How can
we pinpoint functionally important residues? How can we
design new protein sequences that result in desired proper-
ties? Which information resources are suitable and useful
for network access by molecular biologists? In search of
answers to these questions we use methods, as appropriate,
from physics, statistics, mathematics, computer science, and
software engineering.

To support our own work and that of other groups we main-
tain databases of secondary structures (OSSP), homology-
derived protein structures (HSSP), and families of protein
structures aligned in three dimensions (FSSP). Close col-
laborative contacts exits with the EMBL-Heidelberg Bio-
computing Unit, especially in the use of the WHATIF
system of protein structure modelling and analysis, pro-
duced by Gert Vriend, assisted by Rob Hooft. Key in-

Number of requests to PredictProtein. Users send sequences of
unknown structure via internet (email or WWW) to the automatic
prediction service PredictProtein. A multiple alignment with similar
sequences found in the SWISS-PROT sequence database is re-
turned followed by predictions of secondary structure, solvent acces-
sibility, locations of transmembrane helices, prediction of topology for
integral helical membrane proteins and a fold recognition of remote
homologues (threading). Typical response time is less than a day.
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Flow chart of the GeneQuiz system for automatic large scale
sequence analysis.

GQsearch

G9reasonGQbrowse

GQupdate

gg ••
........-.-.._gg

The GeneQuiz software system has four main components
(Plate 108). These are
• GQupdate for automated database updates and indexing
• GQsearch for automated· database searches and se-
quence analysis

• GQreason for parsing of search results, reasoning and
function assignment

• GQbrowse for viewing and browsing results and databases
using WWW tools

ribosomal l36 protein typical of prokaryotes found for the
first time in a eukaryotic organism, a protein related to the
cell cycle and a new alcohol dehydrogenase.

GeneQuiz system for automated large
scale sequence analysis

GeneQuiz is an system for large-scale biological
sequence analysis that aims at providing automatic anno-
tation of protein biochemical and cellular function, using
a variety of search and analysis methods and up-to-date
protein and DNA databases. Applying an "expert system"
module to the results of different search and analysis meth-
ods, GeneQuiz creates a compact summary of findings.
It focuses on deriving a predicted protein function, based
on the available evidence, including the evaluation of the
similarity to the closest homologues in the database. The
analysis yields rich information that can be extracted from the
current databases, including three-dimensional models by
homology, where possible. The principal design requirement
is the complete automation of all repetitive actions: database
updates, efficient sequence similarity searches, sampling of
results in a uniform fashion and evaluation and interpretation
of the results using expert knowledge coded in rules (Plate
108).

PLATE 108

DNA sequencing and analysis of 130 kilobases
from yeast chromosome XV

Automatic annotation for biological
sequences by extraction of keywords
from MEDLINE abstracts.

We have used an improved Kohonen self-organising map
(SOM) for the classification of the aligned protein sequences
of a family. The algorithm tracks the convergence of the
map weights and the training neighbourhood is decreased
whenever convergence is reached. Classification at different
levels of resolution provides information about the hierarchy
of the family. Trees constructed from the set of classifica-
tions are not structurally different from those obtained with
phylogenetic tree algorithms but have a more homogeneous
branching scheme. The analysis of the residues conserved
at different levels using the SOM vectors provides insight in
the determinant residues of the family, in a way similar to
but technically different from our earlier "sequence space"
analysis.

Classification of protein families with
an improved self-organising map algorithm

In the frame of the EU yeast genome project, a collabo-
ration between a sequencing group (Ansorge, Voss) and a
bioinformatics group (this group) has led to the sequence
and analysis of a fragment -of 130 kb of yeast chromo-
some XV. 59 non-overlapping open reading frames (ORFs)
were found. 36% of the ORFs were previously known at
the time of the analysis, including nucleoporin, Ras protein,
RNA polymerase III and elongation factor 2. We found
significant sequence simiTarity with database proteins for
53% of the ORFs. Main findings are a homologue of the
human OCRl gene, an ADP ribosylation factor, a protein with
three C2 domains, and a homologue of a B.subtilis cell cycle
protein.

Biological information stored in sequence databases and as-
sociated journal abstracts is useful not only as a description
of an individual protein, but also as a source for linguistic
calculations on a group of proteins, with the aim of supporting
protein functional classification. We have developed a pro-
totype system for the automatical extraction of keywords for
description of protein families from the abstracts of related ar-
ticles. The method is based on differences in the distribution
of descriptive words associated with protein families. Its main
current application is the functional description, in automatic
fashion, of a set of sequence-similar proteins collected using
database similarity searches.

New proteins in the yeast genome found
by analysis of short open reading frames

We have analysed the short open reading frames (less
than 300 base pairs long) of the yeast genome with a
two step strategy. First, we used an open reading frame
selection procedure based on DNA and protein sequence
properties. Secondly, we selected open reading frames with
high sequence similarity to sequences in the databases. We
report a number of interesting new findings, among them a
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The GQupdate module is now used by a number of groups
to collect daily from the Internet the lastest molecular bi-
ology datasets. GQsearch uses a hierarchy of methods,
from BLAST to MaxHom, from simpler sequence searches
to profile methods, from database searches to predictive
methods. The GQsearch control program also allows the
distribution of jobs in a cluster of workstations or a parallel
computer. Due to the fact that each single sequence analysis
can be seen as an independent task the problem becomes
"embarassingly parallel" and allows for a straightforward load
balancing scheme. The program contains a checkpointing
facility to ensure the recover9 of jobs after hardware and
software problems.

The CQreason module first addresses the complication that
various programs provide a wide range of output formats.
The lack of standards has necessitated the implementation
of a variety of dedicated parsers for the output of the analysis
tools. The result parsers produce entity tables that are directly
readable by a simple relational database (ROB), developed
by Walt Hobbs, RAND Corporation, Santa Monica, CA, USA,
which is a simple yet powerful database system written in the
Perl language. The second problem addressed by GQreason
is that of automated reasoning and function assignment.
Instead of relying on experts for the interpretation of the
search and analysis results, this suite of programs controls
the evaluation of findings in an automatic and reproducible
fashion. The functional annotation for a protein sequence is
made on the basis of the information attached to homologous
sequences in the database. For each method or topic, there
is an independent component with a coded set of rules.
These components first check if the required information is
available. If so, the expert rules provide anwers to questions,
such as how to assess reliability based on scores from
differentmethods, which results are worth reporting, and how
to process the information to derive interesting facts. In the
last step, the extracted features are summarized at a higher

level into a comprehensive table of functional annotations
and associated results. At this level, rules are very strict, and
we report only clear results. In this way, the user can trust the
derived facts and is relieved from time-consuming interactive
checking. Ambiguous assignments are marked as such, and
help the user to directly focus on difficult or ambiguous
cases.

The fourth module (GQbrowse), gives access to. the result
databases and provides interactive evaluation and browsing
of related sequences and other databases such as biblio-
graphic entries. The current interface is based on World Wide
Web technology and dynamically provides HTML documents
that can be displayed with standard Web browsers such as
Netscape or Mosaic. With this technology, it is straightfor-
ward to make the functional annotation of genes - and the
entire attached information tree - available to any user con-
nected to the Internet. As is done on http://www.sander.embl-
ebi.ac.uklgenequiz/ (must include the last slash).

GeneCrunch: large scale sequence analysis
on a multiprocessor array

Analysing genomic data is a computationally intensive
and complicated process in which scientists must typically
choose among multiple databases and analysis methods
and make expert judgements inspecting multiple results.
GeneQuiz, the group's automated software system for large
scale genome analysis developed first at EMBL-Heidelberg
and then continued at EMBL-EBI, tackles this problem using
an automated, rule-based system to select among the results
of sequence analysis and database searches, builds func-
tional annotation and aims at predicting the function of new
genes. In a demonstration project more than 6000 proteins
from baker's yeast (Plate 109), for which the complete ge-
nomic sequence was completed in 1996, were analysed on a

Information status yeast ORFs
March 1996

sequence
orphans,

function unknown

homology,
but function
unknown
functional
information

from tentative
homology

probable
spurious
ORFs

functional
information

from experiment
or clear homology

PLATE 109

Information chart for yeast protein genes.
Functional information is either directly ex-
perimental or deduced using databases and
computational tools, or a combination of the
two. Future bioinformatics challenges are to
increase the quality and completeness of the
deduced information and to develop methods
to discover more evolutionary relationships.
The numbers were derived in a GeneQuiz
analysis of all yeast protein genes available in
March 1996, about 85% of the total number of
yeast proteins. More than 6000 genes (par-
tially redundant, depending on the state of
the March 1996 publically available data, with
100% identities removed) were compared
with 185, 688 full and 438, 305 ESTs partial
(ESTs) protein sequences on a 64 processor
computer configuration.
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TABLE 7 the biological activities. The work resulted in a suggestion of
a new and more refined model of HIV-1 Rev structure.

Table 7

Summary of the computational effort for the GeneQuiz analysis
of 6600 proteins from the yeast genome. Note: the number of
sequence comparisons given here are only the comparisons during
the database scan, not included here are the additional comparisons
performed for multiple sequence alignments and for internal repeat
searches. We have studied the question of how much extra predictive

power the correlated mutational behaviour of pairs of amino-
acid residues separated along a sequence has concerning
the likelihood of those residues being in contact in the folded
protein. The mutational behaviour is deduced from multiple
sequence alignments. We find that there is some valuable
information available from this source and that it is sufficient
to make a significant improvement of rv2% in the ability to
predict contacts, when compared to earlier methods that do
not take into account the correlations between the mutations.
This improvement is about twice as large as can be obtained
by the simpler method of averaging pair-preferences over
the same sequence alignment. Even when using a method
based on pair-preferences, a further 0.4% can be gained.
Significant improvement can be made by penalising more
variable regions (on the reasonable assumption that invariant
residues are relatively more likely to be in contact), though
we have found no way of improving the pair preference
method to the extent that it matches the method based
on correlated behaviour. Our new method is perhaps the
best data-based method of contact prediction developed so
far, achieving, on average, an improvement over a random
(Le. information-free) prediction of a factor of five when the
number of contacts predicted is chosen to match the number
that actually occu r.

The prediction of protein contacts
from multiple sequence alignments

Rise processors

sequence comparisons/second

GBytes of disk storage of results

yeast sequences analysed

protein sequence entries in NR-DB
search database

amino acids searched in NR-DB

DNA sequence entries in NR-EST
database

bases searched in NR-EST

BLAST search runs

additional FASTA search runs against
NR-DB

1.90.1010 total number of sequence comparisons

72 hours run time

64

73,700

13

6,613

185,688

54,435,055

438,305

151,663,018

13,226

2,221

Silicon Graphics array with 64 processors (R8000 @90 MHz)
so that the analysis was completed in 3 days, rather than
in many weeks (Table 7). The results of the analysis were
published "live" on two web servers as they were computed.
The protein functional information derived in this way was
made available in the public domain to scientists in many
countries.

Probing the structure of the HIV-1 Rev
trans-activator protein

Human immunodeficiency virus type 1 (HIV-1) encodes a
trans-acting regulatory protein, termed Rev, which is critically
required for virus replication. Rev is a sequence-specific
RNA binding protein which mediates the nuclear export of
unspliced and incompletely spliced viral mRNAs encoding
the viral structural proteins. While circular dichroism and
fluorescence measurements have provided several possible
structural models of Rev, all attempts using X-ray crystal-
lography and NMR techniques have so far failed to provide
more accurate models. A new approach was developed to
validate alternative structural models of the N-terminal region
of Rev which contains the nuclear localization/RNA binding
domain: points of contact between structural elements in a
protein were determined by the experimental introduction of
targeted amino-acid substitutions and subsequent scoring of

DALI protein structure classification

The comparison of the 3D shapes of protein molecules
poses a complex algorithmic problem. Its solution provides
biologists with computational tools to organize the rapidly
growing set of thousands of known protein shapes, to identify
new types of protein architecture, and to discover unex-
pected evolutionary relationships between protein molecules
reaching back billions of years. Protein shape comparison
also improves tools for identifying gene functions in genome
databases by defining the essential sequence-structure fea-
tures of a protein family. Finally, an exhaustive all-on-all shape
comparison provides a map of physical attractor regions
in the abstract shape space of proteins (Plate 110), with
implications for the processes of protein folding and eVOlution.

The FSSP database presents a continuously'updated struc-
tural classification of three-dimensional protein folds. It is
derived using an automatic structure comparison program
(Dali) for the all-against-all comparison of over 6001 three-
dimensional coordinate sets in the Protein Data Bank (PDB).
Sequence-related protein families are covered by a repre-
sentative set of 813 protein chains. Hierachical clustering
based on structural similarities yields a fold tree that defines
253 fold classes. For each representative protein chain, there
is a database entry containing structure-structure alignments
with its structural neighbours in the Protein Data Bank. The
database is accessible on-line through World Wide Web
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DALI discovery: vast set of amidohydrolases
related to urease

PHD: a neural network which predicts
protein secondary structure, and more

The PHD predictions (Predictions from HeiDelberg) are
made available by an automatic email prediction service.
The conclusion after some 200,000 requests to the service
is that 10 predictions have become accurate enough to be
used as a starting point for expert-driven modelling of protein
structure. Recently, the predictions of secondary structure
(PHDsec) have been complemented by prediction of relative
solvent accessibility (PHDacc), and transmembrane helices
(PHDhtm).

The recent determination of the three-dimensional structure
of urease revealed striking similarities of enzyme architecture
to adenosine deaminase and phosphotriesterase, evidence
of a distant evolutionary relationship that had gone unde-
tected by one-dimensional sequence comparisons. Here,
based on an analysi's of conservation patterns in three
dimensions, we report the discovery of the same active site
architecture in an even larger set of enzymes involved primar-
ily in nucleotide metabolism. As a consequence, we predict
tne three-dimensional fold and details of the active site ar-
chitecture for dihydroorotases, allantoinases, hydantoinases,
AMP-, adenine- and cytosine-deaminases, imidazolonepro-
pionase, aryldialkylphosphatase, chlorohydrolases, formyl-
methanofuran dehydrogenases and proteins involved in
animal neuronal development. Two member families are
common to archaea, eubacteria and eukaryota. Thirteen
other functions supported by the same structural motif and
conserved chemical mechanism apparently represent later
adaptations for different substrate specificities in different
cellular contexts.

Currently, the prediction of 3D protein structure from se-
quence alone poses insurmountable difficulties. As an in-
termediate step, a much simpler task has been pursued
ext9nsively: predicting one-dimensional (1 D) strings of sec-
ondary structure. A composite neural network was de-
veloped which predicts three secondary structure states
(helix, strand, loop). The network system comprises two
levels of feed-forward networks (one hidden layer each)
and a final jury decision over differently trained networks.
Training is done by an adaptive-like back-propagation. An
important key feature of the system is that the input is
not only the sequence of one protein but the profile of
a whole bunch of sequences of proteins which have the
same 3D structure. The combination of the problem spe-
cific topology and the pre-processing of the input improve
prediction accuracy from some 62% to 72% (sustained).
Furthermore, the specific topology and training procedure
successfully corrects for shortcomings of both simpler neu-
ral netword and classical statistical methods. Over the
last years, the system has been the best automatic pre-
dictor in a very competitive area of research. This was
confirmed at the CASP2 international contest for protein
structure prediction at Asilomar, California, in December
1996.
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browsers and by anonymous ftp (file transfer protocol). The
overview of fold space and the individual data sets provide a
rich source of information for the study of both divergent and
convergent aspects of molecular evolution, and define useful
test sets and a standard of truth for assessing the correctness
of sequence-sequence or sequence-structure alignments.

Topology diagram

Forty percent of all known domains (protein substructures) are
covered by 16 fold classes (shown as topology diagrams; a, a-helix
segment; {3, {3-strand segment; thick bar, parallel chain connection
between segments; thin bars, antiparallel connection; arc, a-helices
crossing at roughly right angles}.
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Databases and software

Software, databases and compute servers

Publications during the year

Software and derived protein data are made available by
the group to the scientific community. The databases and
services can be accessed from http://www.sander.embl-
heidelberg.del and http://www.sander.embl-ebi.ac.uk!.

Database of protein secondary
structures; DSSP software
Database of structural families
based on sequence comparison
Database of structural families
based on3D comparison
Database of automatic functional
annotation of proteins for all
completely sequenced genomes
Dataset of representative
protein structures
Database of summary information
on known 3D structures

HSSP

PDB_SELECT

DSSP

PDBFINDER

FSSP

GENEQUIZ

Compute servers

PREDICT_PROTEIN Prediction server for secondary
structure, accessibility prediction,
transmembrane segments and
threaded 3D models, using
MAXHOM, PHDsec, PHDacc,
PHDtm and PHDthreader

DALI Server for fast and exhaustive
database searches in PDB,
given a set of 3D protein coordinates

PROPSEARCH Server for compositional search of
sequence databases

BIOTECH Server for protein structure validation

Casari, G., de Daruvar, A., Sander, C. &Schneider, R. (1996).
Bioinformatics and the discovery of gene function. Trends in
Genet, 12,244-245

Casari, G., Ouzounis, C., Valencia, A. & Sander, C. (1996).
GeneQuiz II: automatic function assignment for genome
sequence analysis. In Proc. First Ann. Pacific Symp. on
Biocomp., World Scientific, Hawaii, USA, pp. 707-709

correctly; (3) using reliability indices which correlate with
prediction accuracy we found that for the most strongly
predicted half of the proteins the likelihood of predicting
all transmembrane helices correctly rose to 98%; and for
two-thirds of the proteins the accuracy of topology prediction
was 95%; (4) the rate of proteins for which transmembrane
helices is predicted incorrectly was below 2% (±1%). Finally,
the method was applied to 1616 protein sequences of the
haemophilus influenzae genome. We predicted 19% of the
protein sequences to contain one or more transmembrane
helices. This is a lower fraction than that predicted for yeast
chromosome VIII (about 25%).

In fold recognition by threading one takes the amino-acid
sequence of a protein and evaluates how well it fits into one
of the known 3D protein structures. The quality of sequence-
structure fit is typically evaluated using inter-residue poten-
tials of mean force or other statistical parameters. We have
developed a new approach to evaluating sequence-structure
fitness. Starting from the amino-acid sequence we first pre-
dict secondary structure and solvent accessibility for each
residue. We then thread the resulting 10 profile of predicted
structure assignments into each of the known 3D structures.
The agreement between predicted and observed structure
profile is evaluated using statistical parameters. The optimal
threading for each sequence-structure pair is obtained using
dynamic programming. The overall best sequence-structure
pair constitutes the predicted 3D structure for the input se-
quence. The method is fine-tuned by adding information from
direct sequence-sequence comparison and applying a series
of empirical filters. Although the method relies on reduction
of 3D information into 10 structure profiles, its accuracy is,
surprisingly, not inferior to methods based on evaluation of
residue interactions in 3D. We therefore hypothesize that ex-
isting 10-30 threading methods essentially capture not more
than the fitness of an amino-acid sequence for a particular
10 succession of secondary structure segments and residue
solvent accessibility. The prediction-based threading method
on average finds any structurally homologous region at first
rank in 30% of the cases. For the 17% first hits detected at
highest scores, the expected accuracy rose to 70%. How-
ever, the task to detect entire folds rather than homologous
fragments, was managed much better: depending on the
cut-off for what was regarded as an "entire fold" the first
hit was correct in 60-80% of all cases. The quality of the
resulting 3D models depends crucially on the details of the
sequence-structure alignments which can be inaccurate in
detail even in cases in which the correct fold is detected.

PHDthreader: protein fold recognition by
threading predicted 10 structural profiles
into known structures

PHDtm: topology prediction for helical
transmembrane proteins at 86% accuracy

Our neural network system predicting the location of trans-
membrane helices in the sequences of integral membrane
proteins based on evolutionary profiles (PHDhtm) was ex-
tended and improved. The improvement was achieved by a
dynamic programming algorithm that optimizes the assign-
ment of helices compatible with the neural network output.
The extension was the prediction of topology (orientation of
first loop region with respect to membrane) by applying the
observation that positively charged residues are more abun-
dant in extra-cytoplasmic regions to the refined prediction
of all transmembrane helices. Furthermore, we introduced a
method to reduce the number of false positives, Le. proteins
falsely predicted with membrane helices. The evaluation of
prediction accuracy was based on a cross-validation and
a double-blind test set (in total 131 proteins). The final
method appeared to be more accurate than other published
methods: (1) for almost 89% (±3%) of the test proteins
all transmembrane helices were predicted correctly, (2) for
more than 86% (±3%) of the protein topology was predicted
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Analysing information on structure and function in proteins

Group leader: S.J. Wodak*

Scientist: L. Wernisch*

Postdoctoral fellows: I. Alberts*, M. Eldridge*

Predoctoral fellows: R. Mancuso*, K. Nadassy*

Visitor: E. Selkov*

Our group was established in the autumn of 1996. During the
short period since then, it initiated activities in three areas:
(1) analysis of protein-ligand interactions, (2) development of
state-of-the-art tools for computing geometric properties of
protein structures, (3) development of databases for protein
function and metabolic pathways.

In what follows, activities in these areas are described in
further detail.

Analysis of protein-ligand interactions
(with I. Alberts & K. Nadassy)

Currently the information on known protein structures de-
posited in the Protein Databank (PDB) includes a detailed
description of how proteins interact with nearly 1000 different
small molecules (ligands) and on the conformation of these
ligands when they are bound to the protein. We set out
to survey and classify these data with two main aims: (1)
Improve our understanding of molecular recognition, and
hence our ability to describe function and map it onto the
protein structure and sequence, (2) derive standard val-
ues for the geometric and stereo chemical parameters of
the ligand molecules and their interaction with the protein.
These parameters will be helpful in assessing the quality
of the three-dimensional (3D) structures of protein-ligand
complexes.

To start, we surveyed the metal ligand zinc, because of its
abundance in proteins (zinc is second in abundance only to
iron) and its dual role: structural and catalytic.

A survey of the PDB yields 318 zinc containing proteins.
Out of these we analysed 118 X-ray structures solved at
2 A resolution or better. Two categories of complexes were
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examined: complexes such as those in zinc fingers and
metallothioneins, in which zinc plays a structural role, and
those in which zinc plays a catalytic role. Since a majority of
the zinc finger proteins have been determined by NMR, we
focused primarily on the catalytic zinc containing proteins.

As a first step we analysed the zinc coordination geometries,
including the distances and angles between the metal and
the coordinating atoms. This was done considering several
protein-Zn complexes from distinct protein families (alco-
hol dehydrogenase, carbonic anhydrase, carboxypeptidase,
thermolysin, etc.). Preliminary inspection of the results shows
a number of trends. Not unexpectedly, Zn-nitrogen distances
and angles are better conserved across the different com-
plexes than those for Zn-oxygens. The coordinating nitro-
gens, always belonging to imidazole groups of histidines,
hence provide a much better conserved framework for hold-
ing the metal in position, and thus playa structural role. The
oxygen-Zn ligands on the other hand often playa catalytic
role. In addition to surveying the PDB, we also surveyed
the Cambridge small molecule databank (CSD). We find that
Zn-O distances in protein structures tend to be systematically
longer and display higher standard deviation than those in
organometallic complexes in the CSD. This is not the case
for the Zn-N distances, and might be ascribed to the fact
that some of the oxygen ligands occupy positions that mimic
the transition state geometry. These and other trends are
presently being analysed in detail.

Superpositions of the coordinating environment of the zinc in
protein-zinc complexes across distinct protein families con-
firm the structural conservation of the coordinating nitrogens.
This also shows that hydrogen-bonding of the non-metal
coordinated nitrogen of the imidazle ring with a carboxylate
group orients the histidine with the proper geometry for metal
coordination.



Development of state-of-the-art tools for
computing geometric properties of
protein structures
(with L. Wernisch)

The static surface area accessible to solvent, the atomic
and molecular volumes, packing densities, contact areas be-
tween atoms, residues, domains and subunits, are extremely
useful geometric parameters of protein 3D structures. They
have been teaching us a lot about the physical properties of
proteins. For example, analysis of the volumes occupied by
atoms inside proteins has indicated that the protein matrix
is at least as highly packed as crystal of small organic
molecules (Richards, 1974), though studies have shown that
this packing is not uniform throughout the protein interior
(Kundrot &Richards, 1987; Kocher et al., 1996). It has also
been shown that deviations of atomic volumes from their
expected values, computed from a set of accurate protein
structures, can be used to assess the quality of atomic
models (Pontius et al., 1996).

Despite all this, the software tools generally available for com-
puting these important quantities for macromolecules (about
a dozen currently exist world-wide) are with a few exception
based on numerical procedures which, for a good reason,
sacrifice accuracy for speed. They can therefore often not
be relied upon for fine quantitative analyses, in particular
when it comes to analysing subtle differences between two
structures, or fluctuations/deviations about mean values.

With the goal of exploring the use of the various geometrical
parameters mentioned above to compare protein structures
and to analyse inter- and intra-molecular interactions, we
have undertaken the development of a software package
for computing atomic volumes and surfaces, and various
quantities derived from them, based on highly accurate
analytic procedures.

We plan to use this package in a number of applications rang-
ing from the identification of structural domains in proteins,
to structure comparisons, and analysis of inter-molecular
interfaces.

So far we have implemented a procedure for identifying
structural domains in proteins. This procedure uses the
facets of the Voronoi polyhedron, computed for each atom in
the protein, to calculate the contact areas between atoms be-
longing to different residues, and these areas duly summed,
then measure the strength of the interactions, between
the residues. We believe that such a metric for evaluating
residue-residue contacts may be more robust than just
counting atomic contacts within a given distance threshold,
which the majority of existing algorithms for defining domains
use.

A first version of our programs, which combines our metric
with several simple procedures for finding domain limits
(domains with up to 3 non-contiguous chain segments were
considered) was applied to a set of 31 single domain and
52 multi-domain proteins. The results show that our approach
yields the same domain limits, with at least the same accu-
racy, as those given by some of the best existing domain

definition programs, but it does so with fewer adjustable pa-
rameters. Preliminary results also suggest that our procedure
is, as we foresaw, less sensitive to deformations of the atomic
coordinates. A critical and sensitive aspect in the task of
identifying structural domains from the atomic coordinates is
the decision when to cut and when not to. The agreement
between the different existing methods is very poor in this
regard. This will be one of the issues that we will focus on in
the near futu reo .

Development of databases with
information on protein function
and metabolic pathways
(with E. Selkov, M. Eldridge (EBI Industry
Programme), R. Mancuso, &R. Overbeek)

The availability of hundreds of complete or near complete
genomes will make it possible in the very near future to ad-
dress fundamental issues relating to the function of proteins,
structure/function relationships, and the dynamic behaviour
of cellular systems. Presently however, we are ill-equipped
to address these issues. Indeed, while significant efforts are
being devoted world-wide to the development of databases
for genomic and protein sequences, as well as for protein 3D
structures, relatively little has been done so far concerning
information on protein function, and very little is available
for relating genome and protein sequence data to what
is known about metabolism and the dynamic behaviour of
cells.

The complexity of the information, and the fact that the data
need to be captured by experts from a very vast body of
scientific literature, is probably the reason why this important
area has hitherto been neglected. But the time is now right
for meeting this challenge, and developing the necessary
resources to allow efficient surveying and integration of
information on protein function with those on other properties,
and to use these resources to improve our understanding of
biological systems.

With the support of the Bio-standard program of the EBI, our
group has initiated a major effort in this area, in collaboration
with the EBI Swiss-PROT team and Prof. D. Schomburg
(Cologne), the author of BRENDA.

BRENDA is a collection of published experimental informa-
tion on enzyme function in electronic form. It is our goal to
cover many aspects of enzymology and metabolism as illus-
trated in Plate 111. These include: extraction, purification and
characterization procedures; data on the reaction mecha-
nism and reaction kinetics; regulation by activators/inhibitors
or inducers/repressors; kinetic and thermodynamic parame-
ters for ligand binding; metabolic charts; sub cellular location
of the protein.

Currently BRENDA contains data on all enzymes with
assigned E.C. numbers. In addition to the information in
BRENDA, we will use the collection of over 2,000 metabolic
pathways compiled by Selkov and colleagues now in the
public domain. This will provide the biological context for the
experimental data.
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PLATE 111

Schematic overview of the enzyme and metabolic pathway database.
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Our aim is to design a database on protein function and
metabolic pathways, using modern information technology,
for which there is significant expertise at the EBI, and to
update it with specific applications in mind. Our long-term
goal, which is a very ambitious one, is to provide seamless
access from any characterized metabolic pathway to: the 3D
structure of all known enzyme-ligand complexes belonging to
that pathway; the sequence of the corresponding protein; the
corresponding catalytic mechanisms; the 3D structure and
the chemical description of the various associated ligands
and their thermodynamic and dynamic parameters.

As first steps in this direction our group has started to
work on the conceptual schema for representing data
on protein/enzyme function and on metabolic pathways,
and is experimenting with prototype implementations of
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data subsets from BRENDA in object-oriented environ-
ments.
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TOPS: Automatic generation of protein topology cartoons

Project leader: J.M. Thorntono1

Postdoctoral fellow: D.R. Westhead

Protein topology cartoons are simple two-dimensional rep-
resentations of protein structures which show the connec-
tivity, relative direction and spatial position of the secondary
structure elements. They are a valuable aid to understand-
ing folds and their relationships. Automatic generation of
topology cartoons according to a set of drawing rules was
first studied by Flores and co-workers (Flores et al., 1994).
Here we report improvements and extensions to this work
which aim to further automate the process and to reduce the
need for manual intervention. We have developed a better
algorithm for assignment of the direction and position of
strands in sheets and barrels, improvements to the treatment
of chirality for super-secondary structure motifs, and changes
to the drawing code to avoid the superimposition of symbols,
the superimposition of connections and clashes between
symbols and connections. In addition we have provided
new options to plot multi-domain proteins as separate user-
defined domains, and to use alternative secondary structure
assignment methods.

N1
N2
N3

19dhA

A 4 C2
A 102 C3
A 293 C4

C4

A 95
A 284
A 311

N3

An example. of a cartoon produced by the new software is
shown in Plate 112. The protein shown is the A chain of
D-glycerate dehydrogenase, Brookhaven code 1gdh. The
two domains are plotted one above the other. Continu-
. ous segments of peptide chain run from N-terminus Nj
to C terminus Cj+1, and points of crossing between do-
mains exit from one domain at Cj and enter the other
at Nj. Triangles represent f3-strands and circles a-helices.
The directions (down or up) of the secondary structure
elements can be deduced by examining the connections,
which are drawn to the boundary of the symbol if they
connect to the base, and to the centre if they connect to the
top.

An atlas of cartoons is available over the World Wide Web,
with a Java applet which can be used to view the cartoons,
and there are plans for a searchable database of protein
topologies.
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PLATE 112

The Tops diagrams for the A chain of D-glycerate dehydrogenase
(1 gdh). Triangular symbols represent J3-strands, and circular ones
a-helices. The lines connecting the symbols represent the loops
connecting the secondary structure elements. The directions of
the secondary structure elements (up or down) are implied by the
connections which are drawn to the boundary of the symbol if they
connect to the base of the secondary structure element and to
the centre if they connect to the top. The chain has two structural
domainswhich are drawn one above the other. Continuous segments
of peptide chain within a domain begin at Nj and end at Cj+1; where
the chain crosses between domains it leaves one at Cj and enters
the other at Nj.

1 JMT is also at: Biomolecular Structure and Modelling Unit, Department of Biochemistry and Molecular Biology, University College, Gower Street,
London WC1 E 6BT, U.K. and Laboratory of Molecular Biology, Department of Crystallography, Birkbeck College, University of London, Malet
Street, London WC1 E 7HX, U.K.
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Industry support programme

Programme co-ordinator: R Zanellao

Scientific and technical co-ordinator: T. Floreso..
Scientists: J. Coppieterso, C. Dodge*, M. Eldridge*, J. Muilu*, J.-J. Riethoven*, A. Robinson*, R Rodriguez-Tomeo, M. Senger*, T. Slidel*,
T. Thanaraj*, M. di Tommasoo

Assistants: B. Holle*, M. MunzittuO, D. Sanderso

The need to support industry in the field of bioinformatics
was highlighted at the inception of the Hinxton Outstation. In
1996 this became a reality with the formation of the Industry
Support Programme. Two projects were established this year
and now form the core of the Industry Support Programme
at the European Bioinformatics Institute.

BioStandards

Initial discussion on an industry support programme started
with potential industry partners at the beginning of the year
and has resulted in a two year pilot project, BioStandards,
jointly funded by EMBL, EU and industry. When the project
began in March, it was anticipated that eight pharmaceutical
companies would join the project within its first year. This
estimate has now been well exceeded with nineteen leading
companies joining in the first nine months of the project
(Table 8).

The project provides for fourteen posts, four of which made
up from part-time participation from existing Outstation staff.
Ten new staff were recruited during the second half of the
year. The last member of this group will start in the first
quarter of 1997.

There are regular meetings with the industry partners to
discuss the project and that ensure the contents are relevant
to their needs. The first few meetings were spent negotiating
the contents of the project. A "shopping list" of initiatives
was refined into the programme of work. The "shopping
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Table 8
Biostandards Industrial Partners

Partner Country
Astra Sweden
Bender &Co. Austria
Chiron-Biocine Italy
British Biotech UK
CIBA Switzerland
GlaxoWelicome UK
Hoechst AG Germany
Hoechst Marion Roussel USA
F. Hoffmann-La Roche Switzerland/UK
Janssen Belgium
MERCK KGaA Germany
Novo Nordisk AlS Denmark
Pharmacia &Upjohn UK
Pfizer UK
Rhone-Poulenc SA France
Sandoz Switzerland
Schering AG Germany
SmithKline Beecham UK/USA
Zeneca UK

list" is continually reviewed at meetings of the partners
and further initiatives are proposed with the necessary re-
sources allocated upon their acceptance. The current pro-
gramme of work can be subdivided into two action lines:



Table 9

Workshops

Title Date held

Protein ligand databases1 5.7.1996

Database updating and 24-25.9.1996
search tools2

Common object request 11-13.11 .1996
broker architecture2 ..
Protein ligand databases1 3.12.1996

Gene prediction1 5.12.1996

Database techniques2 12-13.12.1996

1 Discussion workshops; 2 Tutorial workshops

Awareness, education and training

It was decided to focus activities in this area on topics not cov-
ered elsewhere which drew on the expertise from within ESI
and its collaborators. These included workshops, internships
and partner visits, www server (http://industry.ebLac.ukJ),
electronic mailing list and newsletters. Workshops are sub-
divided into to types; tutorial and discussion.

The first workshop was in July, followed by five more during
the remainder of the year (Table 9). Plans for further work-
shops include: WWW interface to GCG, protein structure
prediction, data mining and visualisation, advanced CORSA
(common object request broker architecture), introduction to
high performance computing, bioWidgets (reusable graphical
user interface components) and improving EST data.

The industry partners may also send staff to visit the ESI
either as groups, for short meetings lasting typically one or
two days, or individually as interns, for more extended visits
lasting from one week to a couple of months. Internships
are organised on an informal basis and a number have been
arranged for 1997.

Database and software developments

Many of the initiatives identified require the further devel-
opment of databases or software. This year the initiatives
included:

• Provide express flatfile updates on CD-ROM
• Improve the structure of EST data
• Develop production support for *SSP databases from

Chris Sanders group
• Explore the potential for the acquisition of ligand and

protein function data
• Review existing and develop selected prototypes for the

visualisation of biological data
• Participate in the bioWidget consortium, an effort to de-

velop reusable graphical user interface componentry
• Carry out a security assessment regarding network ac-

cess to the ESI network services from industry

PLATE 113

Hyperbolic projection viewer

• Develop new CORSA services and clients for sequence
alignments and searching

• Carry out an assessment of Smith and Waterman se-
quence searching tools on specialist hardware

• Evaluate existing gene finding programs
• Further develop the WWW interface to GCG (W2H) in-

cluding providing a CORSA interface
• Develop interface tools for manipulating constructed se-

quences

Even in the short time that the industry support programme
has been running many of these developments are well
underway, and in a number of cases completed.

BioTitan

In the latter half of the year a proposal to become a technol-
ogy transfer node (TTN) was submitted to the EU under the
preparatory, support and transfer (PST) activities which form
part of the Esprit high performance computing and networks
(HPCN) programme. A TTN's main role is to act as an
intermediary between end-users, technology providers and
HPCN experts by co-ordinating industrially focused activities
and disseminating the results. This bid was successful, and
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W2H interface
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work is due to start in the first quarter of 1997. BioTitan is
the only TTN (of about twenty in Europe) whose primary
focus is on bioinformatics. It will be co-ordinated by the EBI
in partnership with UNll C in Denmark and CASPUR in Italy.

As part of the PST activities there is a continuous call for
'associated actions to be clustered with the TTN. So far, two
associated projects have been submitted and approved:

• BIOVIS
A project in partnership with a small UK-based software
company (Quadstone) to modify some existing visualisa-
tion software and demonstrate its applicability to the data
mining of biological databases

• CEBUS
A project co-ordinated by UNll C

It is anticipated that in 1997 the industry support programme
will continue to grow to include more initiatives in the Bio-
Standards project and under the TTN cluster of activities.
A number of new projects are provisionally planned: they
will involve other industrial partners, possibly through an
affiliates scheme to provide wider access to the technology
developed at the EBI, and closer partnerships to encompass
more specialised projects.



EBI Services Programme

Programme coordinator: G. Cameron

Group leader: R Stoehr

Scientists, Engineers, Assistants: R. Apweiler, S. Cliff, S. Contrino*, J. M. diTommaso, K. Duggan*, D. Emmert*, T. Flores, M. Garcia
Pastor, A. Gateau*, R. Harper, C. Helgesen*, K. Henrick*, D. Higgins*, J. Hybel*, K. livonen, V. Junker, R Kaellblad*, S. Kappus*, K. Keegan*, R
Keller*, K. Kruszewska, L. Landeman, F. Lang, P. Lijnzaad*, A. Malik, S. Malladi*, M.J. Martin*, M. McGowran, P. McNeil*, C. Merino-Caminero,
N. Mitaritonna, S. Moodie*, C. O'Donovan, G. Oestreicher, N. Redaschi*, R Rodriguez-Tome, S. Rose, B. Shomer, J. Sleep, R Sterk, G. StoBer,
M. Swann*, M.-A. Tuli, S. van den Broek*, S. White.

Pre-doctoral fellows: K. Jungfer, C. Notredame*, E. O'Brien*, A. Spiridou*

Visitors: A. Bairoch, C. Saccone
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Four releases of the databasewere made as usual during the
year, and made available via network servers. The releases
are also distributed quarterly on CD-ROM with retrieval
software for Windows and Apple Macintosh. Daily batches
of updates are made public via our anonymous FTP server
for those sites (e.g. EMBnet nodes) who wish to maintain an
up-to-date local copy of the database.

the relational database schema which will be implemented
in early 1997 on EBI's new multi-processor Digital 8400
servers. The redesign overcomes some inefficiencies which
developed as the database has grown in size about 50-fold
during its current incarnation, will provide extra functionality
such as constructed (virtual) sequences and alignments, and
it will enable still greater integration of nucleotide and protein
sequence data.
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Nucleotide sequences

Database production

One sequence every minute has been entering the EMBL
Nucleotide Sequence Database, which, by the end of 1996,
contained about 700 million base pairs from over 1 million
sequences. Collaboration and data exchange with GenBank
and DDBJ have proceeded smoothly, with particularly suc-
cessful improvements in data synchronisation and creation
of stable identifiers for both nucleotide sequences and pro-
tein translations (NIDs and PIDs). The long-term project to
extract sequence data from the "backfile" of pre-1993 patent
literature was completed.

The Service Programme of the EBI embraces both produc-
tion activity and research and development. The production
activity is focused on three major database operations:
nucleotide sequences, protein sequences and macromolec-
ular structures. The research and development is aimed at
database technologies which will enable constant improve-
ment of our database operations and external services.

Major genomic sequencing began in 1996. The database
programming group developed automated procedures for
handling the very high volumes of genomic data in varying
stages of completion and analysis from the Sanger Centre's
human and nematode sequencing projects. The genomes of
yeast and several bacteria were completed.

Introduction

The database technology infrastructure was built up during
the year, with ORACLE being supported via SQL*Net on 4
platforms, and Sybase on 2. ORACLE Case Tools and ORA-
CLE web have helped in the substantial task of redesigning

Year
PLATE 115

Growth of the EMBL nucleotide sequence database.
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PLATE 116

Growth of the SWISS-PROT and TREMBL protein sequence
databases.
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Protein sequences

The SWISS-PROT protein sequence database, maintained
collaborativelywith Amos Bairoch in Geneva, grew by 22% in
1996 to over 21 million amino-acids in nearly 60,000 protein
sequences.

Two major enhancements were made in 1996, the linking
of SWISS-PROT entries to the CDS feature(s) of nucleotide
sequences, and the introduction of a computer-annotated
supplement to SWISS-PROT: TREMBL.

TREMBL consists of computer-annotated entries derived
from the translation of all coding sequences from the nu-
cleotide database, except for those proteins already in
SWISS-PROT. Release 1 of TREMBL was published in
November 1996 and contained 105,288 entries. Of these,
some 20-40,000 will result in new SWISS-PROT entries,
the rest being multiple reports which need to be merged
with existing data, artificial sequences, very short fragments,
or immunoglobulins and T-cell receptors (which will need
special attention). SWISS-PROT+TREMBL represent the
most complete protein sequence database with the lowest
degree of redundancy and the highest standard of annotation
publicly available today.

Macromolecular structures

During 1996we hired the team to begin our involvement in the
macromolecular structure database (MSD), in collaboration
with the protein database (PDB) group at Brookhaven Na-
tional Laboratories, and nucleic acid database (NOB) group
at Rutgers.

A mirror service at the EBI for both PDB and NOB was
established to enable better access to this data for European
researchers. Many collaborative discussions took place con-
cerning database schemas, data deposition systems, and
a strategy was developed for cleaning up the existing PDB
dataset at the EBI.
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Radiation hybrid data

The radiation hybrid database (RHdb) is an archive of PCR
results on radiation hybrid panels, and mapping information
with links to other databases. There are now about 35,000
(raw data) entries and radiation hybrid linkage maps for the
.23 human chromosomes. The RHdb team took part in the
collaborative effort-to produce the first transcripts map of the
human genome.

ImmunoGenetics database

The ImmunoGenetics database (IMGT) contains nucleotide
sequence information on genes important in the function
of the immune system. The project is a collaboration be-
tween the EBI, LIGM (Montpellier), ICRF, and the Uni-
versity of Cologne. Release 9611 contains data from 47
species (mostly human) and 7937 annotated nucleotide
sequences.

BioCatalog

The BioCatalog lists information about software of general
interest in molecular biology and genetics. There are now
more than 500 applications described, including network
links to their source.

External services

Our email, anonymous FTP, and WWW servers continue
to be popular and demanding of resources. The preferred
mode of access to EBI services is now the World Wide Web
(WWW). Our WWW server gives access to all databases
maintained at the EBI, with SRS being the key application for
database query and retrieval.

Mirror services have been set up on our WWW server for
PDB, NOB, and SubtiList (B.subtilis) databases in 1996.

The sequence similarity search service based on FASTA
received a boost in capacity thanks to installation of new Dig-
ital 8400 servers, and the Smith-Waterman search service
continues on the MasPar using MPsrch. A Bioccelerator from
Compugen has been evaluated and acquired as an eventual
replacement for the MasPar service. Another specialized
device which has been evaluated is the fast data finder (FDF)
which can be put to work either on Smith-Waterman database
searching, or in its more original role in large text-scanning
applications.

Research and development

Database technology

We began to investigate and compare current database tech-
nologies, relational, object-relational and object-oriented. An
object-oriented model of RHdb was mapped to ORACLE,
Illustra and lOB. Different technologies and software for
developing object-oriented models, and the mapping of these
to relational database tables, has also been investigated.
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Schematic view of the integration of services using CORBA.
The numbered symbols represent: 0 and @data sources
providing single or multiple object interfaces, respectively;
client application accessing interfaces from both 0 and

@; 0 both a client application and provider; and, @ generic
services that are of use to both data providers and clients; ®,
(I), ®, ®&@) different defined object interfaces.

Common object request broker architecture

We have chosen common object request broker architecture
(CORBA) as the central framework in which the EBI database
and services will interoperate. A first CORBA environment
was developed for RHdb, building both client and servers in
Java using Visibroker object request broker (ORB). Another
was developed using Sun Neo and SyBase to produce a
phylogenetic tree viewer in Java.

BioWidgets

We became actively involved in the bioWidget Consortium,
a .multi-institutional group with partners from academia and
industry whose mission is to provide high quality, reusable
software componentry (or widgets) of benefit to the bioin-
formatics community. A phylogenetic tree browser has been
written which allows query and browsing of phylogeneticdata
on a remote server using CORBA, using a hyperbolic projec-
tion to display the resulting tree. The application exemplifies
reusable componentry and distributed object technology. The
separate widgets used in it have been submitted to the
bioWidget Consortium for reuse.

Sequence analysis

Work centred on the development of sequence alignment
methods and software. Genetic algorithms were applied to
the problem of multiple protein sequence alignment. The
result is a program called SAGA which can be used to align
sequences using any arbitrarily chosen measure of multiple
alignment quality. The program appears to be capable of find-
ing globally optimal solutions in reasonable time when used
to optimize the weighted sums of pairs objective function.
Genetic algorithms have also been applied to the problem
of the alignment of RNA molecules with known secondary
structure. If one has two sequences to align and if one of
them has a known secondary structure, the two sequences
can be aligned taking both primary and secondary structure
matching into account. Again, the program, RAGA, appears
capable of finding optimal solutions within reasonable time
for even quite long sequences. Finally, we have attempted to
optimize the alignment of new small subunit rRNA molecules
to existing alignments, using conventional profile alignment

methods, incorporating novel sequence weighting schemes.
The intention is to combine the genetic algorithm based
structural alignments with the conventional profiles to help
automate the addition of new rRNA sequences to the se-
quence databases.
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Mouse Genetics Programme, Monterotondo

Introduction

In 1995, EMBL joined an international collaborative effort
to establish a major research centre in Monterotondo, Italy,
just north of Rome. The Monterotondo project is an as-
sembly of international and national institutions which are
expected to develop into a major campus, focusing on
research and service activities in modern biology, especially
mammalian biology and biomedicine. EMBL committed itself
to developing a high quality research programme of three
groups working on mouse genetics. The EMBL Programme
will operate alongside a major facility supported by the
European Union - The European Mouse Mutant Archive
(EMMA) - as well as research groups belonging to the
Italian National Research Council (CNR). The laborato-
ries have already been donated by the Italian company
ENI.

One of first goals at Monterotondo is to create a
nucleus of high quality research groups which will help attract
other scientists to the site during the developmental stages
of the centre. Longer term goals stem from a long-standing
EMBL principle: cutting-edge research, interacting with the
staff of a service facility, is critical to the efficient and practical
development of a facility such as the mouse archive. EMBL
research, of course, will also reap rewards from such a
dialogue.

After the appointment of Klaus Rajewsky as Programme
Coordinator on a part-time basis, the EMBL Monterotondo
Programme begun with the appointment of Walter Witke,
who started up his group in Heidelberg and plans to move
to Monterotondo in mid-1997. Appointment of another group
leader and two staff scientists will follow. The CNR through
its Institute of Cell Biology has also made an important
commitment, starting in 1997.

The development of a Centre for Mouse Genetics appears
timely and appropriate for European science. Advanced
techniques of gene targeting allow the introduction of virtually
any kind of mutation into any gene of the mouse, and the
mutations can be introduced in a cell-type-specific and/or
inducible manner. A centre devoted to this kind of research
should help Europe significantly to further approach biologi-
cal problems in mammals. In the era of the genome project
there is an increased need for the functional analysis of genes
in vivo, and in medical research genetically tailored model of
human diseases are already now playing a key role.

The Monterotondo Programme is a step forward for Southern
Europe, and the EMBL branch of the campus wishes to
contribute significantly to this new activity. To do so, we hope
for close interaction with the Institute of Cell Biology of the
CNR and with EMMA which is an independent organisation.
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The role of the actin cytoskeleton in cell motility

Group leader: W. Witke*

Scientist: C. Gurniak*

Postdoctoral fellow: J. Sutherland*

Predoctoral fellow: A. Di Nardo*

The actin cytoskeleton is intimately involved in regulating cell
motility, cell shape, cell polarity, and signal transduction. How
the actin cytoskeleton participates in these processes is a
fundamental question in cell biology.

Our focus is to understand the mechanisms by which actin
binding proteins regulate the reorganization of the cytoskele-
ton during cell motility and other cell functions. We are
combining biochemical techniques to analyse the compo-
nents of the actin cytoskeleton with the genetic approach of
manipulating the expression of these components in trans-
genic mice. The analysis of knockout mice for different actin
binding proteins will allow us to learn about the physiological
relevance of certain aspects of cell motility and might help
us to better understand phenotype related disorders in men.
Cell lines from transgenic mice are used to elucidate the link
between alterations of the cytoskeletal organization and the
observed phenotypes.

Mutant mice for actin binding
proteins of the gelsolin family

We have generated mutant mice lacking gelsolin, the pre-
dominant actin filament severing protein found in mammalian
cell extracts. Homozygous mutant mice are viable and show
no obvious defect. However, the physiological responses
of platelets, neutrophils, fibroblasts and neuronal cells are
altered in the mutant mice. Gelsolin mutant mice display
prolonged bleeding times, the inflammatory response of
neutrophils is delayed, and wound healing is altered (Witke et
al., 1995). The retraction of growth cones is severely impaired
in cultured hippocampal neurons suggesting that rapid actin
depolymerization is an important factor for efficient collapse
of the growth cone during reorientation.

In an inbred background, embryos homozygous for the
gelsolin mutation die between day 15 and day 18 indicating
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that the lack of gelsolin cannot be compensated in animals
with a certain genetic pre-disposition. The exact cause of
the embryo loss and the physiologic defect are currently
analysed. The gelsolin mutation is an example for a mutation
which affects the actin cytoskeleton and cell function in a
very specific way, altering the resistance of the animal to
certain stress, without affecting the viability under protected
laboratory conditions.

In addition to gelsolin, we have also generated mutant mice
for the gelsolin homolog capG, and double mutants for capG
and gelsolin. The phenotypes of these mutant mice are
currently analysed.

Cofilin, a ubiquitous actin depolymerizing factor

Early embryonic development proceeds apparently without
delay in gelsolin null mice. In wild-type mice, gelsolin is
not expressed early in embryonic development. However,
extensive actin reorganization is necessary to allow the
cell movement observed in early development. Biochemical
analysis of embryonic stem cells lacking gelsolin failed to
identify a second, early expressed, gelsolin-like actin filament
severing protein (Witke et al., 1995). However, a number
of actin filament capping proteins, and high expression of
cofilin, were detected in these cells. Although cofilin is not a
classical severing protein it destabilizes actin filaments and
induces rapid depolymerization which could in vivo account
for the depolymerizing activity needed for rearranging the
actin cytoskeleton during cell motility. Cofilin is therefore
a prime candidate for the essential actin depolymerizing
activity in motile cells during early embryogenesis.

We have started to analyse the genes for cofilin in mouse and
are planning to address the function of cofilin by generating
conditional mouse mutants using the cre-loxP recombinase
system.



Role of Profilin-I for the integrity
of the actin cytoskeleton and early
embryonic development

Profilin-I is ubiquitously expressed in murine tissues. It is
thought to play an essential role for maintaining the equilib-
rium of filamentous and monomeric actin in the cytoplasm.
In vitro data show that profilin can bind to monomeric actin
in a 1:1 complex and that this interaction can be regulated
by PtdlnsP2. Profilin can function as an ATP nucleotide
exchange factor for actin and promote the formation of
filamentous actin upon cell stimulation. In vitro profilin binds
tightly to poly-L-proline and recently proteins containing poly-
L-proline rich domains (VASP, MENA) have been identified
as profilin binding proteins.

We have started to examine the in vivo function of profilin-I
in rnammalian cells and mouse development. Ablation of
profilin-I expression in transgenic mutant mice results in very
early embryonic loss (Witke, unpublished). Homozygous mu-
tant embryos die before the blastocyst stage. Heterozygous
embryos also show a disadvantage in embryonic develop-
ment.

We are currently introducing different point mutations into
the profilin-I gene which will affect actin binding, PtdlnsP2
binding and poly-L-proline binding. The mutant genes will be
introduced into the mouse using homologous recombination,
in a way that the point mutations as well as a condi-
tional null mutation can be activated by tissue-specific or
developmental-specific expression of the Cre-recombinase.
This will allow us to study the essential binding domains
on profilin in a mammalian system in a tissue-dependent
manner. In vitro analysis of mutant cells isolated from the
mice will help to elucidate the functional aspects of profilin-I
on the level.

Profilin-II: A brain-specific actin binding protein

Profilin-II is an isoform, expressed specifically in brain. Bio-
chemically, there appears to be no major difference between
profilin-I and profilin-II, except a 4-5 times lower binding
affinity of profilin-II for actin (Gieselmann et al., 1995).

The function of profilin-II in brain is not understood yet.
We have started to address this question by searching for
binding partners in brain tissue. In collaboration with Matthias
Mann's group at EMBL we have identified six profilin-II
binding proteins which we are currently analysing in terms
of their functional interaction with profilin-II. From these and
oth.er experiments there is growing evidence that profilin-II
is playing an important role for membrane trafficking in
neuronal cells. Using .functional assays we are examining
how the actin cytoskeleton is involved and regulated in these
processes.

To reveal the in vivo function of this actin binding protein we
a're in the process of generating conditional knockout mice
for profilin-II.
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