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The picture shows the structure of a SH3 domain with its peptide
ligand. The domain is from the protein tyrosine kinase Abl but

)

its structure is closely related to other SH3 domains. The arrows
are ,a-strands which form the core of the molecule. A short 310
helix is shown by a wide ribbon, and the thinner ribbons indicate
surface loops. The bound proline-rich peptide (drawn with balls
and sticks) has the conformation of a left-handed polyproline II

helix. However, one end of the ten-residue peptide is bent which
allows further contacts with the SH3 domain. Two hydrogen bonds
between the main-chain carbonyls of the ligand and the side-chain
nitrogens of the domain are shown with dashed lines. The domain
residues which contribute to the contact with the peptide are also
indicated. The structure was solved by Andrea Musacchio and
Matthias Wilmanns. See also the report of Matti Saraste.
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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 intermediate filament networks,
the cell cycle and the cell nucleus. These themes together
provide a comprehensive view of cell organization in time
and space.

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

a combination of biochemical, genetic and morphological
methods. 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 example
is the collaboration with the confocal light microscopy group
in the Physical Instrumentation Programme to develop mi-
croscopic assays for cellular functions both in living cellls
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 micro-
tubule dynamics, membrane traffic and intermediate filament
function. The characterization of the machinery responsible
for cellular organization will demand novel methodology
where context will be more important than in the assays pre-
viously used in biochemistry and molecular biology. EMBL
is the ideal environment for such an integrative effort.
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The generation and maintenance of surface polarity in epithelial cells

Group leader: K. Simons

Fellows: P. Auvinen*, P. Dupree, S. Eaton*, K. Fiedler, A. Fra*, L. Huber, E. Ikonen, F. Lafont*, M. Murata*,
V. Olkkonen*, J. Peranen*, S. Pimplikar, T. Yoshimori*

Visitors: C. Frederikson*, D. Madison*, S. Pfeiffer*

Assistant: H. Virta

Our choice of epithelial polarity as a research problem was
initially based on several lines of reasoning. First, there
existed a cell line, the Madin-Darby canine kidney (MOCK)
cell, that could be grown in culture and exhibited all the
organizational characteristics of a simple epithelium. The
plasma membrane of each cell is divided into two domains:
an apical and a basolateral membrane. The cell surface do-
mains have differef)t protein and lipid compositions. Second
when these cells were infected with enveloped viruses they
distributed the viral spike glycoproteins either to the apical or
to the basolateral plasma membrane domains. This meant
that we could profit from our previous experience using
viruses as tools to study membrane trafficking. Third, polarity
was, despite its complexity, a problem of such general
importance that it seemed reasonable to invest years of
work to develop the necessary methodology for advancing
the analysis to the molecular level. Fourth, the problem of
sorting apical and basolateral proteins and lipids, and target-
ing them to their correct destinations seemed to offer a new
perspective on intracellular membrane transport, different
from the genetic analysis of the yeast secretory pathway, or
from the biochemical dissection of intra-Golgi transport or
clathrin-coated vesicles. We based this assessment largely
on the inclusion of lipid sorting in the analysis since no other
experimental model for studying membrane trafficking was
paying much attention to this aspect. The MOCK cell offered
an opportunity to study lipid sorting because we had shown
that the apical and the basolateral plasma membranes had
different lipid compositions.

Biosynthetic sorting in the trans-Golgi network
(P. Auvinen, P. Dupree, F. Lafont, A. Fra,
K. Fiedler, M. Murata & J. Peranen)

Our working model for the constitutive delivery of membrane
and secretory proteins to the apical and basolateral domains
in MOCK cells consists of two pathways from the trans-
Golgi network (TGN). To gain access to the machinery
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responsible for sorting and targeting we have previously
isolated the apical and the basolateral transport vesicles
derived from the TGN. Analysis of the purified vesicles by
two-dimensional gel electrophoresis has shown that the two
vesicle types contain both common (C) and apically (A) and
basolaterally (B) enriched proteins.

Several lines of evidence suggest that the sorting into the
apical pathway is based on specific recognition events.
Not only do apical proteins have to be recognized by
specific sorting proteins but glycosphingolipids and glyco-
sylphosphatidyl inositol (GPI)-anchored proteins are also
included into the membrane patch that forms the transport
vesicle. The sorting process was postulated to proceed by
protein-protein and protein-lipid interactions. Moreover we
suggested that glycolipids associated with each other to
form rafts and that these constituted sorting platforms onto
which machinery proteins and cargo were incorporated.

One prediction of the glycolipid-based sorting hypothesis is
that there should be specific interactions between glycolipids
and some apically directed proteins or vesiculation machin-
ery. This prediction was confirmed when we investigated the
detergent solubility properties of influenza haemagglutinin
(HA) and the apical vesicle proteins. Indeed, influenza HA
together with a subset of these vesicle proteins was found
not to be solubilised by the detergent CHAPS while the ba-
solateral marker protein vesicular stomatitis virus glycopro-
tein (VSV-G) was. This insolubility was remarkably specific,
allowing purification of proteins of the vesicles, in just two
detergent solubilisation steps from crude cell membranes,
in sufficient quantities for microsequencing and molecular
cloning. The first protein that we isolated and characterized
was VIP21 (vesicular integral protein of 21 kDa). The protein
has a queer topology having a hydrophobic sequence that
seems to form a hair pin in the membrane with both its N-
and C-termini on the cytosolic side. The subcellular local-
ization of VIP21 was studied by immuno-fluorescence mi-



crosocpy and electron microscopy using antibodies against
C- and N-terminal peptides from VIP21. The study demon-
strated that the protein was present in the TGN and on the
apical and basolateral plasma membrane domains of MDCK
cells. Interestingly, on the cell surface VIP21 was confined to
non-clathrin coated plasma membrane invaginations called
caveolae.

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

We must now consider the rafts as a general phenomenon,
whereby certain proteins can be segregated within a lipid bi-
layer. The original proposal was that they would be involved
in protein sorting in the Golgi complex of epithelial cells.
The similarity of this process to that apparently occurring in
the generation of caveolae suggests that the phenomenon
is more widespread. However, as yet unidentified proteins
must determine the specific association with either surface
caveolae or apical vesicles to distinguish these processes.
Since VIP21 is also routed to caveolae on the basolateral
side, specificity for apical sorting must involve other proteins.
Just as VIP21 is present in non-polarised cells and the
basolateral membrane of epithelial cells, so caveolae are
also present in these locations. Indeed, although glycolipids
are sorted preferentially to the apical membrane, some gly-
colipids are routed basolaterally. It is therefore not surprising
that VIP21, which seems to be a more general marker of
these domains, is also present in the basolateral membrane.
Moreover, it has to be considered that there is another
pathway from the basolateral cell surface to the apical mem-
brane called transcytosis. It is likely that machinery used for
apical sorting in the TGN is also used for transcytotic sorting.
Therefore the molecules responsible should cycle through
the post-Golgi pathways.

Interestingly, recent studies have shown that VIP21-caveolin
is missing from a thyroid epithelial cell line, FRT cells,
and that these cells missort GPI-linked proteins and to
some extent also glycosphingolipids to the basolateral cell
surface (Lisanti et al., 1993; Zurzolo et al., 1993). These
data suggest that VIP21 could be involved in the sorting of
GPI-anchored proteins.

We have recently microsequenced another protein in the
CHAPS complex VIP36. The eDNA sequence encoding
VIP36 shows homology with leguminous lectins. The protein

is a type I transmembrane protein. The protein has been
localized to the Golgi and to the cell surface where it clusters
in caveolae and to some extent also to coated pits after
antibody addition. Also VIP36 is like VIP21 found in apical
and in basolateral carrier vesicles.

Recently we have also characterized an apical specific
protein (A23) which belongs to the annexin family. This
protein was first found in intestinal epithelial cells (Wice
& Gordon, 1992) and was thought to be intestinal-specific.
However, we have found that there are differentially spliced
forms of these proteins and it is more likely that these
annexins are epithelial-specific.

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

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

Recent studies using the SLO permeabilized MDCK cells
have shown that basolateral transport of the VSV glycopro-
tein is blocked by a peptide comprising the cytosolic tail
of the VSV glycoprotein. The same peptide has no effect
on influenza haemagglutinin transport to the apical cell sur-
face. Cross-linking studies have shown that a 200-230 kDa
protein is associating with the cytoplasmic tail of the VSV
glycoprotein. It is known from work in other groups that
basolateral proteins contain signals for basolateral delivery
in their cytosolic tails.

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

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

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

We previously cloned from mouse kidney cDNA fragments
of 11 novel Rab sequences by a PCR approach based on
the use of degenerate oligonucleotides corresponding to the
amino-acid stretches highly conserved in the Rab GTPases.
We have now cloned the full-length cDNAs of these proteins,
in collaboration with the group of Marino Zerial, and have
characterized their subcellular localization.

We have analysed the subcellular localization of the novel
proteins by expressing epitope tagged proteins carrying
at their N-termini the c-myc epitope in several cell lines.
For the expression of the proteins we have used the T7
RNA polymerase recombinant vaccinia virus and Semliki
Forest virus vector systems (in collaboration with Henrik
Garoff, Stockholm). We have identified two novel proteins
on the biosynthetic pathway, Rab12 and 24. Rab24 is by im-
munofluorescence visualized as a network in the perinuclear
region of the cell. The staining colocalized partially with ER
markers and quite well with Rab2, indicating a localization
in the intermediate region between the ER and the Golgi.
In addition Rab24 was found in late endosomes. The local-
ization of Rab24 may indicate its involvement in autophagy
related processes. Rab12 is found on the Golgi apparatus,
colocalizing with TGN38. Our results on the novel cDNAs
suggest that among the proteins encoded there are several
Rabs associated with early endosomes. One of the most
interesting new proteins is Rab22. When expressed in baby
hamster kidney (BHK) cells, the epitope-tagged protein lo-
calizes mainly on perinuclear large vesicle-like structures.
The structures, which are not seen in non-transfected cells,
contain fluorescein-conjugated transferrin after a 5 min.
internalization period, thus representing an early endocytic
compartment. The staining also includes the plasma mem-
brane and small vesicles in the cell periphery. The structures
stained do not altogether match those labelled by antibodies
against endogenous Rab5, suggesting that they represent a
subcompartment of early endosomes, the function of which
is still unclear. Considering the distribution of Rab proteins to
the different sites within the cell, it is striking that the tubular
networks in the ER-Golgi intermediate region, the TGN, and
the early endosomes have the highest numbers of different
Rab proteins. Does this imply that these compartments
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have key roles in traffic regulation in the cell? This is in
keeping with the known complexity of sorting functions of
the early endosomes and the TGN, and suggests that the
cis-Golgi network has more sorting functions than presently
surmised.

One Rab protein, Rab8, appears to regulate basolateral
protein sorting. The Rab8 protein has been localized to
the Golgi complex, to intracellular vesicles, and to the
basolateral plasma membrane of MOCK cells. Analysis of
immunoisolated apical and basolateral carrier vesicles by
32p-GTP ligand blots of two-dimensional gels showed that
Rab8p is enriched in the basolateral transport vesicles.
Studies using streptolysin permeabilized MOCK cells show
that a peptide derived from the hypervariable C-terminal
region of Rab8p decreases transport of VSV glycoprotein
to the basolateral surface from the TGN but does not affect
influenza HA transport to the apical surface.
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Membrane transport in the endocytic pathway

Group leader: J. Gruenberg*

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

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

Assistants: M.-H. Beuchat*, H. Wilhelm

Several proteins or protein families have been impli-
cated in the regulation of intracellular membrane transport
(Gruenberg & Clague, 1992; Kreis, 1992; Schekman, 1992;
Sellner et al., 1993; Zerial & Stenmark, 1993). These include
proteins controlling the formation or the fusion of transport
vesicles (in particular small GTPases of the ARF, Sar and
Rab sub-families), components of the coat of transport
vesicles (e.g. clathrin and adaptors, or coatomers), proteins
presumably mediating the targeting to the correct membrane
(e.g. NSF-SNAP complex and SNARE receptors), as well
as proteins involved in vesicle movement in the cytoplasm
(e.g. cytoskeletal elements and associated proteins). De-
tailed structural, biochemical and molecular information has
already been obtained on many of these proteins, but, in
most cases, their precise function remains to be established.
The complete series of molecular events leading to the
budding of a vesicle from one compartment to produce a
free vesicle and then the fusion of this vesicle with the next
compartment in the pathway is still unclear.

Our interests have focused on the study of mechanisms
which regulate membrane transport in the endocytic path-
way, using an assay which reconstitutes vesicle fusion in
vitro (Gruenberg & Howell, 1989). With this assay, we have
identified the endosomal populations which are fusogenic
in vitro, and we have identified/studied several proteins
implicated in these interactions.

Formation, translocation and fusion of endosomal
carrier vesicles (F. Aniento, N. Emans, M. Clague,
A. Blocker & H. Wilhelm)

Studies in polarized Madin-Darby canine kidney (MOCK)
cells and in non-polarized baby hamster kidney (BHK) cells
have shown that individual elements of both early and late
endosomes have the inherent property to undergo homo-
typic fusion (self with self) in vitro, but that early endosomes
do not directly fuse with late endosomes (Bomsel et al.,
1990; Gorvel et al., 1991; Aniento et al., 1993). In vivo trans-
port from early to late endosomes involves multivesicular
intermediates and this transport requires the presence of an
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intact microtubule network (Gruenberg et al., 1989; Bomsel
et al., 1990; Parton et al., 1992; Aniento et al., 1993).

We have observed that these vesicular intermediates do
not form after inhibition of the proton ATPase (which acid-
ifies the endosomal lumen) with the drug bafilomycin A1
(Clague et al., 1994). Then, markers normally destined to
late endosomes remain in early endosomes, and these ex-
hibit a more pronounced tubular organization. Internalization
into and recycling from early endosomes, however, appear
to be unaffected by the drug. (Similar effects, albeit less
dramatic, were observed after treating cells with a weak
base.) These observations indicate that membrane transport
between early endosomes and the plasma membrane is not
significantly altered (over a period of 1-2 h), under condi-
tions where early to late endosome transport is prevented
by inhibiting the formation of vesicular intermediates. These
studies also suggested that an active ATPase is necessary
for the formation of these vesicular intermediates, possibly
because the recruitment of some important component(s)
depends on the acidic milieu of endosomes, a process which
we will study in more detail.

In the absence of bafilomycin pre-treatment, we have ob-
served that these vesicular intermediates are fusogenic with
late endosomes in our assay, but do not exhibit homo-
typic fusion properties (in contrast to either early or late
endosomes), nor undergo fusion back with early endo-
somes (Aniento et al., 1993). Our observations (Aniento
& Gruenberg, unpublished) indicate that fusion is inhib-
ited by a monoclonal antibody produced against NSF by
M. Tagaya (Osaka, Japan), indicating that this protein, which
is required for biosynthetic membrane transport (Rothman
& Orci, 1992), is also necessary for transport from early
to late endosomes. In addition, inhibition by GTP"S shows
that GTP-binding proteins are also necessary, as would be
predicted. Finally, we find that antibodies which recognize
a protein identified by T. Kreis (Geneva, Switzerland) as
immunologically related but not identical to ,B-COP also
inhibit this process, suggesting that coat components may
play a role in early to late endosome transport (Aniento &
Gruenberg, unpublished).



Transport from early to late endosomes in vivo requires
intact microtubules. In vitro, we observed that polymerized
microtubules stimulate the interactions of vesicular inter-
mediates with late endosomes, and that this stimulation
depends on MAPs and motor proteins (Aniento et al., 1993;
Bomsel et al., 1990). In addition, we have observed that
these endosomal intermediates as well as late endosomes
directly interact with microtubules in vitro, using a fluo-
rescence binding assay (in collaboration with J.-C. Olivo,
EMBL) as well as a biochemical binding assay (Blocker,
Olivo & Gruenberg, unpublished). In non-polarized cells,
we find that the motor required is cytoplasmic dynein (and
not a member of the kinesin family), in agreement with the
retrograde direction of transport occurring in the endocytic
pathway from the cell periphery towards the peri-centriolar
region (Aniento et al., 1993).

Altogether these observations suggest that these vesicular
intermediates (which we have termed endosomal carrier
vesicles or ECVs) mediate transport from the early to the
late endosomes. Our observations suggest: (1) that ECV for-
mation requires an active vacuolar ATPase; (2) that vesicle
translocation is mediated by an intact microtubule network
and cytoplasmic dynein; (3) that vesicle recognition/fusion
involves NSF and depends on GTP-binding proteins and,
possibly, a new member of the COP family of proteins.

Protein composition of endosomes:
annexins and others (N. Emans, F. Aniento,
M. Rojo, M.-H Beuchat &H. Wilhelm)

We have purified the different endosomal population and
analysed their protein composition in high resolution two-
dimensional gels (Aniento et al., 1993; Emans et al., 1993).
These studies have shown that both early and late en-
dosomes contain major polypeptides and that each
endosomal population contains proteins which are not de-
tectable at other stages of the pathway. As expected, early
endosomes contain the small GTPase Rab5 and are en-
riched in proteins recycling with the plasma membrane,
whereas late endosomes contain Rab7 and are enriched
in proteins with characteristics of lysosomal glycoproteins.
In contrast, ECVs do not contain a unique set of proteins,
their components being present in early and/or late endo-
somes. This distribution, which was confirmed. by electron
microscopy (in collaboration with G. Griffiths, EMBL), is
consistent with the view that ECVs are transient vesicles
formed at the early endosomes and consumed by fusion
with late endosomes.

Using an assay which measures the transfer of metabolical-
ly-labelled proteins from one early endosomal population
(donor) to another one (acceptor) upon homotypic fusion, we
have identified five proteins which may be implicated in the
recognition/fusion process (Emans et al., 1993). One of our
efforts is now to purify and characterize these proteins. Mi-
crosequencing of one of these proteins (in collaboration with
R. Kellner, EMBL) revealed that it was annexin II, and im-
munogold labelling of cryosections confirmed that annexin II
localizes to early endosomes (Emans et al., 1993). Annexins
form a family of about 13 members and have previously
been implicated in the regulation of membrane transport,

some annexins having the capacity to mediate membrane-
membrane interactions in vitro (reviewed in Gruenberg &
Emans, 1993). We are currently investigating the precise
role of annexin II in interactions between early endosomes.
More recently, we have observed, using a similar strategy,
that a protein with immunological and biochemical charac-
teristics of annexins is also implicated in ECV-Iate endo-
some fusion (Aniento & Gruenberg, unpublished). Finally,
in collaboration with G. Griffiths (EMBL), we have observed
that, upon labelling of cryo-sections with a generic antibody
(obtained from V. Gerke, G6ttingen), annexins could also
be found in the late endosomes, the endoplasmic reticulum
and the Golgi complex (Gruenberg & Emans, 1993). These
observations suggest that annexins may have a role to play
at all stages of the biosynthetic and endocytic pathways in
animal cells.

Proteins regulating early endosome
recognition/fusion (0. Steele-Mortimer,
M. Clague, N. Emans, L. Thomas & H. Wilhelm)

In our previous studies, we had shown that the small
GTPase Rab5 controls the homotypic process of early
endosome fusion (Gorvel et al., 1991), and the group of
M. Zerial (EMBL) showed that Rab5 regulates endocytosis
in vivo (Bucci et al., 1992). The precise function of Rab5 is
not known, but GTP hydrolysis appears not to be required
for the fusion process (Stenmark et al., 1994). Although a
relatively large body of information has been obtained on the
structure-function relationship of Rab proteins, including the
domains contributing to nucleotide binding or to targeting to
the correct membrane (Gruenberg & Clague, 1992; Zerial
& Stenmark, 1993), it has been very difficult until now to
implicate directly any region of the protein in membrane
transport events. We find that the N-terminal region of Rab5,
which is larger than that of other Rab proteins, is required
for early endosome fusion in our assay (Steele-Mortimer
et al., 1994). These observations are in good agreement
with the observed effects of Rab5-Rab6 chimeras on en-
docytosis (see Zerial's report), and may indicate that the
Rab5 N-terminal domain interacts with another component
of the transport machinery, which we are currently trying to
identify.

We have previously observed that protein phosphorylation
also regulates endosome fusion in vitro (Thomas et al.,
1992; Tuomikoski et al., 1989). There are relatively few
phosphorylated proteins that have been implicated in the
regulation of membrane transport. Annexin II can be phos-
phory'lated by protein kinase C and by pp60src , but the role
of these modifications is still unclear (Gruenberg & Emans,
1993). We have searched for other phosphorylated proteins
which may be implicated in endosome fusion. We found that
endosomes contain a unique pattern of phosphorylated pro-
teins when compared to sub-cellular fractions of the biosyn-
thetic pathway, in particular Golgi complex and secretory
granules (in collaboration with Sharon Tooze, EMBL), and
that an analog of forskolin (which has no known pharma-
cological effects, except the reversal of brefeldin A action)
inhibits fusion. Under these conditions, the phosphorylation
state of an endosomal protein of kDa is dramatically
altered. We are currently trying to identify this protein.
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Another approach was to make use of our observation
that both Rab5 and protein phosphorylation regulate endo-
some fusion, to identify phosphorylated components which
may be interacting with Rab5. Indeed, after labelling cells
with 32P, a phosphorylated protein of 55 kOa was co-
immunoprecipitated with anti-Rab5 antibodies from the cy-
tosol (Steele-Mortimer et al., 1993). When repeating the
experiment with membrane fractions, a small amount of
p55 could be detected, but it was not phosphorylated.
In addition, p55 was also found associated to other Rab
proteins in a similar manner, and showed immunological
and biochemical characteristics of the protein termed GOI
(guanine-nucleotide dissociation inhibitor) by Takai and co-
workers (Matsui et al., 1990). The work of several groups
now suggests that GOI interacts with the GOP-bound forms
of most Rab proteins and functions as an escort protein
in the cytosol, allowing recycling of Rab proteins back to
the "donor" membrane to occur. Our studies suggest that
this process is regulated by GOI phosphorylation, presum-
ably by preventing spurious re-association with membranes
from occurring. It can be postulated that GOI phospho-
rylation state controls the general situation of intracellular
membrane transport by controlling the cycling of Rab pro-
teins.

Conclusions

Our group left the EMBL in the fall of 1993 and moved to the
Department of Biochemistry of the University of Geneva. We
would like to express our thanks to colleagues and friends
at the EMBL, who have contributed to create the optimal
atmosphere and research conditions at the EMBL and in
the Cell Biology Programme in particular. In Geneva, we
will continue to study the proteins which we have shown
to be involved in membrane transport, and we will try to
purify and characterize the new molecules which we have
identified. Combining these studies with our in vitro assay,
we will continue our efforts to dissect the protein machinery
controlling endocytic membrane transport.
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Molecular mechanisms of lysosomal enzyme targeting
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In higher eukaryotic cells, the mannose-6-phosphate re-
ceptors (MPRs) are essential components of the targeting
system that delivers lysosomal enzymes to lysosomes. Two
related MPRs have been characterized in mammalian cells
(Kornfeld, 1992). The first MPR (CI-MPR) has a dual func-
tion in binding mannose-6-phosphate (Man6-P) containing
ligands and the insulin-like growth factor II. The second MPR
(CD-MPR) only binds Man6-P-containing ligands.

The MPRs are distributed over several intracellular com-
partments (Kornfeld & Mellman, 1989). In the trans-Golgi
network (TGN), they mediate sorting of lysosomal enzymes
from secretory proteins while on the plasma membrane they
function in endocytosis of extracellular ligands. The MPRs
are in rapid equilibrium between these compartments and
the early/late endosomes where they release their ligands
(Ludwig et al., 1991). It is clear that some crucial steps in
their routing require specific signals contained in their cyto-
plasmic domains which interact with specific cellular sorting
components, some of which form the coat of clathrin-coated
vesicles.

Our objective is to understand the process of lysosomal
enzyme targeting in terms of the interactions of the different
components forming this complex targeting system. Our
goals are to elucidate the molecular mechanisms respon-
sible for the sorting of membrane proteins and for vesicle
formation and consumption along defined steps of the path-
ways followed by the lysosomal enzyme receptors.

Function of the MPRs in lysosomal enzyme targeting
(U. Bauer, T. Ludwig & H. Munier-Lehmann)

The biological significance of the existence of two MPRs
in mammalian cells is an important unresolved question.
Studies on the function of the Cl-MPR have been greatly
facilitated by the use of cells lacking this receptor. Ex-
pression studies in these cells indicate that the CI-MPR
is primarily involved in intracellular retention of lysosomal
enzymes (Lobel et al., 1989). In contrast, studies on the

function of the CD-MPR in lysosomal enzyme trafficking
have been limited by the lack of cells devoid of this receptor.

To understand the biological function of the CD-MPR as
well as the part taken by each MPR in lysosomal enzyme
transport, we have generated cells lacking either one or both
MPRs. This approach was made possible by first generating
systems devoid of CD-MPR, that could be obtained after
cloning the mouse CD-MPR gene (Ludwig et al., 1992) and
disrupting this gene in mice using homologous recombina-
tion techniques (Ludwig et al., 1993) (this latter part was
performed in collaboration with U. ROther & C. Ovitt). The
phenotype of homozygous mice clearly showed that the
CD-MPR is a critical component which participates, along
with the other MPR, in the intracellular retention of lysoso-
mal enzymes. Although homozygous mice appeared normal
probably due to other mechanisms that compensate for the
loss of the CD-MPR in vivo, they clearly exhibit a defect in
targeting multiple lysosomal enzymes: their tissues (thymo-
cytes or fibroblasts) secrete a part of their newly synthesized
lysosomal enzymes which were recovered at higher levels
in the body fluids. These CD-MPR negative mice were then
crossed with Tme (T-associated maternal effect) mice which
transmit to their offspring a chromosome 17 that is deleted
around the Cl-MPR locus (Barlow et al., 1991). Four different
sets of primary fibroblasts were obtained from embryos
that express (1) both MPRs; (2) the CD-MPR alone; (3)
the CI-MPR alone, or; (4) lack both MPRs. Cells lacking
either the CI-MPR or the CD-MPR secrete a part of their
lysosomal enzymes and as a consequence are impaired
in intracellular degradation as visualized by the accumula-
tion of undigested material in the Iysosomes. Cells lacking
both MPRs were almost completely impaired in targeting
their lysosomal enzymes and also exhibited an enormous
accumulation of material in their lysosomes. These pheno-
types resemble those of mucolipidosis II and III, human
inherited storage disorders characterized by a low, or a
complete lack of, activity of the enzyme that synthesizes
the mannose-6-phosphate recognition marker on lysosomal
enzymes. This study demonstrated that the two MPRs are
the major components that function in concert in intracellular
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targeting of lysosomal enzymes. In addition, an analysis
of the types of hydrolases secreted by cells lacking either
the CD-MPR or the CI-MPR indicates that the two MPRs
interact in vivo with distinct but overlapping subsets of
phosphorylated lysosomal enzymes, thereby providing an
explanation for the existence of two related but distinct
MPRs. The basis of these different specificities remains to
be elucidated. Our data could also provide an explanation
for the preferential secretion of some lysosomal enzymes
but not others, by metastatic tumour cells especially since
these cells also exhibit variable expressions of the CI-MPR.
It will be interesting to test whether the downregulation
of either of the MPRs can trigger the secretion of given
lysosomal enzymes.

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

To be properly routed within the cell, the receptors contain
multiple signals in their cytoplasmic domains that mediate
both their departure from and arrival at the TGN, plasma
membrane, and early or late endosomes. Experiments using
transfection of normal and mutant receptors into cultured
cells have revealed the functional determinants that are
involved in endocytosis of the MPRs (Vaux, 1991). The
molecular domains responsible for their sorting in the TGN
or in endosomes remain, however, to be defined. In an
early study, we observed that two serine residues (serines
2421 and 2492) found in two highly conserved regions
of the C-terminal cytoplasmic domain of the CI-MPR are
phosphorylated in vitro by a caseine kinase II-type enzyme
present in clathrin-coated vesicles (Meresse et al., 1990).
This C-terminal domain had earlier been implicated in ef-
ficient intracellular retention of lysosomal enzymes (Lobel
et al., 1989). These two serines are phosphorylated in vivo
when the CI-MPR leaves the TGN and/or is present in TGN-
derived clathrin-coated vesicles (Meresse &Hoflack, 1993).
This phosphorylation appears as a major, albeit transient
modification in the cytoplasmic tail of the CI-MPR that is
subsequently delivered to early endosomes. Phosphoryla-
tion of these key serines does not occur when the cell
surface CI-MPR is endocytosed or when it travels through
the early and late endosomes but only occurs after it has
recycled back to the TGN. Using an in vitro. assay, we
could now show that the phosphorylation of these sites is an
important feature that allows this receptor to interact with the
sorting machinery in the TGN (see below). In vivo studies
using re-expression of receptor mutants also indicate that
the last phosphorylation site (serine 2492) as well as an
adjacent dileucine motif are required for efficient intracellular
retention of lysosomal enzymes (Chen et al., 1993). We
are carrying out similar in vivo expression studies using the
CD-MPR that also contains a similar amino-acid sequence
in its cytoplasmic domain. This has become possible with
the immortalization of cell lines lacking this receptor. Expres-
sion of MPR mutants in non-polarized and polarized cells,
together with the in vitro assay that measures interaction
of the sorting machinery in the TGN (see below) should
allow us to define in the near future the motif necessary for
MPR sorting in the TGN as well as those which might be
implicated in the retention of the MPRs in endosomes.
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Components of the sorting machinery
(R. Le Borgne, S. Meresse &A. Schmidt)

In mammalian cells, clathrin-coated vesicles mediate trans-
port of the MPRs from the TGN to the endocytic pathway.
Similar carrier vesicles also mediate their internalization
from the cell suface. The Golgi- and the plasma membrane-
derived clathrin-coated vesicles contain different subsets of
adaptor proteins (AP-1 and AP-2), both of which are made
of four different subunits. Little is known about the molecular
mechanisms that lead to the preferential binding of adaptors
to a given membrane and to the clustering of receptors
into nascent transport vesicles. We have recently developed
an in vitro assay that quantitatively measures the binding
of Golgi-specific adaptors AP-1 onto Goigi membranes in
streptolysin-O permeabilized cells (Le Borgne et al., 1993).
Using this assay, we could show that the MPR cytoplasmic
domains facilitate the recruitment of AP-1 on its target
membrane. For example, binding is enhanced in MPR-
over-expressing cells and reduced in MPR-deficient cells. In
addition, our data suggest that the number of Golgi-derived
vesicles that are formed depends on the level of expression
of the MPRs, the two major cargo proteins sorted along this
pathway. This would be consistent with earlier in vitro stud-
ies reporting that purified adaptors can somehow interact
with immobilized receptor cytoplasmic domains (Pearse &
Robinson, 1990). Furthermore, the interaction of AP-1 with
membranes requires a protein motif present in the CI-MPR
cytoplasmic tail that is phosphorylated. This phosphorylation
is critical for adaptor binding, Le. sorting of the MPRs: adap-
tor binding was completely inhibited by the addition of the
soluble cytoplasmic domain of the CI-MPR phosphorylated
on serines 2421 and 2492, while the non-phosphorylated
tail was a less potent inhibitor. Because this assay permits
the dissection of a single step of transport in the CI-MPR
recycling pathway, we concluded that these phosphorylation
sites are part of the signal required for efficient sorting of this
receptor for the TGN. These observations are consistent
with our earlier studies that the corresponding kinase is
tightly associated with AP-1 (Meresse et al., 1990). Together
with complementary in vivo studies, we are now using such
competition experiments to map more precisely the TGN
sorting signals contained in the MPR cytoplasmic domains.
High affinity interactions of Golgi-adaptors with their target
membranes require the MPRs (the cargo proteins) in the
context of a larger protein complex that also contains a small
GTPase of the Arf (ADP-ribosylation factor) family. These
GTP-binding proteins bind to membranes via a myristoy-
lated lipid anchor and cycle between membranes and cy-
tosol. In vivo binding of coat proteins in general, and Golgi-
adaptors in particular, is inhibited by addition of Brefeldin A,
a fungal metabolite which presumably acts on the guanoside
exchange factor of several Arf proteins. More recently, Arf-1
has been shown to stimulate AP-1 binding (Stamnes &Roth-
man, 1993; Linton et al., 1993). As a result we were able
to determine the binding constants of AP-1 in cell systems
which were either depleted of Arf proteins or MPRs. When
present alone, each component exhibits a rather low affinity
for AP-1 nM), but the combination of the two (MPR
tails and Arf) provides the physiological high affinity binding
sites for AP-1 nM). In this context, it could easily be
envisaged how Arf could provide a switch for coat-assembly



and disassembly: GDP/GTP exchange on Art would trigger
the transition between these low affinity components into a
high affinity complex which binds AP-1. In this process, the
MPRs could be clustered into nascent vesicles. In a similar
manner, GTP hydrolysis on Art present in a Golgi-derived
vesicle could mediate the transition between the high affinity
complex into low affinity components, thereby releasing the
coat from the vesicle. It is still unknown whether the MPR
tails and Art interact directly or whether other factors are also
involved in these interactions. The purification of the high
affinity protein complex from membranes should resolve this
issue.
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In interphase, microtubules form a more or less dynamic
network of fibres, usually originating at the centrosome, but
not always. They playa role in intracellular movement and
positioning of organelles (mitochondria, Golgi apparatus,
cytoplasmic vesicles). Moreover, during cell differentiation,
microtubules become reorganized according to cell shape
changes and to specific functions they have to fulfill. When
the cell enters mitosis, the interphase network disappears
and microtubules start to assemble the mitotic spindle, the
function of which is to segregate the chromosomes among
the two daughter cells without failure. Therefore, one im-
portant function for microtubules seems to be, in interphase
as well as in mitosis, to guide and orient intracellular move-
ments. In turn, the spatial organization of microtubules in the
cell is determined by various internal and external signals.
Our goal is to identify such signals and study their global or
local effects on structures and molecules involved in micro-
tubule nucleation, dynamics, orientation and organization in
the cell.

In the past years, we have identified the cyclin B-dependent
kinase as a major regulator of microtubule dynamics dur-
ing mitosis. We have also clarified how the temporal con-
trol of this kinase is achieved through a complex posi-
tive 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. To go further in the
understanding of spindle assembly, we now need to know
more about the molecular basis of microtubule growth and
dynamic instability, to identify the microtubule associated
proteins (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. Another important aspect of cell division
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concerns the process of spindle orientation in epithelial
cells. We have some new insight on how this may work
in Madin-Darby canine kidney (MDCK) cells. Finally, we
have initiated a new line of research in collaboration with
Anne Ephrussi, in the Differentiation Programme, on the
role of the cytoskeleton in mRNA localization in Drosophila
embryos.

Temporal control of cdc2 kinase

The cell cycle is driven by the successive activation of
closely related kinase catalytic subunits belonging to the
cdc2 family. The activation of these kinases is initiated
by the accumulation of regulatory subunits, the cyclins,
that bind to the catalytic subunit. Some cyclin-dependent
kinases (cdk) are also regulated by phosphorylation on thr
and tyr residues located in the ATP binding site. This is
the case for the cdk1 (alias cdc2)/cyclin B complex and the
cdk2/cyclin A complex. The cdk1/cyclin A complex is not
regulated in this way: simple binding of cyclin A to cdk1
results in its rapid activation. These different mechanisms
are essential to determine the respective timing of activation
of the cdks which are supposed to affect different substrates:
transcription factors for G1 cdks, replication factors for S-
phase cdks and spindle proteins for mitotic cdks. It is now
clear that the timing of activation of the cyclin B-dependent
kinase is determined by a change in the relative activity
of the wee1 kinase that phosphorylates cdk1 on tyrosine,
and the opposing phosphatase, the product of the cdc25C
gene in S.pombe or its homologues in higher eukaryotes.
Activation of the cyclin B-dependent kinase requires phos-
phorylation of cdc25C by the cyclin B-dependent kinase
itself, creating a positive feed-back loop (Hoffmann et al.,
1993). We have also identified the phosphatase that de-
phosphorylates cdc25C: it is as a type 2A phosphatase,
also negatively regulated by the cyclin B-dependent ki-
nase, reinforcing the positive feed-back loop (Clarke et
al., 1993). This strong positive feed-back loop creates a
switch on which other signals can act to determine when



PLATE 1

Mechanism of activation of p34cdc2/cyclin B kinase. The activation
of the kinase involves transient phosphorylation on thr14 and tyr15
in the ATP binding site. As long as these sites are phosphorylated
the kinase is inactive. Triggering of the positive feed-back loop that
activates the cdc25 phosphatase results in rapid dephosphorylation
of the inhibitory sites and rapid activation of p34cdc2/cyclin B
kinase. It is not yet clear how the autocatalytic loop is triggered.
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microscopy (Chretien et al., 1992). Very interesting images
of growing microtubules have been obtained in which indi-
vidual protofilaments seem to grow independently or rather
as a sheet before closing into a tube. Correlation of the
structure of pure microtubule ends observed in vitrified water
with the dynamic properties of similar microtubules observed
by interference contrast video microscopy has revealed an
intriguing phenomenon. The growth rate of microtubules
seems to be highly variable. This is unexpected for a simple
polymer assembly in which the growth rate should simply
be determined by the on rate of tubulin subunits at the end
of the microtubules. It now seems that the growth rate of
microtubules observed by video microscopy corresponds
in fact to the closing rate of the sheet of protofilaments
into a tube (the sheets at the end of growing microtubules
are not visible by video microscopy). The rate variation of
this process is enormous compared to the average growth
rate of microtubules. This suggests that closure of the mi-
crotubule happens with a certain probability. In the same
microtubule, closure of the end would vary constantly in
an apparently unpredictable way. We still do not know
exactly how this behaviour could account for the dynamic
instability of microtubules but the answer seems to be pretty
close. This involves collaboration with the group of Stephen
Fuller.

the rapid activation of the cyclin B-dependent kinase should
occur (Plate 1). A key enzyme of this switch is the type
2A phosphatase dephosphorylating cdc25C. We now have
evidence that this phosphatase belongs to the pathway
coupling the end of DNA replication to the activation of the
cyclin B-dependent kinase. This pathway also contains a
small G-protein (called Ran) which may signal the activa-
tion of cyclin B-dependent kinase by allowing inhibition of
the type 2A phosphatase when DNA replication is com-
pleted (Clarke, Klebe, Wittinghofer & Karsenti, in preparation
(Plate 1)).

We have also investigated whether other forms of cdc25
could be involved in the regulation of different cdks during
the G1-S transition in human cells: cdc25A is required at
this transition and its phosphatase activity is also regulated
by phosphorylation. However, this enzyme is not phospho-
rylated by the cyclin B/cdk1 kinase but rather by a cdk2
kinase. It is therefore possible that positive feed-back loops
are used as a general mechanism for decision making at
different key points of the cell cycle. Maybe specific blocks
of related enzymes form different loops (Hoffman, Draetta
& Karsenti, in preparation). This raises interesting evolu-
tionary questions (Felix & Karsenti, La Recherche, 1994, in
press).

The structural basis of microtubule dynamics

In the past few years, our work has convinced us that
regulation of microtubule dynamics by cdks plays a key
role in mitotic spindle assembly. However, we still do not
understand properly the molecular basis of microtubule dy-
namic instability. To approach this question, samples of pure
microtubules or microtubules in Xenopus egg extracts have
been embedded in vitrified water and observed by electron

Regulation of microtubule dynamics

We are focusing on the characterization of two proteins
present in egg extracts that behave as microtubule-binding
proteins. These proteins (230-240 kDa) are thermo-stable
and can be purified by elution from taxol-stabilized mi-
crotubules followed by boiling for 5 minutes and final pu-
rification and concentration on a mono Q column using
the SMART system from Pharmacia. Monoclonal antibod-
ies raised against these two proteins give slightly different
staining patterns on Xenopus tissue culture cells but both
stain mitotic spindles. We are currently analysing the effect
of the two proteins on the dynamics of pure microtubules.
They increase the growth rate about 3-4-fold but it is still
unclear what their effect is on the catastrophe frequency.
Microtubules seem to grow much more smoothly in the
presence of this MAP, suggesting that they may have an
effect on the closure rate of microtubules (see previous
section). We will examine the effect of these MAPs on the
structure of microtubule ends by cryo-electron microscopy.
The effect of phosphorylation of these MAPs during mitosis
is under investigation. We are also searching for factors that
affect microtubule dynamics by increasing the frequency of
catastrophes. We presently have a protein in egg extracts
that binds free tubulin dimers but its effect on dynamics is
still unclear (collaboration with Tony Hyman).

Local effect of phosphatases on microtubule dynamics

In 1984, I noticed that chromosomes are required to form
a functional bipolar spindle. The microtubules of two asters
localized next to each other in a mitotic cytoplasm never
interact because microtubules are too short and dynamic.
More recently this view has been supported by several
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observations and chromosomes seem to contain a factor
that stabilizes microtubules in their surrounding. I think this
is a phosphatase that opposes the effect of cdc2 kinase
(Karsenti, 1993b). An Australian group has recently cloned
a 47 kDa protein located in mitotic chromosomes that is
essential for spindle assembly. In collaboration with this
group, we have shown that this protein belongs to a complex
containing a type 1 phosphatase catalytic subunit. We are
presently trying to prepare beads coated with type 1 phos-
phatase to test their effect on spindle assembly in mitotic egg
extracts supplemented with centrosomes. This will involve
the use of video microscopy and optical tweezers (collabo-
ration with the group of Tony Hyman & Ernst Stelzer).

Motors and microtubule organization

We have shown that cytoplasmic dynein and kinesin are
present in frog egg extracts from which they can be purified.
Low taxol concentrations induce the assembly of short mi-
crotubules in mitotic extracts. With time, these microtubules
reorganize into asters containing in their centre centrosomal
material. The formation of such asters requires the participa-
tion of cytoplasmic dynein, suggesting that microtubule slid-
ing is involved in this process. This has important implica-
tions for our way of thinking about spindle pole assembly. In
fact microtubule motors, in particular kinesin-like molecules,
have recently been implicated in virtually all aspects of
mitotic spindle assembly and function, from the organization
of the poles to anti-parallel microtubule interaction, includ-
ing kinetochore movement along microtubules (Karsenti,
1993b). This gives a new dimension to our understanding
of how microtubules could be oriented and organized in the
spindle. In differentiated cells, orientation of microtubules
could also be achieved through the action of motors an-
chored in specific cellular domains. Isabelle Vernos and
Haralabia Boletti have the full sequence of two Xenopus
kinesin-like proteins (X-KLP) and antibodies against each of
these two proteins. X-KLP1 is localized in the spindle during
metaphase and moves to the equator of the spindle during
anaphase. It ends up in the midbody after cell division. It
seems to be essential for cell division. X-KLP2 is localized
in centrosomes both in interphase and mitosis. This project
involves collaboration with C. Wylie (Cambridge, U.K.) for
developmental aspects in Xenopus, Tony Hyman for the
mitotic aspect and Anne Ephrussi, who is interested in the
microtubule-dependent movement of mRNA in Drosophila
embryos. Moreover, Sigrid Reinsch, in my laboratory, has
been studying the orientation mechanism of microtubules
and spindles in polarized MOCK cells and this certainly also
involves microtubule motors.

Organization of interphase and mitotic
microtubules in epithelial cells

A few years ago, we started to examine the organization
of microtubules during the establishment of cell polarity in
MOCK cells. We reached the conclusion that, in polarized
MOCK cells, microtubules are mainly organized as bundles
oriented parallel to the apico-basal axis of the cells, with their
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plus end facing the basal domain. This is achieved through
a reorganization of the network which takes place following
the establishment of cell contacts and involves progressive
microtubule stabilization. We still do not understand how
these microtubules are oriented. Sigrid Reinsch has recently
started to work on this problem again by looking at the
localization of ,-tubulin. This protein seems to be localized
mostly around the centrioles. The apical minus end of the
vertical microtubule bundles are not strongly decorated by
the anti-,-tubulin antibody. A study of cell division in fully
polarized cells has shown that there is a continuous low
level of mitotic cells. Interestingly, during early prophase
one of the two centrioles moves away from the apical
membrane and migrates down toward the nucleus. Then,
the interphase network disappears and prophase asters are
nucleated by the two centrioles. Finally, the mitotic spindle
assembles in the apical-most domain, the cleavage taking
place along the apico-basal axis of the cell. It seems that cell
junctions are used as a cue to determine where the mitotic
spindle assembles. Moreover, during this process, junctions
are maintained and cell surface polarity markers remain
segregated in their respective domains. This shows that
dividing epithelial cells retain their polarity during mitosis. In
vivo, this is in fact essential to maintain the epithelium tight
during regeneration. In summary, both for mitotic spindle
assembly and during the establishment of differentiated
arrays, microtubule organization in three dimensions seems
to require a precise regulation of their dynamics, a control of
nucleation and plus end capping, as well as the coordinated
action of microtubule motors which can read the polarity
of microtubules and therefore influence their orientation.
We hope to understand the basic principles that rule these
complex morphogenetic processes from the molecular to the
organism levels.
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Membrane traffic

Group leader: G. Griffiths

Scientist: R. Parton

Fellows: A. Blocker*, J. Burkhardt, S. Cudmore, M. Desjardins, A. Jahrhaus*

Visitors: N. Bright*, H. Dieplinger*, P. Gleeson*, J. Krijnse-Locker, B. Storrie*

Assistants: M. Ericsson, H. Horstmann, B. Joggerst

Membrane traffic from the endoplasmic reticulum
to the Goigi complex (M. Ericsson, G. Griffiths
& H. Horstmann)

In collaboration with Jacomine Krijnse-Locker and Peter
Rottier (University of Utrecht) we have developed a novel.
in vitro assay for following rough endoplasmic reticulum
(RER) to Golgi traffic using both biochemistry and mor-
phology. The key to this assay is the use of either mouse
hepatitis virus (MHV) infected cells or cells infected with
a recombinant vaccinia virus expressing the M membrane
protein of MHV. In both cases the crucial point is the
use of the M protein which is exclusively 0 glycosylated
and which acquires all its sugars post translationally. Since
these modifications can be distinguished from each other
by sodium-dodecyl-sulfate (SDS) gels they can be used to
tell us whether M protein reaches either the intermediate
compartment (IC; N-acetyl galactosamine acquisition) or
the Golgi (galactose, sialic acid). By permeabilising cells
with streptolysin 0 (SLO) these changes can also be as-
sayed by both biochemistry and electron microscopy un-
der in vitro conditions. Our data now argue that the IC,
the compartment where MHV buds, is continuous with the
RER. Accordingly, transport between the RER' and the IC
can occur under conditions that generally block vesicular
transport and specifically block the entry of the M pro-
tein into the Golgi complex (Krijnse-Locker et al., 1994).
Moreover, the transport between the IC and the Golgi ap-
pears to be mediated by cop vesicles (Pepperkok et al.,
1993).

The mammalian homologue of the yeast ERD2-KDEL re-
ceptor has been cloned and characterized by the group of
Wanjin Hong (Singapore). In collaboration with this group
we have carried out an extensive ultrastructural localisation
of this protein. Our results show that this receptor is predom-
inantly concentrated in two compartments - the IC and the
"proximal" side of the Golgi complex. While under normal
conditions only relatively small amounts of the receptor can
be detected in the trans-Golgi network (TGN), after viral

infection the distribution shifts in such a way that more of
the receptor is found in the TGN.

We have also continued our immunocytochemical mapping
of novel ER-Golgi proteins. First, a 55 kDa protein with
an HDEL-C terminus, recently cloned and characterized by
Karsten Richter (Lamond group), is enriched in both the
RER and the IC, as are other KDEL proteins (Richter et
al., 1994). Second, in a collaboration with Angelika Noegel's
group (Martinsried) a 24 kDa actin-binding protein, comitin,
was shown to be concentrated on peripheral elements of the
Golgi stack (Weiner et al., 1993). Third, a 430 kDa peripheral
membrane protein termed macrogolgin, cloned and char-
acterized by Manfred Renz's group (Karlsruhe), was found
to be enriched in, and around, the Golgi stack (Seelig et
al., 1994). Finally, a 230 kDa peripheral membrane protein
cloned and characterized by Paul Gleeson (a visitor from
Melbourne) was shown to be enriched in the TGN.

Assembly of vaccinia virus
(S. Cudmore, M. Ericsson & G. Griffiths)

We have recently published two papers that describe in-
teresting cell biological aspects of the life cycle of vaccinia
virus (VV), the laboratory prototype example of a pox virus.
This work was dependent on a great deal of support from
groups outside EMBL (see references below). The virus
acquires at least four membranes around its DNA genome
before it is allowed to exit the cytoplasm of the host cell as
a fully infectious extracellular particle. These membranes
are acquired in a two step process. First, a cisterna from
the IC between the ER and the Golgi wraps around the
DNA-containing nucleoid, thereby giving rise to an intracel-
lular (and in principle infectious) particle, the IMV (Sodeik et
al., 1993). The latter particle becomes further enwrapped
by a cisterna originating from the TGN (Schmelz et al.,
1994), thereby forming the precursor of the physiologically
infectious, three membraned particle that is subsequently
released into the extracellular medium.
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Our recent studies have focused on the molecular basis for
the assembly of VV, and specifically on the initiation of the
"wrapping event" that causes a cisterna of the IC to wrap
around the vaccinia genome. For this, we are following a
two-part strategy.

sive analysis of the membrane and peripheral membrane
proteins of phagosomes shows that, even 24-48 hrs af-
ter the latex beads were internalised by the macrophage,
the two-dimensional gel pattern of these protein compo-
nents are never the same from anyone time point to the
next.

Biochemical composition and biogenesis of
phagosomes and phagolysosomes

To understand more about the molecular mechanisms re-
sponsible for the dynamic transport, recognition and fusion
events between latex phagosomes and late endosomes of
J774 macrophages we are now taking the following concep-
tual and experimental strategies.

Immunoblot purified latex phagosomes at different times
after internalization (chase times from 0-24 hrs). Note the con-
centration peaks of rap 1 at 1 h while Lamp 2 (a late endo-
some/lysosome marker) takes many hours to reach its highest
concentration of the phagosomes. In contrast, annexin II levels are
similar at all time points.
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Michel Desjardins and Lukas Huber (Simons' group) have
continued their kinetic analysis of the molecular composition
of phagosomes using two-dimensional gel electrophoresis.
In addition to the previously identified Rab5 and Rab7 pro-
tein they have now identified the small GTPase Rap 1, a
protein previously found associated with a distinct subset
of regulated secretory granules in neutrophils (a project
done in collaboration with Veronique Pizon (Paris) and
Marino Zerial's group (Pizon et al., 1994). As seen in Plate
2 the level of Rap 1 on phagosomes is highly variable
with time, peaking at 1 h after internalisation. In contrast,
annexin II, a molecule shown recently to be involved in
endosome-endosome fusion .(Emans et al., 1993) is uni-
formly enriched on the phagosome fractions at all time
points.

2) The identification of the membrane proteins of VV is the
goal of our biochemical analysis which is being carried
out predominantly by two-dimensional gel analysis. The
availability of the complete nucleotide sequence of VV
as well as of standard procedures for purifying the
IMV particles simplifies our task of identifying all the
membrane proteins of the IMV and, more interestingly,
of identifying the key protein(s) responsible for retaining
the vaccinia membrane complex in the IC for sufficient
time, and in sufficient concentrations, for the virus to
initiate its assembly at this site.

The basis of our assay is to block with rifampicin, and
then to permeabilise with SLO, as above. Subsequently
after washing out the SLO we can ask what exogenous
components must be returned to the semi-intact cells to
reconstitute VV assembly. While our long-term goal is
to assemble an infectious particle in vitro, our present
status is that by adding exogenous cytosol (from VV
infected cells) and ATP we can reproducibly recon-
stitute an intermediate in VV assembly. We will next
use this assay to examine the role of specific vaccinia
membrane proteins in the assembly process.

The phagosome project

Latex beads taken up via phagocytosis by macrophages are
targeted to the late endosomes (prelysosomal compartment)
(Rabinowitz et al., 1992). That is, even after an overnight
chase, these 1 J-Lm particles do not move distally to the end
stations of the endocytic pathway, the Iysosomes. Neverthe-
less, the compartment where the beads reside is still able
to communicate with the Iysosomes, probably by periodic
fusion of the two compartments, as determined using a light
microscopic assay (Jahraus et al., 1993).

Michel Desjardins has now developed a method to purify
latex phagosomes by flotation in a sucrose gradient. These
phagosome fractions can be analysed using one- or two-
dimensional gel electrophoresis after different time points of
latex bead internalisation. This analysis, along with comple-
mentary electron microscopy and video analyses provided
evidence that the fusion event between phagosomes and
late endosomes is both microtubule-dependent and highly
dynamic in that the two sets of organelles are involved
in multiple fusion and fision events. Moreover, an exten-

(1 ) We have developed an in vitro system for the in vitro
assembly of an intermediate stage in the life cycle of
VV. This assay depends on the use of rifampicin to
block reversibly the assembly of VV, an effect mediated
by the ability of the drug to block the function of a key
matrix-like protein p65. This protein associates with the
VV membrane protein-modified IC, an event crucial for
further assembly (Sodeik et al., 1994).
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Binding/motility of phagosomes to microtubules
in vitro and in vivo

For this question Ariel Blocker, Janis Burkhardt and Heinz
Horstmann are currently setting up a number of different
assays.

Microtubule binding

For this assay microtubules are polymerized from purified
brain tubulin and stabilized with taxol. They are mixed with
purified phagosomes which can be floated on sucrose gra-
dients. The amount of bound microtubules is then assayed
either by blotting or by light microscopy (using fluorescent
microtubules). Preliminary results show that binding is stim-
ulated by cytosol, and inhibited by ATP.

Phagosome motility

We are developing a video motility assay in which phago-
somes are added to taxol stabilized microtubules on glass
coverslips and exogenous cytosol plus ATP are added.
The current status is that some cytosol preparations indeed
support microtubule-dependent movement of phagosomes
in the presence of ATP.

Biochemical analysis of phagosomes

By two-dimensional gel analysis we aim to identify the key
integral membrane and peripheral membrane proteins of
phagosomes that are involved in the interactions of these
organelles with microtubules.

Development of an in vitro assay for following
phagosome-endosome fusion

Andrea Jahraus is setting up an in vitro assay to inves-
tigate the fusion events between phagosomes and the
compartments of the endocytic pathway. For this we took
advantage of the well-characterized assay developed by
Jean Gruenberg that measures the complex formed be-
tween avidin, internalized by endocytosis into one set of
cells (the ensuing membrane fraction is referred to as
the "donor membranes") and biotin-horseradish peroxidase
(HRP) taken up into endosomes of another set of cells
(acceptor membranes). For our assay the avidin is co-
valently coupled to the surface of latex beads that are
then internalized by phagocytosis; the donor phagosome
membranes are then purified by flotation. The acceptor
fractions are prepared as in the Gruenberg assay. Pre-
liminary data show that the fusion between phagosomes
and "endosomes" is both cytosol- and ATP-dependent, as
expected.

Caveolae (R. Parton & B. Joggerst)

Caveolae are small (60-80 nm) flask-shaped invagina-
tions of the plasma membrane which are probably present

in all cell types. Previously we could show that VIP-21,
an integral membrane component of the TGN and exo-
cytic vesicles (Kurzchalia et al., 1992), is highly concen-
trated in caveolae at the plasma membrane (Dupree et
al., 1993). Subsequently, using immunocytochemical tech-
niques we demonstrated that the glycosphingolipid, GM1,
is also enriched in caveolae (Parton, 1994). These re-
sults, together with observations that GPI-anchored pro-
teins are concentrated in caveolae (Ying et al., 1992),
strengthen the analogy between sorting to the apical sur-
face of polarized epithelial cells and sorting into cave-
olae at the cell surface and suggest that caveolae are
plasma membrane domains with a specialized lipid com-
position.

The list of postulated functions of caveolae now include
transcytosis in endothelial cells (Milici et al., 1987), en-
docytosis (Montesano et al., 1982), photocytosis (Ander-
son et al., 1992), and signal transduction (Sargiacomo et
al., 1993). Our recent observations have focused on the
dynamics of caveolae and their interacting elements. In
mitotic cells we observed that a fraction of the caveolae
are redistributed from the periphery to the cell centre. We
therefore treated cells with okadaic acid, an inhibitor of
protein phosphatases, which causes the cell to acquire
some characteristics of mitotic cells. After this treatment
surface caveolae were redistributed, first to clusters at the
dorsal pole of the cell and then to the perinuclear area.
This redistribution was accompanied by an increased up-
take of fluid-phase markers, suggesting that the caveolar
clusters lose their connection to the outside of the cell.
The first step in the process, the clustering of caveolae
at the dorsal pole of the cell was found to be actin-
dependent whereas the transport of the clusters to the
centriolar region was dependent on an intact microtubule
network. Our working hypothesis is that interactions ob-
served under these experimental conditions might reflect
the exaggeration of normal processes and that phosphory-
lation and interactions with the cytoskeleton are regulating
the form and distribution of caveolae under normal cellular
conditions. In collaboration with members of the Simons'
group (Anna Fra & Paul Dupree) we are now examining
the protein composition of immuno-isolated caveolar mem-
branes.

Rab proteins (R. Parton & S. Urbe)

In collaboration with Marino Zerial we have continued to
investigate the localization of Rab proteins, and especially
of Rab11 , which is highly expressed in epithelia and in cells
with a regulated secretory pathway. In a collaboration with
Sharon Tooze and Lukas Huber, we were able to show
that, unlike other known Rab proteins, Rab11 is present
on several different intracellular membranes including the
TGN, constitutive exocytic vesicles, and regulated secretory
granules (Urbe et al., 1993). We therefore postulated that
Rab11 is involved in all membrane traffic routes which
have the plasma membrane as a common destination. We
are now using an anti-sense approach to examine the
role of Rab11 in cultured epithelial cells (L. Huber & P.
Auvinen).
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Nuclear pore complex

Nuclear pore complexes (NPCs) regulate the transport of
molecules across the nuclear membrane. Approximately
100 different proteins constitute the nuclear pore complex.
The role of these NPC components in nuclear pore struc-
ture and function is not known. Our aim is to identify the
NPC proteins, define their methods of interaction and to
assign functions to the individual polypeptides. Three dif-
ferent approaches (Le. biochemical, genetic and in vitro
reconstitution studies) were undertaken with the yeast Sac-
charomyces cerevisiae, which have the potential, if com-
bined with each other, to reveal a great deal about the
role of nuclear pore proteins in nucleocytoplasmic transport.
Since NPCs have a complex polypeptide composition, the
understanding of the role of a given pore protein depends
on the understanding of how this pore protein is integrated
in the NPC structure and how it physically and functionally
interacts with other components. As a candidate to start the
analysis of nuclear pore protein interaction, we concentrated
on the yeast NPC protein NSP1 (Nehrbass et al., 1991).

Characterization of an NSP1-containing
NPC subcomplex (P. Grandi)

It is likely that the many different NPC proteins are organized
into nuclear pore substructures. Such substructures may be
either building blocks of the NPC or fulfill individual func-
tions at the pore, e.g. mediating protein transport or RNA
export, interaction with cytoplasmic or nuclear structures
etc. We used a biochemical approach to identify NPC sub-
complexes. We tagged NSP1 with IgG-binding sequences
derived from Staphylococcus aureus protein A, functionally
expressed it in yeast and performed affinity-purification on
IgG/Sepharose columns in a one-step affinity purification.
According to the high recovery of the protein A-NSP1 fu-
sion protein, we estimate that between 10 and 20 NSP1
molecules are present per nuclear pore complex. The anal-
ysis of the fraction eluted from the IgG/Sepharose column
by SOS-polyacrylamide gel electrophoresis revealed that

besides the tagged NSP1 fusion protein, four major pro-
teins specifically co-purified. Two of these proteins were
identified as "GLFG"-containing nucleoporins, NUP49 and
p54, as confirmed by reactivity with Mab192 previously
shown to be specific for the "GLFG" nucleoporin protein
family (Wente et al., 1992). Another protein co-purifying with
NSP1 was in the 90 kOa range of so far unknown structure
and function. Since we could obtain sufficient quantities
of this protein for microsequencing, it was possible to de-
sign degenerate oligonucleotide primers and clone its gene
by PCR. The gene encodes a novel protein of 96 kOa
and thus was named NIC96 (for Nucleoporin Interacting
Component). NIC96 does not contain repeat sequences of
the "FSFG"- or "GLFG"-type, but has heptad repeats in its
amino-terminal domain similar to those found in the carboxy-
terminal domains of NSP1 and NUP49. Subsequently, we
could show that NIC96 is an essential nuclear pore protein
which is in physical interaction with both "GLFG" and "FSFG"
nucleoporins. Thus, this biochemical analysis has shown
that NSP1, NIC96, NUP49 and p54 exist in a multimeric
complex that can be extracted from the nuclear pores under
the chosen lysis conditions.

The analysis of NIC96 showed that it is a multi-domain
protein. Heptad repeats in the amino-terminal domain are
possibly involved in homo-dimerization or heterodimeriza-
tion with other partners of the complex. An adjacent hy-
drophobic sequence may be involved in interaction with the
pore membrane. In the middle part of NIC96, a short basic
sequence is found which resembles a nuclear targeting
signal (NLS). If this sequence is placed in front of the lacZ
passenger protein, it can target this fusion protein into the
nucleus. Interestingly, no NLS has been found in the other
nucleoporins so far. We therefore speculate that NSP1 and
NUP49 could be targeted in a piggy-back mechanism via
NIC96 to the nuclear pore complex. Finally, we find that the
carboxy-terminal domain is not essential for viability. Muta-
tions in this domain, however, give rise to synthetic lethality
with NSP1. This domain thus may help in assembling this
NPC subcomplex.
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Genetic dissection of the yeast NPC
(V. Doye, E. Fabre, N. Schlaich,
H. Tekotte &C. Wimmer)

The genetic analysis of the nuclear pore complex may com-
plement and/or extend the biochemical characterization of
this large 125 MDa organelle. In particular, the network of in
vivo interactions between various nuclear pore proteins may
be unravelled by genetic methods and it may be possible
to study not only pore proteins which physically interact
but also those which share an overlapping function. We
reasoned that the nuclear pore protein NSP1 is functionally
active within a network of protein-protein interactions at the
nuclear pore. Accordingly, one could screen for synthetic
lethal mutants in which the combination of a mutant nsp1 al-
lele with another mutated gene (called NUP-X) would cause
cell death, whereas each mutant allele alone would not im-
pair cell viability. The screen for synthetic lethal (51) mutants
of the NPC protein NSP1 allowed the identification of several
genes which genetically interact with NSP1 (Wimmer et al.,
1992). So far, 200,000 mutagenized yeast colonies have
been screened and 29 51 nsp1 mutants obtained which
could be grouped into at least 9 different complementation
groups. So many different proteins are unlikely to be in
direct physical contact with NSP1 but are more likely to be
organized either in distinct subcomplexes in the NPC with
overlapping function, or into higher order complexes with a
common requirement for co-assembly.

The two most frequent complementation groups are repre-
sented by the nucleoporins NUP116 and NUP49 (Wimmer
et al., 1992). The genes of new complementation groups
were recently cloned by transforming remaining 51 mutants
with a yeast genomic library and analysis of the comple-
menting plasmids. These genes and their derived gene
products are named NUP-X, for nuclear pore protein with
a molecular mass X of the unmodified primary amino-acid
sequence as deduced from the DNA sequence.

NUP 84 (C. Wimmer)

Two synthetic lethal mutants, SL 1 and SL 189, were com-
plemented by the NUP84 gene. Epitope tagging of the
NUP84 protein revealed a ring-like and punctate staining
of the nuclear envelope in yeast indicative of a nuclear
pore location. NUP84 does not contain "FSFG" or "GLFG"
repeat sequences as found in other pore proteins and it is
a non-essential gene. However, the disruption leads to an
impaired growth at all temperatures investigated. At 37° C,
nup84- cells have a generation time of 4-5 times longer as
compared to NUP84+ cells. Concomitant with slow growth at
37° C, cells change their morphological appearance resulting
in an increased cell and nuclear size. Nuclear segregation
upon division is disturbed with anucleate and multinucleate
cells. This could indicate that NUP84 is involved in correct
nuclear segregation. We constructed a fusion protein of
NUP84 and the IgG binding domain of protein A from
S.aureus. Affinity purification of the tagged protein allowed
isolation of 5 co-purifying proteins. Thus, NUP84 together
with its interacting proteins could have a role in nuclear
envelope dynamics during the cell cycle.
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NUP133 (V. Doye)

The gene encoding the NUP133 nuclear protein was found
in two independent genetic 51 screens starting with a tester
strain containing a ts allele of either NSP1 or NUP49. This
demonstrates that NUP133 functionally overlaps with these
two nucleoporins. Disruption of the NUP133 gene does not
kill the cells, but results in a severe growth inhibition at
any temperature and stop of cell growth at 37° C. The null
mutant of NUP133 could be complemented by a tagged
version of NUP133 in which IgG binding sequences derived
from Staphylococcus aureus protein A were attached to the
amino-terminal end of NUP133. With the help of the tagged
ProtA-NUP133, the subcellular location could be revealed
by indirect immunofluorescence. NUP133 shows a nuclear
pore location. An initial functional characterization of the
nup133 null mutant indicates that export of mRNA out of the
nucleus is severely impaired. Interestingly, NUP133 is in ge-
netic interaction with NUP85 (another nucleoporin recently
identified in the laboratory and currently being analyzed by
H. Tekotte) which is also required for efficient mRNA export
in yeast. Therefore, NUP133 and NUP85 could perform a
similar function in mRNA export at the nuclear pore complex,
possibly by being organized in a common NPC subcom-
plex.

NUP145 (E. Fabre, W. Boelens,
C. Wimmer & I. Mattaj)

The NUP145 protein also found in the 51 screen contains
"GLFG" repeat sequences in its amino-terminal domain and
a non-repetitive carboxy-terminal domain which targets the
protein to nuclear pores. In addition, NUP145 contains a
match to the RNP-1 sequences found in two families of
nucleic acid binding proteins. Part of NUP145 containing
the RNP-1 sequence was expressed in E.coli and shown
to bind RNA in vitro. Deletion of this domain abolished
interaction with RNA. In vivo, depletion of NUP145 causes
both a retention of polyadenylated RNA inside the nucleus
and yet delayed cytoplasmic accumulation of a nuclear re-
porter protein. A stretch of 140 amino-acids within NUP145,
including the RNP-1 sequence is conserved in two other
yeast nucleoporins and in a C.elegans protein of unknown
function. These data suggest that NUP145 belongs to a new
class of RNA-binding nucleoporins with a potential role in the
nucleocytoplasmic traffic.

Analysis of nucleoporin NUP1 (N. Schlaich)

NUP1 was shown to be a yeast nuclear pore protein belong-
ing, like NSP1 and NUP2, to the "FSFG"-repeat containing
nucleoporin family (Davis & Fink, 1990). Despite this amino-
acid sequence similarity (all of these proteins share the up
to 26 times repeated motif "FSFG"), no physical nor genetic
interaction between NSP1 and NUP1 could be shown so far.
This is very challenging, because it could indicate that these
two nuclear pore proteins perform completely independent
functions at the nuclear pore complex. To study the function
of NUP1, its gene was recloned in our laboratory and
disrupted. Haploid yeast strains carrying the destroyed nup1
gene are viable even at 37° C, but have a slower growth rate



than wild-type strains. This phenotype was exploited to test
whether protein import into the nucleus and nuclear export
of poly(A)+ RNA is affected in these cells. It seems that
nuclear reporter proteins are still efficiently transported into
the nucleus whereas poly(A)+ RNA export is inhibited. Thus,
NUP1 seems to be preferentially involved in RNA export
reactions. Since NUP1 function(s) in yeast is/are redundant
(nup1 null mutants are viable), a genetic screen was set
up to identify components which functionally overlap with
NUP1.

The nucleolus

The nucleolus is the site of ribosome biogenesis. During
rRNA transcription and processing, ribosomal proteins as-
semble with the rRNAs to form the large and small ribo-
somal subunits. This process requires non-ribosomal pro-
teins (nucleolar proteins) as well as non-ribosomal RNAs
(small nucleolar RNAs or snoRNAs). Although components
involved in the various steps of ribosome biogenesis have
been identified, little is known about their specific role, and
practically nothing is known about the way of interaction
between these components. We are studying ribosome bio-
genesis in Saccharomyces cerevisiae to identify new com-
ponents of the rRNA processing machinery and study their
network of interactions in the living cell. Among the essential
nucleolar proteins, NOP1 which is the yeast homologue of
higher eukaryotic fibrillarins has been studied in more detail.
NOP1 is associated with all yeast snoRNAs identified so
far (Tollervey et al., 1991). Recently, we reported on the
isolation and analysis of temperature-sensitive mutants of
the NOP1 gene (Tollervey et al., 1993). Interestingly, the
different ts-alleles showed different impairments in ribosome
biogenesis including defects in methylation of the pre-rRNA,
pre-rRNA processing and assembly of the ribosomal sub-
units, suggesting that NOP1 is required for several steps in
ribosome biogenesis. It therefore appears likely that NOP1
is part of a higher order complex made of rRNA precursors,
snoRNP particles and nucleolar proteins, which sequentially
or concomitantly act in the pre-rRNA processing and modi-
fication pathway.

SOF1 is a U3 snoRNP protein with homology
to splicing factor PRP4 and Gf3 domains .
(R. Jansen & D. Tollervey)

A yeast mutant lacking the NOP1 gene is complemented
by human fibrillarin, but only inefficiently exhibiting a
temperature-sensitive growth arrest at 37° C. An extragenic
suppressor of this ts strain which is allele-specific for human
fibrillarin was isolated. The wild-type allele of this sup-
pressor was cloned and encodes a novel 56 kDa protein,
called SOF1, essential for cell growth. In its central domain,
SOF1 has repeat sequences typically found in ,B-subunits
of trimeric G-proteins and the splicing factor PRP4. A single
amino-acid exchange in the G,8-like repeat domain is re-
sponsible for the suppressing activity. SOF1 is located within
the yeast nucleolus and is associated with U3 snoRNA. De-
pletion of SOF1 in yeast cells causes inhibition of pre-rRNA
processing and 18S rRNA production.

Isolation of a novel nucleolar protein NOP77
with three RNA-binding motifs which is in
genetic interaction with NOP1
(T. Berges & D. Tollervey)

We have developed a genetic screen based on synthetic
lethality to isolate new components of the ribosome bio-
genesis pathway in yeast. We used the nop1-5 ther-
mosensitive allele of the snoRNP protein fibrillarin which
prevents synthesis of both 18S and 25S rRNA at non-
permissive temperature. This approach allowed us to iso-
late a gene coding for a novel protein of 77 kDa des-
ignated NOP77. NOP77 is essential for cell growth and
is localized in the nucleolus as revealed by indirect im-
munofluorescence. NOP77 appears to be an RNA-binding
protein since it contains 4 potential RNA recognition motifs
(RRM) in its primary amino-acid sequence. Strikingly, a
single amino-acid exchange in one of the RRM motifs can
cause synthetic lethality with the nop1-5 thermosensitive
allele. In vivo depletion of NOP77 leads to inhibition of
methylation of the rRNA primary transcript and impairment
in pre-rRNA processing. NOP77 is thus a new nucleolar
component in yeast which interacts with both nucleolar
RNA and NOP1 thereby fulfilling its essential role in rRNA
metabolism.
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Recent developments in the field of intermediate filaments
(IFs) have made it clear that these elements are involved in
the mechanical stabilisation of animal tissues. For example,
keratin IFs have been implicated in the organisation of
extended epidermal "sheets", while mutations in the keratin
genes have been identified as the prime cause of certain
human blistering diseases. A less publicized set of obser-
vations has also suggested that IFs may have cellular func-
tions and be involved in the maintenance of normal nuclear
architecture. In several instances, the absence of cytoplas-
mic IFs has been correlated with anomalous nuclear shapes
and nuclear envelope fragility. Armed with this information,
we have continued our efforts to study the physiological
roles of IFs. During the past year, the accumulation of a
critical mass of molecular tools and the development of in
vitro assays have enabled us to design experiments which
address the involvement of IFs and their partners in mitosis
and in lens cell differentiation. Thus, instead of focusing on
the structural properties of IF proteins, we now use the
structural information to examine the molecular basis of
fundamental cellular processes.

Nuclear envelope dynamics in interphase
and mitosis (K. Djabali, J. Meier,
A. Pyrpasopoulou & G. Simos)

In previous studies we have found that the integral nuclear
envelope protein p58 (Iamin B receptor) exists in interphase
as a multimeric complex which contains the nuclear lamins,
a p58 kinase and the proteins p18, p34 and p150 (Simos
& Georgatos, 1992). Our working hypothesis is that the p58
complex represents a "junctional" device which contains all
elements necessary for the regulated coupling of the nuclear
lamina to the inner nuclear membrane and the chromatin
network.

Work with mitotic cells that we have completed this year has
led us to conclude that the p58 complex is modulated during
cell division. Specifically, we have found that in the onset

of mitosis the type A lamins dissociate from the complex,
whereas the type B lamins remain stably bound to p58.
Other experiments have also suggested that a minority
of membrane vesicles derived from the fragmentation of
the nuclear envelope remain associated with the chromo-
somes throughout mitosis. These chromosome-bound vesi-
cles, which bear p58 and type Blamins on their surface, may
playa crucial role in nuclear envelope reassembly, associ-
ating homotypically with other p58 and lamin B-containing
vesicles after the post-mitotic de-modification of the nuclear
lamins (J. Meier & S.D. Georgatos, submitted).

Another direction of research has been the characterisation
of the non-lamin components of the p58 complex. We have
now identified p34 as the homologue of p32, a splicing factor
2 (SF2)-associated protein (Simos & Georgatos, manuscript
in preparation). The exact role of p34 and p32 is not known
but their binding to p58 and SF2 can be theoretically ex-
plained by an affinity for the so-called "SR motifs". These
motifs occur in several splicing factors and are also present
in the nucleoplasmic N-terminal domain of p58. Biochemical
experiments and N-terminal sequencing of p18 have shown
that this protein represents a new integral protein of the
nuclear envelope. p18 possesses a remarkable structural
feature, Le. a predicted membrane-spanning region starting
immediately after its N-terminal methionine. We are now
trying to clone this protein and study its interactions with p58
and the other components of the p58 complex. To facilitate
the purification of the p58 kinase and the identification of
proteins which directly bind to p58, we are trying to express
the N- and C-terminal domains of this protein in bacteria.

To study the role of specific proteins in nuclear mem-
brane reassembly, we have started developing a method
that can be used to reconstitute nuclear membrane vesi-
cles lacking specific components. In this protocol, puri-
fied nuclear envelopes are first solubilized in a detergent
solution and, after removing the detergent, the resulting
proteoliposomes are used in chromosome-binding assays.
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PLATE 3

The electron micrograph shows vesicles (arrows) reconstituted from
detergent-solubilized rat liver nuclear envelopes that have bound to
the surfaces of chromosomes (Ch) in the course of a typical in vitro
binding assay (for further explanations see text).

We have already found that "wild-type" proteoliposomes
which do not lack nuclear components (except the pore
complex protein gp21 0) are able to bind specifically to chro-
mosomes in vitro (Plate 3). Therefore, this system can now
be used for immunodepletion experiments whereby spe-
cific membrane components are removed when the nuclear
envelope proteins are in a soluble state and the resulting
proteoliposomes are reconstituted into vesicles and tested
for chromatin binding. In conjuction to this assay, we have
made an effort to identify new nuclear membrane proteins
by raising antibodies against alkali-extracted nuclear en-
velopes. So far we have identified one such candidate
protein, termed p60.

Involvement of vimentin filaments in
mitotic events (C. Maison)

In previous studies we have found that microinjection of
anti-vimentin antibodies in mitotic cells inhibits progress
of mitosis in vivo and interferes with lamin reassembly in
vitro (Kouklis et al., 1993). In subsequent studies we have
also discovered that nuclear membrane vesicles carrying
lamin Band p58 are docked to vimentin filaments during
mitosis (Maison et al., 1993). These observations have led
us to conclude that membrane fragments derived from the
disassembly of the nuclear envelope during mitosis do not
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randomly disperse but rather anchor on specific intracellular
sites.

In a new set of experiments we have immunoisolated the
vimentin-associated vesicles from mitotic CHO cells and
measured their chromosome-binding activity in the pres-
ence and absence of various soluble factors. This analysis
has not been concluded yet; however, preliminary data
show that the vimentin-bound mitotic vesicles are capable
of binding to chromatin and the binding is increased by
exogenously added cytosolic factors.

Molecular interactions and involvement of
the IFs in lens morphogenesis (G. Goulielmos,
F. Gounari, A. Merdes, S. Remington & F. Schwesinger)

We have recently characterized and cloned two lens-specific
proteins, filensin and phakinin, which represent the compo-
nents of the new membrane-associated IF system in the
lens fibre cells (Merdes et al., 1991; Brunkener & Geor-
gatos, 1992; Gounari et al., 1993; Merdes et al., 1993)
(Plate 4). We are now proceeding in four different directions
to investigate the role of the filensin/phakinin network in
fibre cell differentiation. First, we have raised specific anti-
peptide antibodies and examined the expression of filensin
during mouse development. Second, we have generated
transgenic mice carrying transgenes which code for trun-
cated forms of phakinin under the control of lens-specific
crystallin promoters. The products of these transgenes are
expected to behave as "dominant-negative" mutants which
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Structure of intermediate filament proteins

Molecular organisation of filensin and phakinin as it relates to the
structure of other IF proteins (for details see text).



initially incorporate into the native filensin/phakinin filaments
and later distrupt them. Upon completion of this analysis,
we might be able to examine the consequences of the
disruption of the filensin/phakinin filaments in vivo. Third,
we have transfected fibroblastic cells (which naturally lack
filensin and phakinin) with constructs coding for these two
proteins and we are now studying filensin/phakinin assembly
in a "null" background. Finally, to study in more detail the
molecular interactions between filensin and phakinin, we are
trying to express these two proteins and mutants thereof in
E.coli and examine their self-assembly and co-assembly in
vitro. This analysis is expected to yield useful information
because the naturally tail-less phakinin behaves in vitro as
other IF proteins that have been truncated in the tail domain
(Kouklis et al., 1993) but its aberrant assembly is rectified
by binding to filensin.

Molecular cloning of the vimentin and
desmin-associated protein synemin (N. Olivieri)

We are interested in cloning the IF-associated protein syne-
min for a number of reasons. First, this protein binds to the
"core" of vimentin and desmin filaments and is a prime can-
didate for mediating interactions of IFs with other cytoplas-
mic elements. Second, the spacing of the synemin-binding
sites along IFs and the cross-linked appearence of synemin-
containing IFs in situ suggest that synemin may playa role
in the stabilisation of IF networks. Third, this protein shows
an interesting expression pattern and is found in only a few
tissues (lens, nucleated erythrocytes, and muscle). Thus,
synemin may confer to vimentin (which is widely expressed)
the ability to interact in a cell-type specific fashion with
other cellular proteins. So far we have sequenced a partial
cDNA clone coding for f'.J1/3 of the molecule and we have
expressed fusion peptides (with GST) in E.coli. In addition,
we have obtained protein sequence information by cleaving
immunoisolated synemin with trypsin. These experiments
have provided some interesting preliminary information sug-
gesting that synemin may share structural features with IF
proteins.

Identification of lamin analogues in yeast
(M. Brunkener & S.D. Georgatos with G. Blobel,
Rockefeller University, New York)

This year we have succeeded in generating an-anti-peptide
antibody reacting with a yeast protein originally identified on
the basis of its cross-reactivity with a battery of antibodies
recognizing higher eukaryotic lamins. This antibody, in its
affinity-purified form, detects a single 68kDa protein in yeast
nuclei. Although screening of a yeast expression library has
so far failed to yield clones coding for the putative lamin,
we are continuing our efforts using optimized screening
conditions and also employing PCR.
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The compartmentalization of eukaryotic cells in membrane-
bound organelles requires communication between the var-
ious compartments. Vesicular carriers or tubular interme-
diates are thought to mediate membrane transport between
organelles of the exocytic and endocytic pathway. Specific
molecules direct this complex trafficking network. In addition,
membrane traffic in differentiated cells must comply with
various structural and functional requirements in cellular
organization. For instance, epithelial cells are organized into
polarized (apical and basolateral) membrane domains to
form a functional barrier between the external and internal
milieu. These cells require distinct apical and basolateral
exocytic and endocytic transport pathways and an addi-
tional transcytotic route to link the two plasma membrane
domains. To fulfil these specific requirements, additional reg-
ulatory components of the machinery regulating intracellular
transport are thus necessary compared to non-polarized
cells.

During the past years, small GTPases of the Rab family
have come into the limelight as essential regulatory el-
ements of vesicular transport in eukaryotic ·cells. These
proteins are thought to act as molecular switches, using
the conformational change produced by GTP hydrolysis to
regulate interactions with other components of the transport
machinery. The cycle of GTP binding and hydrolysis would
regulate membrane association, serve multiple rounds of
intracellular transport and confer vectoriality to the system.

The aim of our group is to focus on Rab proteins to elucidate
the molecular principles underlying the specificity of intracel-
lular transport. Our strategy is to identify and functionally
characterize Rab proteins expressed in mammalian cells
and in yeast. Furthermore, by taking advantage of the spe-
cific features of epithelial cells and their polarization during
embryonic development, we would like to understand how
the organization of membrane traffic is modulated during
cellular differentiation.
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Molecular cloning and characterization of novel
Rab proteins (A. Lutcke & M. Stapleton)

Using a combination of cDNA library screening and PCR-
based cloning approaches we have previously identified
several novel Rab proteins extending the total number of
this family to more than 30 members. This has allowed us
to undertake a comprehensive approach together with the
Simons' and Griffiths' groups to determine the intracellular
localization of a large number of Rab GTPases and define
their potential role in the trafficking routes in the cell. These
studies have demonstrated that Rab proteins are distributed
to specific compartments along the biosynthetic and endo-
cytic pathways. For instance, cis- and trans-Golgi networks
and early endosomes contain several Rab proteins, consis-
tent with their function as cellular sorting stations. Studies
with Robert Parton, Sharon Tooze and colleagues have
shown that Rab11 is associated with the trans-Golgi net-
work (TGN), constitutive secretory vesicles, immature and
mature secretory granules, in neuroendocrine PC12 cells.
Thus, Rab11 belongs to both the constitutive and regulated
secretory pathways. Determining the localization of these
proteins has helped to study their function. In collaboration
with S. Pfeffer's laboratory (Stanford University), Rab9 was
localized to the late endosomes and the TGN and shown to
control transport between them.

The GDP/GTP cycle of Rab5
(H. Stenmark & O. Ullrich).

We have shown previously that Rab5 is associated with
the plasma membrane, clathrin-coated vesicles and early
endosomes, is required in the homotypic fusion of early en-
dosomes in vitro and regulates endocytosis in vivo (Chavrier
et a/., 1990; Gorvel et a/., 1991; Bucci et a/., 1992). The
conformational changes occurring during the GTP/GDP cy-
cle appear to be essential for the function of Rab proteins.



PLATE 5

Confocal immunofluorescence microscopy analysis of con-
trol BHK cells and cells over-expressing Rab5 L79 mutant
protein.

(A) Control BHK cells stained with anti-Rab5 antibodies showing a
typical pattern of early endosomes.

The regions affected may interact with specific regulatory
or effector molecules. In collaboration with Alfonso Valencia
(Sander group), sequence alignments and molecular mod-
elling were employed to identify candidate regions. To test
the role of these elements experimentally, in collaboration
with B. Goud (Pasteur Institute) we transplanted them onto
Rab6, which is associated with the Golgi complex. The
chimeric proteins were assayed for intracellular localization
and stimulation of endocytosis. First, in agreement with
previous results (Chavrier et a/., 1991), we found that the
C-terminus of Rab5 could target Rab6 to the plasma mem-
brane and early endosomes. However, although required,
this region did not confer Rab5-like stimulation of endocy-
tosis. Further replacement of other regions revealed that
distinct structural elements (N-terminus, helix a2/loop5 and
helix a3/loop7), including those implicated in the confor-
mational changes during the GTP/GOP cycle, specify the
localization, membrane association and regulatory function
of Rab5.

While these experiments have established that the regions
involved in the conformational change accompanying GTP-
hydrolysis are required for function, they did not elucidate
the role played by GTP-hydrolysis in the activity of Rab5.
To address this question, two mutants with opposing bio-
chemical properties were tested. Expression of Rab5 Q79L,
which has strongly decreased intrinsic GTPase activity and
is found mainly in the GTP-bound form in vivo, led to the
appearance of unusually large early endocytic structures
in baby hamster kidney (BHK) cells (Plate 5). The rate of

In (B) much larger endocytic structures are observed in BHK cells
over-expressing the GTPase-deficient mutant Rab5 L79.

The images, taken on the EMBL confocal microscope, are of
one optical section of 0.4 J-Lm taken from the base of the cells.
Field==48J-Lm.

transferrin internalization was increased, whereas the rate
of recycling was inhibited in these cells. In collaboration
with the Gruenberg group, we found that cytosol containing
Rab5 Q79L stimulated homotypic early endosome fusion
in vitro. In contrast, over-expression of Rab5 S34N, which
has preferential affinity for GOP, induced the accumulation
of very small endocytic profiles and inhibited transferrin
endocytosis. This protein inhibited fusion between early
endosomes in vitro. The opposite effects of the Rab5 Q79L
and S34N mutants suggest that Rab5:GTP is required prior
to membrane fusion, whereas GTP hydrolysis by Rab5
occurs after membrane fusion and is necessary to inactivate
the protein. Further studies suggested that conversion of
GTP-Rab5 into the GOP inactive form is required for its
dissociation from the membrane.

Finally, effort has been devoted to determine the crystal
structure of a Rab protein, in collaboration with Peter Met-
calf's group.

Co-factors regulating the membrane association
of Rab proteins (0. Ullrich, H. Horiuchi,
K. Alexandrov & H. Stenmark)

Rab proteins are thought to shuttle between their specific
membrane compartments and the cytoplasm in a guanine
nucleotide-dependent manner. A protein which inhibits the
dissociation of GOP but not GTP from Rab3a has been
identified by Prof. Y. Takai (Kobe, Japan) and colleagues.
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This factor, termed smg p25A GOI, induces the dissociation
from synaptic membranes and vesicles of Rab3a (Araki
et al., 1990). In collaboration with Prof. Takai we have
tested the activity of smg p25A GOI on several members
of the Rab protein family using an in vitro assay. We
could show that smg p25A GOI removed all Rab proteins
from the membrane of streptolysin O-permeabilized Madin
Oarby canine kidney (MOCK) cells. Thus, smg p25A GOI
(renamed Rab GOI) is a general regulator for the mem-
brane association of Rab proteins. In addition, we found
that Rab GOI is also associated with compartments of the
exocytic and endocytic pathways. The observed activity
may reflect a physiological role of Rab GOI in regulating
the reversible transition of Rab proteins from their spe-
cific membrane compartment to the cytosol. To address
this question further, we have reconstituted the cytosolic
form of Rab5 using purified GOP-bound Rab5 and Rab
GOI, and used the Rab5-Rab GOI complex to investigate
the mechanism of membrane association of Rab5 in the
permeabilized cell system. Exogenously added Rab5 was
correctly targeted and induced the formation of enlarged
early endosomes. This process required Rab GDI which,
upon binding of Rab5 to the membrane, was released.
We found that, initially, Rab5 binds to the membrane in
the GOP-bound form despite the observed release of Rab
GOI. Subsequently, the GOP-bound form is converted into
the GTP-bound form. Thus, membrane association of Rab5
appears to be a multi-step process involving one or more
factors which bind GOP-Rab5, induce dissociation from Rab
GDI, and catalyze the conversion from the GOP- to the
GTP-bound form. We are currently trying to identify and
characterize the factors mediating the membrane associ-
ation of Rab5.

Rab5 homologues in Saccharomyces cerevisiae
(B. Singer-KrOger &H. Stenmark).

The identification of regulatory components for Rab proteins
could be facilitated by means of genetic screening (Pryer
et al., 1992). Using a PCR approach we have identified
two genes, YPT51 and YPT53, encoding proteins with 54%
and 52% identity to Rab5 from Saccharomyces cerevisiae.
In Prof. Philippsen's laboratory (Basle), sequencing of the
yeast chromosome XI has revealed a third Rab5-like gene,
YPT52. In collaboration with this group and Prof. Gallwitz's
group (Gottingen), we performed a phenotypic characteriza-
tion of single, double and triple deletion mutants. Endocytic
delivery to the vacuole of two markers, lucifer yellow CH (LY)
and a-factor, was inhibited in Llypt51 mutants and aggra-
vated in the double ypt51ypt52 and triple ypt51ypt52ypt53
mutants, suggesting a requirement for these small GTPases
in endocytic membrane traffic. These data suggest that
Ypt51 p, Ypt52p, and Ypt53p share structural and functional
similarity to mammalian Rab5. In addition to these defects,
the ypt mutants displayed a number of other phenotypes
reminiscent of some vacuolar protein sorting (vps) mu-
tants. This implies that Ypt51 p, Ypt52p, and Ypt53p are
required for transport in the endocytic pathway and for
correct sorting of vacuolar hydrolases, suggesting a pos-
sible intersection of the endocytic with the vacuolar sorting
pathway.
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Rab proteins in epithelial cells and embryonic
development (A. LOtcke, C. Murphy, O. Orioli,
P. Zacchi & A. Giner)

Since polarized epithelial cells rely on specific apical and
basolateral transport pathways, we have searched for Rab
proteins specifically expressed in these cells. The expres-
sion of the novel Rab proteins was determined in cell
lines and mouse organs by Northern blot analysis. One of
these proteins, Rab17, was detected in kidney, liver and
intestine but not in organs lacking epithelial cells nor in
fibroblasts. Studies on the expression of Rab17 in the devel-
oping kidney, in collaboration with Or. Lehtonen's group in
Helsinki, showed that the protein is epithelial cell-specific. In
the embryonic kidney, unpolarized mesenchymal stem cells
differentiate into epithelial cells in response to an inductive
interaction with the ureter bud. We found that Rab17 is
absent from the mesenchymal precursors but is induced
upon their differentiation into epithelial cells. The protein was
localized (collaboration with Robert Parton (Griffiths group))
to the basolateral plasma membrane and to apical tubules,
suggesting an involvement in transcellular transport. Studies
in cultured epithelial cells are now required to pinpoint the
transport step controlled by Rab17.

The expression pattern of Rab17 suggests that this pro-
tein is required at a precise stage during epithelial cell
differentiation and embryonic development. To investigate
the function of Rab17 in vivo, we have constitutively ex-
pressed the rab17 L77 mutant (analogous to the GTPase-
deficient rab5 L79) in transgenic mice from the early stages
of embryonic development to adulthood. As a first step,
several transgenic mice expressing the rab17 L77 mutant
have been analysed. Histological analysis revealed that
the proximal and distal tubules of the newborn kidney are
distended, and the cytoplasm of the tubular cells contain
abnormal inclusions. The effect of the transgene is lethal
most probably due to renal failure. We are currently inves-
tigating the effects of the mutant protein at early stages
of kidney development. The function and/or distribution of
other Rab proteins are also being explored in polarized cells.
Among them, Rab18 and Rab20, which display tissue- or
cell-dependent expression, have been localized to apical
dense tubules, suggesting a potential role in apical endo-
cytosis/recycling.

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

Rab proteins are not the only factors required for the
conversion of mesenchymal cells into polarized epithelial
cells. Components regulating the function of Rab proteins as
well as other elements of the transport machinery are also
likely to be induced. Our aim is to identify them using the
developing metanephric kidney as an experimental system.
This project involves the Simons group and the laboratory
of Or. Lehtonen in Helsinki.

Epithelial differentiation of the nephrogenic mesenchyme
can be reproduced in vitro by cocultivation with the inducer
tissue. This in vitro system gives the opportunity to syn-



chronize the differentiation of the mesenchymal cells. By
using differential hybridization and the recently described
differential display (Liang &Pardee, 1992) we have identified
several transcripts which are induced during the transition
from mesenchyme to epithelium. We are now determining
the nucleotide sequence of these cDNAs as a first step
towards elucidating the function of the encoded polypep-
tides.
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Mechanisms of chromosome transmission
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Chromosomes segregate during mitosis on microtubule-
based structures called mitotic spindles. Kinetochores as-
semble onto the genetically defined centromere DNA and
are responsible for attachment and correct segregation of
chromosomes at mitosis. To understand the biochemical
and structural basis of kinetochore function, my group, since
its start at the beginning of this year, has established an
in vitro assay to examine kinetochore function in the yeast
S.cerevisiae. The advantage of S.cerevisiae is that it is
the only organism in which the regions of centromere DNA
required for chromosome segregation have been defined.
Centromere DNA was attached to small fluorescent latex
beads. These centromere DNA beads were then incubated
in crude yeast extracts. Incubation of the beads in the
extracts caused the beads to bind to isolated microtubules.
Beads with a mutant DNA sequence attached, which will
not support chromosome transmission in vivo, will not bind
to microtubules. We have used this assay to identify com-
ponents of the yeast kinetochore. In collaboration with Phil
Hieter (Johns Hopkins), we demonstrated that two mutants
from his collection, which have deficiencies in chromosome
transmission, are mutants in genes which encode compo-
nents of the DNA binding complex of the yeast kinetochore.
We next investigated whether the DNA binding complex
was sufficient for microtubule binding of the kinetochore in
vitro. When purified 1DO-fold, we found that CBF3 com-
plexes were unable to support microtubule binding of the
beads in our in vitro assay. To identify microtubule binding
components of the yeast kinetochore, we have taken two
approaches. In the first we have established a complemen-
tation assay for microtubule binding factors. In this assay,
purified CBF3 is added to extracts made from yeast mutant
in the DNA binding proteins. Extracts from these mutants
will not support microtubule binding in our assay due to
the defect in DNA binding. However, when the extract is
added to purified CBF3, full reconstitution of microtubule
binding is seen. We are purifying microtubule binding factors
and following the purification by assaying whether different
column fractions will stimulate binding of the purified CBF3
complex.

The second approach to investigate the microtubule binding
proteins of the yeast kinetochore has been a genetic one.
We have screened for genes which in high copy num-
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ber will suppress the growth defect of the mutants in the
DNA binding complex of the yeast kinetochore. We have
identified three classes of suppressors. Extracts from these
suppressed strains were tested in the in vitro assay. One
of the classes suppresses the biochemical defect assayed
in our in vitro assay. It appears to stimulate microtubule
binding without affecting the DNA binding defect. We there-
fore suspect that this suppressor is a component of the
microtubule binding complex of the yeast kinetochore.

Next year we hope to have some sequence information
about some of the microtubule binding components and
to investigate then how they interact with microtubules to
mediate chromosome segregation.

The mechanisms of cytokinesis are also investigated by our
group. Cytokinesis is a complicated problem because the
contractile machinery of the cortex must be activated at mi-
tosis, and then the microtubules of the mitotic spindle signal
to the cortex to define the position of the cleavage furrow. To
understand this problem we have begun to establish an in
vitro assay for cytokinesis. In this assay, we isolate pieces
of Xenopus cortex. These pieces of cortex are incubated
with cytoplasm of the Xenopus extracts. The advantage of
the Xenopus extract is that its cell cycle state can easily be
manipulated. We will therefore investigate the changes'in
contractile machinery during the cell cycle.
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Differentiation Programme

Introduction

Research in the Programme centres around basic mecha-
nisms of normal and malignant growth control, differentia-
tion and development, with particular empha$is on genes
whose products playa role during signal transduction. Most
groups in the Programme work in one way or another
on the mechanisms by which external signals, such as
growth factors or cell associated proteins, are perceived
by the cell and how the signals are transmitted through
the cytoplasm to the nucleus, leading to alterations in
gene expression. More specifically, the role of basic fi-
broblast growth factor is being explored during embryo-
genesis and organogenesis, where it is thought to have
inductive properties. In a new line of research, brought in
by ROdiger Klein to the Programme, the function of vari-
ous neurotrophin receptors is being studied in transgenic
mouse strains in which the normal receptor genes were
inactivated by homologous recombination. Several groups
are studying more ubiquitously acting components of the
signal transduction machinery, such as the Src family of

protein kinases and their targets, as well as transcription fac-
tors that are regulated by phosphorylation/ubiquitinylation.
Finally, several groups are trying to understand how mul-
tipotent precursor cells decide to differentiate into one or
another type of progeny and how they form defined tissue
patterns. Again this involves the study of various signal
transducing molecules, including cell surface receptors and
transcription factors. Here the Programme has received
strong reinforcement with the arrival of Stephen Cohen
who works on mechanisms of determination and pattern
formation in the wings and legs of Drosophila. Last but
not least, efforts continue to understand how germ cells
are set aside during early embryonic development of the
fruitfly.

In the fall of 1993 Denis Duboule returned to his native
Switzerland, where he has taken the position of a professor
at the University of Geneva. It is largely to his credit that
developmental biology was firmly (re)established at EMBL.
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Role of nuclear oncogenes in the proliferation of
differentiation of haematopoietic progenitor cells
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Our recent work has focused on the function of oncogenic
transcriptional activators and their effects on haematopoietic
differentiation. We have chosen a naturally occurring acute
avian leukemia virus called E26, that contains both the
myb and ets oncogene and which produces a Gag-Myb-Ets
fusion protein. This virus is capable of inducing the prolifer-
ation and differentiation arrest of myeloblasts (precursors of
macrophages and granulocytes) and in addition that of mul-
tipotent haematopoietic progenitors, designated as MEPs
(Graf et al., 1992).

The interest in the E26 virus is twofold. (1) It serves as a
model for understanding the function of an increasing num-
ber of nuclear fusion proteins implicated in the causation
of various types of human neoplasms, including leukemias.
(2) Through its ability to transform multipotent progenitors,
it can be used to study basic processes which alter the
balance between proliferation and differentiation. The virus
transformation system offers the advantage of being easily
accessible experimentally allowing, for example, the study
of the effects of conditional mutations in either Myb or Ets.

Temperature-sensitive mutants in Myb of E26:
studies on the correlation between DNA binding
and cell transformation

We have isolated a number of temperature-sensitive mu-
tants capable of transforming myeloblasts at 37°C but not
at 42°C. Mutant transformed cells can be induced to dif-
ferentiate into macrophages if the temperature is shifted
from 37°C to 42°C, presumably because inactivation of the
oncoprotein leads to a release of the differentiation block.
The lesion in these mutants, of which ts21 is the prototype,
is a threonine to arginine transition in the third repeat of
the DNA binding domain of Myb. Such mutants are also
temperature-sensitive if the Ets portion of the fusion protein
is removed implying that they are not specific to the fusion
protein. In an effort to understand why the ts21 mutant
fails to transform cells at the non-permissive temperature,
the Myb/DNA binding domains of the mutant and that of
wild-type virus were expressed in reticulocyte Iysates and
analysed in bandshift experiments, using a labelled Myb
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oligonucleotide. When the reaction was performed at room
temperature, both the mutant and wild-type proteins were
found to bind to the oligonucleotide. In contrast, at 42° C
the wild-type but not the mutant protein bound (Plate 6).
This indicates that the threonine to arginine transition in
position 339 confers a temperature-sensitive binding of the
Myb protein to its cognate DNA sequences. Substitution of
the homologous threonine in repeat 2 of the DNA binding
domain resulted in only weak temperature-sensitivity, as
measured both biologically and in band shift experiments
using the isolated DNA binding domain. This finding is
compatible with the notion that the Myb repeats fulfill similar

PLATE 6

t521 Myb DNA binding is temperature-sensitive. The bandshift
experiments shown were performed with a labelled mim-1 promoter
sequence and bacterially expressed t521 and wt Myb proteins, with
gels run at room temperature or at 42° C. The faster migration of
the wtMyb:DNA complex at 42° C is a result of the lower viscosity
of the gel at higher temperatures.



Rem-1 protein in haematopoietic cell growth and differen-
tiation.

V-Myb inhibits thrombocyte differentiation in
transformed haematopoietic progenitors

The results are compatible with the notion that the Myb
domain of the fusion protein specifically interferes with both
platelet and macrophage differentiation. As illustrated in
Plate 7, this suggests a model in which differentiation of

GranulocyteEosinophil

PLATE 7

Scheme summarizing the three types of progenitors transformed
by E26 virus and their differentiation capacities. Two types of
Myb-Ets transformed progenitors (MEPs) can be distinguished:
a more immature (type 1 MEP) transformed by either wild-type
or a ts mutant virus with a lesion in Myb; and a more mature
(type 2 MEP) transformed by a ts mutant virus with a lesion
in Ets. In addition, E26 virus or constructs containing Myb only
transform a myelomonocytic progenitor (myeloblast). Temperature
shifts of type 1 MEPs induce the formation of thrombocytes while
erythrocytes, myeloid cells and eosinophils are generated from
type 2 MEPs. T5 Myb mutant-transformed myeloblasts shifted to
the non-permissive temperature differentiate into macrophages.

As mentioned above, MEPs transformed at 35° C by an
E26 mutant with a lesion in the Ets binding domain can be
induced to differentiate along the erythroid, myelomonocytic
and eosinophilic lineages following shift to 42° C. Similar
studies were also performed with t521 , the prototypic ts Myb
mutant of E26. These experiments revealed that following
shift of ts21 transformed MEPs to 42° C the cells acquired a
morphology characteristic of thrombocytes (platelets). This
could be confirmed by demonstrating the upregulation of
gplib/llla, a thrombocyte specific integrin, and by the for-
mation of specific granules, as revealed by the thrombin-
mediated release of serotonin from cells shifted to the
non-permissive temperature. The same cells grown at 35° C,
when treated with the phorbolester TPA, could be induced
to differentiate along the eosinophil and myelomonocytic
lineages, demonstrating their multipotentiality.
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In another screen for temperature-sensitive mutants of the
E26 virus, we have identified a mutant (t51.1) that is ca-
pable of transforming MEPs at 35° C but not at 42° C.
When t51.1-transformed cells are shifted from 35° C to 42° C
they can be induced to differentiate along the erythroid
and myelomonocytic lineages and to a variable (clonally
dependent) degree along the eosinophilic lineage (Kraut et
al., 1994). In addition, we could show that the histidine to
aspartic acid substitution contained in Ets of this mutant
confers an impaired and temperature-sensitive DNA bind-
ing capacity as measured with the isolated DNA binding
domain of Ets. The temperature-inactivated mutant pro-
tein could be reactivated by a four hour incubation pe-
riod at room temperature, suggesting that the denatured
protein can refold in vitro (Kraut et al., 1994). This in-
dicates that (Myb)-Ets induces both the proliferation and
a differentiation block of multipotent progenitors, presum-
ably by binding to DNA and thus activating or inacti-
vating specific target genes. Such target genes are par-
ticularly interesting since they might help to explain the
unique properties of the fusion protein and might also
deepen our understanding about decision making processes
(proliferation versus differentiation) in multipotent progeni-
tors.

We have therefore exploited the t51.1 mutant-transformed
cell system to screen for Ets target genes in the context of its
fusion with Myb, using a subtractive hybridization protocol.
Of 50,000 subtracted cDNA clones, obtained from a library
in which Ets was active, one was found to be expressed
in t51.1 MEPs grown at 35° C but not when they were
shifted to 42° C. The expression of the corresponding RNA
could be induced in t51.1 MEPs (shifted for 24 hours to
42° C) within 4 hours of a backshift to 35° C, even in the
presence of a protein synthesis inhibitor, suggesting that
the gene is directly regulated. The candidate target gene
is highly expressed in brain but also in bone marrow, liver,
eye and gut of normal chicks. The predicted 22 kDa pro-
tein is homologous to recoverin and brain specific calcium
binding proteins such as neurocalcins. We have tentatively
called it rem-1 (for regulated by et5 in MEPs). Recoverin
and neurocalcins are believed to play an important role in
signal transduction in sensory organs. Further studies will
be necessary to identify the sites in the rem-1 gene that
are bound and regulated by Ets and the function of the

Temperature-sensitive mutants in Ets of E26:
Identification of a putative direct target gene
in MEPs

but not identical functions. Among a number of additional
mutants engineered in the DNA binding domain, the TMDN
mutant, which exhibits a 4 amino-acid substitution, is the
most interesting. This mutant, like t521 , does not transform
myeloid cells at the non-permissive temperature but, unlike
the former, encodes a DNA binding domain that is active
even at 42° C as measured by band shift assays. Our results
with the two types of temperature-sensitive mutants indicate
that cell transformation by Myb requires both protein/DNA
and protein/protein interactions. In addition they may help
to predict residues in other transcription factors which might
confer temperature-sensitivity if mutated.
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myeloid/erythroid progenitor proceeds in a stepwise fashion
and in which Myb and Ets interfere at three distinct restric-
tion points.

Cooperation between the v-myb and
v-erbA oncogenes

As mentioned earlier the v-myb oncogene on its own
induces the proliferation of chicken myeloblasts. It can
also cooperate in the transformation of erythroblasts when
coexpressed with v-ets, a weakly transforming oncogene
on its own. Another transcription factor-type oncogene
known to transform weakly erythroid cells is v-erbA. Un-
like v-ets-transformed cells, v-erbA-transformed cells are
growth factor-dependent (TGFa, erythropoietin). To deter-
mine whether v-myb and v-erbA can cooperate in the trans-
formation of erythroid cells we constructed retroviruses that
express both oncogenes from a bicistronic message, using
a vector with an internal ribosomal entry site. Our results
showed that the double oncogene containing viral construct
induced the formation of transformed colonies in infected
early embryo yolk sac cells ("blastoderm") at about 5-fold
higher efficiencies than a virus containing v-erbA only. In
addition, the doubly transformed colonies had a slightly ex-
tended life-span, probably reflecting their increased survival
capacity. They did not differ, however, in a number of other
properties (duplication time, growth factor dependence and
cell surface antigen expression). When injected into chick
embryos both types of viruses induced leukemias in the
hatched animals, although the v-myb/v-erbA virus did so
with a shorter latency period.
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These results suggest that v-myb, while not directly in-
ducing the proliferation of erythroid cells, increases their
survival, perhaps by preventing apoptosis. In addition, our
data showed for the first time an oncogenic potential of the
v-erbA oncogene by itself (we believe that earlier failures to
show this were due to the use of vectors with limited repli-
cation capacity). This raises the possibility that the v-erbA
oncogene not only blocks differentiation but also facilitates
the exit of erythroid progenitors from the bone marrow,
perhaps by altering the pattern of adhesion molecules on
their surface.
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Tyrosine phosphorylation
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The Src family of protein tyrosine kinases are a group
of enzymes thought to function in signal transduction and
growth control. The prototype for the group is the Src pro-
tein, which was first identified as the transforming protein
of the chicken retrovirus, Rous sarcoma virus. While some
other members of the family were also first described as
retroviral oncogenes, yet others were not detected in this
way, but rather by homology screening. Nevertheless, in
all cases where tested, appropriate mutagenesis has un-
covered the transforming potential of these proteins. Most
Src family members are restricted in their expression to
certain haematopoietic cells, but at least three (Src, Fyn and
Yes) have a much broader tissue distribution. Among other
potential functions, the tyrosine kinases of the Src family
are thought to be involved in signal transduction, both in
a cell's response to ligands whose receptors themselves
lack intrinsic kinase activity (for example the association of
Lck with CD4 and CDB), and to ligands whose receptors
are themselves protein tyrosine kinases (see below). We
are interested in the protein products of the src, fyn and yes
genes, and particularly in their roles in normal and abnormal
growth control.

Transformation by middle T antigens
(L. Brizuela & M. Jones)

The transforming protein of the mouse polyomavirus, mid-
dle T antigen (MomT), transforms established fibroblasts
in culture, and causes tumours in vivo. MomT associates
with and activates Src and Yes (and also associates to
a much lesser extent with Fyn), the phosphatidylinositol
3-kinase, and the serine/threonine phosphoprotein phos-
phatase PP2A. We recently characterized a new middle T
antigen from the hamster polyomavirus (HaPV). This virus is
of interest because, although it transforms mouse fibroblasts
in vitro, the predominant tumours observed in vivo are
lymphomas and epitheliomas. In contrast, the mouse poly-

omavirus causes a wide variety of tumours, but never lym-
phoma. Like its murine counterpart, the hamster middle T
antigen (HamT) associates with PP2A, phosphatidylinositol
3-kinase and protein tyrosine kinase activities. However,
HamT associates exclusively with Fyn. Thus the Src family
kinases, despite their extensive similarities, are functionally
distinct in vivo. Furthermore, these results raise the pos-
sibility that the ability of HaPV to cause lymphoid tumours
may reside in its ability to associate with Fyn, a potentially
important tyrosine kinase in lymphocytes.

To investigate this we have undertaken a study of the effects
of HamT in lymphocytes. To study lymphocyte activation we
measured the induction of transcription from the interleukin 2
(IL2) promoter (the activation of which is a hallmark of T cell
activation), in T cells transfected with HamT and MomT. We
found that HamT induced IL2 transcription but MomT did
not. A dominant negative version of Fyn, but not of Lck,
inhibited HamT-induced IL2 activation, suggesting that it
was indeed working through Fyn in these cells. Dominant
negative versions of Ras and Raf also inhibited HamT-
induced IL2 activation. We are currently using the HamT to
explore in more detail the consequences of activating Fyn
in T cells. We have also initiated in vivo experiments aimed
at elucidating the exact nature of the lymphocyte population
that HamT transforms.

Involvement of Src family kinases in the
response to growth factors (G. Alonso,
M.-V. Barone, A. Heber, M. Kegl, S. Roche &
G. Twamley-Stein)

The binding of the peptide growth factor, PDGF, to cells that
express its receptor leads to a series of biochemical events
that culminates in cell division. The first step is activation of
the intrinsic tyrosine kinase activity of the receptor, which in
turn leads to the association of the receptor with a num-
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ber of cellular proteins including: the phosphatidylinositol
3-kinase; phospholipase C,; rasGAP (involved in control
of the GTPase activity of the ras oncogene); a tyrosine
phosphatase, Syp; and the three ubiquitously expressed
members of the Src family, Src, Fyn and Yes. Binding of
the Src family kinases to the receptor is also coincident
with novel tyrosine phosphorylations of the Src kinases,
as well as an increase in their intrinsic tyrosine kinase
activity. We recently demonstrated (in collaboration with
Dr. Martine Roussel (St. Judes, Memphis, Tennessee)) that
the activated CSF-1 receptor also activates and associates
with Src family kinases.

We used a microinjection system (in collaboration with
Rainer Pepperkok and Wilhelm Ansorge) to test whether
the Src family kinases were required for cells to respond to
PDGF. The first microinjections were of plasmids directing
expression of dominant negative versions of Src and Fyn.
These mutants are catalytically inactive but retain the ability
to associate with the activated PDGF receptor via their
intact SH2 domain. The expression of high levels of kinase-
inactive Src or Fyn in this way inhibited the ability of the
cells to enter S phase in response to PDGF stimulation. The
expression of similar amounts of kinase-active Fyn or Src
had no such inhibitory effect. We assume that the high levels
of kinase-inactive Fyn or Src compared to the low levels of
active Src family molecules caused most PDGF receptors
to associate with kinase-inactive molecules which could
not transmit a necessary signal. In keeping with this, the
presence of the SH2 domain was necessary for inhibition to
be detected. The block to DNA synthesis could be overcome
by simultaneous microinjection of activated Ras, which is
believed to act downstream of Src family kinases. We inter-
pret these data to mean that the Src family kinases must
associate with and become activated by the PDGF receptor
in order for PDGF-induced DNA synthesis to take place.
However, experiments of this sort (and indeed experiments
that test the functionality of. receptors mutated at binding
sites for particular proteins) rely upon the·assumption that
each protein that associates with the receptor has a distinct
and separate binding site. Since this may' not jalways be the
case, we also sought an independent approach to test the
requirement for Src family kinases.

We have made use of an affinity purified anti-peptide anti-
body that recognizes all three Src family kinases expressed
in fibroblasts. Microinjection of this antibody inhibited entry
of cells into S phase in response to PDGF. As a control,

. the antibody was preincubated with cognate peptide before
microinjection: this relieved the inhibition. Why does the
antibody inhibit? Using a rapid and efficient' purification
method we recently developed in the laborator.y to isolate
large quantities of soluble, pure Fyn, we could shoW that
the antibody significantly inhibited kinase This, to-
gether with the fact that bound antibody probably hinders the
ability of the kinase to associate with other proteins in vivo,
explains the inhibition. We have therefore cODfirmed that
the Src family kinases are necessary for cells. to respond
to PDGF. By microinjecting the antibody at jimes
after growth factor addition, we could alSo ask for how
long they were required. Surprisingly, we found that the
antibody inhibited when microinjected up to 8 hours after
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growth factor addition, suggesting a prolonged need for the
Src family kinases for the first half of G1. We have also
used this antibody microinjection technique to demonstrate
a requirement for Src family kinases in the response to
CSF-1, and are currently testing other growth factors.

What function do the activated Src family kinases have in
this signal transduction pathway? We are taking three ap-
proaches to investigate this. Firstly, using the microinjection
system, we are studying events that happen during G1 after
growth factor stimulation and prior to DNA synthesis. These
include transcriptional activation of certain genes, as well as
changes in the cytoskeleton, in junctional communication
etc. We aim to try and correlate the necessity for the Src
family kinases with one of these responses. Secondly, our
working hypothesis is that certain proteins phosphorylated
on tyrosine in response to PDGF are substrates not of
the PDGF receptor, but of the Src family kinases. To test
this hypothesis we are investigating ways to express large
amounts of kinase-inactive Fyn or Src from an inducible pro-
moter, to allow the induction of high levels of the dominant
interfering protein shortly before PDGF treatment. Tyrosine
phosphorylated proteins will then be studied. Thirdly, an-
other approach to study patterns of tyrosine phosphorylated
proteins will utilize phosphopeptides. In preliminary analy-
ses, we have used a permeabilisation system to introduce
into cells phosphopeptides with high binding affinity for the
SH2 domain of Src, Fyn and Yes. This treatment prevents
the association of the Src family kinases with the activated
PDGF receptor when the cells are subsequently treated with
PDGF. This approach will therefore allow us to analyse
tyrosine phosphorylated proteins in cells in which the Src
kinases do not respond to PDGF.

The phosphatidylinositol 3·kinase (S. Roche)

The phosphatidylinositol 3-kinase (PI 3-K) was first identified
as an enzyme associated with protein tyrosine kinases of
the Src family and with the activated PDGF receptor, and
was subsequently shown to associate with several receptors
including those for epidermal growth factor (EGF), nerve
growth factor (NGF) and colony stimulating factor-1 (CSF-1),
as well as with several non-receptor tyrosine kinases such
as the mT:cSrc complex, and fms, crk and abl oncogene
products. PI 3-K phosphorylates phosphoinositides at the
03 position of the inositol ring, leading to the formation of
PI(3)P, PI(3,4)P2 and PI(3,4,5)P3. These products are poor
substrates for any known member of the phospholipase C
family, suggesting that they may not belong to the canonical
PI cycle but that they may form a new class of second mes-
senger. PI 3-K activation and the formation of its products
could be an important step in mitogenic/oncogenic signal
transduction.

We have investigated the interaction of PI 3-K with mT:cSrc
complexes and with the PDGF receptor. Firstly, we under-
took reconstitution studies, using proteins derived from a
baculovirus expression system. The p11 0 catalytic subunit
of the PI 3-K associated with tyrosine kinases only when
complexed with the p850 regulatory subunit. Both p850 and
p110 were substrates of the PDGF receptor. In contrast,



only the p85o: subunit was detectably phosphorylated when
PI 3-K was associated with mT:cSrc. Secondly, we studied
PI3-K in mammalian cells. In mT-transformed NIH-3T3 cells
neither p85o: nor p110 were phosphorylated on tyrosine
residues in vivo, even though p85o: was a substrate in
in vitro kinase assays. In quiescent NIH-3T3 cells, PI 3-K
showed detectable in vitro activity; PDGF stimulation re-
sulted in a rapid and transient association of PI 3-K with
the receptor, which was correlated with a transient increase
in intrinsic PI 3-K activity (approximately two-fold). The
activated PDGF receptor phosphorylated p110 in vitro, at
one major site. In vivo, PDGF stimulation induced tyrosine
phosphorylation of p11 0 that persisted for at least one hour
after stimulation. Immunodepletion of the PDGF receptor
from stimulated ceillysates showed that p11 0 was released
from the receptor in a tyrosine phosphorylated form. From
these results we conclude that: the mT:cSrc complex and
the PDGF receptor differ in their association with PI 3-K
activity; PDGF receptor appears to activate PI 3-K in vivo
both by relocation of the enzyme and by stimulation of its
intrinsic activity; and tyrosine phosphorylation of the p110
subunit by the PDGF receptor may play a role in PI 3-K
regulation in some circumstances.

We have generated anti-peptide antibodies specific for the
p110 subunit. We are now using these antibodies in mi-
croinjection experiments similar to those described earlier to
investigate the requirement for the PI 3-K in the responses
to several growth factors.

The regulation of Src activity (T. Erpel,
S. Fumagalli, M. Kogi & G. Superti-Furga)

Phosphorylation of cSrc at tyrosine 527 (one of the major
in vivo phosphorylation sites, located within its carboxy-
terminal sequences) has a strong negative effect on the
activity of the kinase, and therefore is an important regu-
latory site. Indeed, mutagenesis of tyr 527 to phenylalanine
(Y527F) increases kinase activity, and is sufficient to convert
proto-oncogene to oncogene. A tyr 527 kinase, termed
Csk, has been identified and cloned. This protein is related
(rv45% identity) to cSrc, having both Src homology (SH)
regions 2 and 3, and catalytic domain, but lacks sequences
amino terminal to the SH3 domain, as well as carboxy
terminal regulatory sequences. Amodel has been proposed
that accommodates the requirement for the integrity of both
the SH2 domain and tyr 527: it suggests that phosphorylated
tyr 527 interacts intramolecularly with the SH2 domain to
generate a conformation that has little kinase activity, and
that prevents the SH2 domain from interacting with other
proteins. Dephosphorylation of tyr 527 (or mutation of either
it or the SH2 domain) allows cSrc to adopt an active con-
formation. Much circumstantial evidence favours this model,
however it has proved difficult to test directly in mammalian
cells. Src expressed in yeast has only a low stoichiometry
of phosphorylation on tyr 527, and is highly active in in
vitro kinase assays. We exploited the absence of a tyr 527
kinase in yeast to study the regulation of cSrc and test the
role of the SH2 and SH3 domains of Src in the negative
regulation exerted by tyr 527 phosphorylation. Inducible
expression of cSrc in Schizosaccharomyces pombe caused

cell death. Co-expression of Csk counteracted this effect.
Src proteins mutated in either the SH2 or SH3 domain were
as lethal as wild-type cSrc, but were insensitive to Csk,
even though they were substrates for Csk in vivo. These
data support the model of an SH2 domain:phosphorylated
tail interaction repressing cSrc activity but expand it to
include a role for the SH3 domain. We therefore proposed
that the SH3 domain contributes to the maintenance of the
folded, inactive configuration of the Src molecule either by
binding near the carboxy-terminus or by stabilizing the SH2
domain:phosphorylated tail interaction.

We are now in the process of examining the requirement
for and function of the SH3 domain of Src in much more
detail. Our current experiments include mutational analysis
of conserved residues of the SH3 domain, as well as the
generation of Src molecules in which SH3 domains from
other proteins (for example spectrin, Lck etc) replace Src's
own. These mutants will be tested both for their regulation
by Csk in the S.pombe system, but also for their capacity
to transform mammalian cells. Furthermore, we will ask
whether there is a correlation between the ability of the SH3
domain to regulated Src intramolecularly, and its ability to
associate with other proteins (see below).

We have noted that, when expressed in S.pombe, Csk had a
very restricted substrate specificity. It was unable to phos-
phorylate any S.pombe proteins, and only recognized Src
family kinases as substrates. We are currently investigating
this unusually strict substrate specificity in more detail using
the S.pombe system. We are also testing whether the SH2
and SH3 domains of Csk are required for it to recognize and
phosphorylate Src.

Src family kinases and mitosis (S. Fumagalli)

Earlier, we mentioned the activation of Src family tyrosine
kinases during the G1 phase of the cell cycle in response
to certain growth factors. However it has previously been
shown by Shalloway and co-workers that Src also becomes
activated as cells enter mitosis, Le. at the G2/M transition.
We asked whether this activation was unique to Src, or
whether other members of the Src family also underwent
similar activation. Using fibroblast cell lines, we have found
that both Fyn and Yes also become transiently activated
at the G2/M transition. We are currently using the microin-
jection techniques described earlier to determine whether
activation of these kinases is required for mitosis to proceed.

Cells transformed with activated alleles of cSrc contain
many tyrosine phosphorylated proteins (several of which
have been identified) but whether phosphorylation of these
substrates is cell cycle-dependent is not known. We com-
pared the phosphotyrosine content of Src-transformed cells
that were either growing or arrested in mitosis. Phosphory-
lation of most proteins was unchanged during mitosis, but
phosphorylation of one protein of rv68 kDa was markedly
enhanced. Immunoprecipitation analysis demonstrated that
p68 was physically associated with activated cSrc, via the
SH3 domain of cSrc. Purification and microsequencing of
p68 is ongoing.
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The mammalian genome contains 38 members of the "Hox"
gene family. These genes are clustered in four complexes
(HOXA, B, C and D) and encode proteins (homeoproteins)
harboring a homeodomain related to that present in the
Drosophila homeotic genes. Homeoproteins are transcrip-
tion factors involved in the key control of morphogenetic
events such as instructing various cells on their positions
and fates along the major body axes. Though the target
genes of such homeoproteins are not yet known, it is
believed that various combinations of such proteins could
differentially affect the same or different genes located
"downstream" in developmental pathways and therefore fi-
nally lead to differential cytodifferentiation. Recent results
obtained by introducing perturbations in such homeopro-
tein combinations support this hypothesis. DNA and protein
sequence comparisons between Hox genes suggests that
gene duplication generated, during evolution, the ancestral
HOX complex which was in turn duplicated to give rise to
the multicomplex organization reported in most of the verte-
brate species studied so far. These large scale duplication
steps may not have occurred in arthropods since Drosophila
contains only one copy of such an ancestral complex. In
this case, it appears that this complex was split to give
rise to the two known Bithorax and Antennapedia homeotic
gene complexes, whereas other arthropods such as beetles
may still have a unique cluster of homeotic genes. It thus
becomes clear that this family of genes has been strictly
conserved during evolution in most, if not all animal species
that show an antero-posterior (AP) asymmetry.

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

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

Structure and function of the HOXD complex genes
(M. Gerard, A. Renucci, G. Urier, J. Zakany &
F. van der Hoeven)

The HOXD complex (formerly called HOX-5 or HOX-4)
has been entirely cloned and characterized. It contains
eight genes with a homeobox. We have focused on the
first 5' genes of the complex and found that they are
all cognates of the Drosophila gene AbdB. These genes
(Hoxd-9 to Hoxd-13) are all expressed in very posterior
areas during development and are therefore believed to
specify positional information required for the ontogeny of
the posterior part of the vertebrate body. We have exten-
sively characterized the most 5'-located gene (Hoxd-13)
and were able to link it to the evx-2 gene, a gene which
is not a member of the HOXD complex (in collaboration
with P. Gruss (Gottingen)). In collaboration with P. Cham-
bon (Strasbourg), the function of the Hoxd-13 gene was
addressed by the production of an insertional mutant via
homologous recombination in embryonic stem (ES) cells.
Homozygote mutant mice are fully viable and have de-
fects in the skeletal elements along all three axes, Le.
in the penis, the vertebral column and in the limbs. In
adult limbs, a reduction (or deletion) of bony elements is
observed in the areas that express Hoxd-13 during chon-
drogenesis and ossification, Le. in all digits of the fore- and
hindlimbs. The mutant mice have been crossed with mice
carrying transgenes expressing ,B-gal under the control of
complete Hoxd regulatory regions which will allow us to
investigate potential cross-regulatory interactions between
Hox genes.

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

The d-11 promoter has been extensively studied in trans-
genic mice. Sequence comparisons between the human,
rodent and avian genes revealed highly conserved regu-
latory areas. Various pieces of the mouse Hoxd-11 locus
have been reintroduced into transgenic mice, driving the
bacterial lacZ gene as a reporter. This approach revealed
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that a DNA region extending both in 5' and 3' is necessary
to obtain an expression pattern similar to that of the en-
dogenous Hoxd-11 gene. Short DNA fragments have been
defined which are important for the regulation of the Hoxd-11
gene through both their interspecies conservations and their
abilities to reproduce part of the expression pattern when
placed upstream an heterogenous promoter. Chimeric con-
structs composed of pieces of mouse and chick DNA have
revealed a high interspecies conservation in Hox regulatory
sequences.

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

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

In collaboration with G. Morata (Madrid), we have continued
our analysis of the relationships between the phenotypic
suppression (Drosophila) and posterior prevalence (verte-
brate). Several transformant lines were produced that carry
a particular Hoxd cDNA controlled by a heat-shock pro-
moter. Upon heat-shocks of the embryos, several HOXD
proteins are able to induce phenotypes that are typical of
genuine homeotic transformations. This provides us with a
convenient system to define in vivo the functional domains
of the HOXD proteins. Interestingly, we could demonstrate
that a functional hierarchy amongst Hox genes has been
conserved between insects and vertebrates.

Functional studies of the Wnt-1 gene
(M. Lemaistre & J. Zakany)

We have continued our studies of a mouse strain which
ectopically expresses Wnt-1 in the developing limbs. This
expression leads to defective growth control and prevents
normal chondrogenic condensations to occur. This results in
severe defects in limb skeletal patterning. Such a strain shall
be of great interest to study potential interactions between
WNT proteins and other genes involved in limb growth and
patterning such as the Hoxd genes. We have analysed
the expression of several limb-specific genes in this mutant
strain such as the msx-1 gene or several Hoxd.
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Hoxd genes and pattern formation in the
zebra fish fins (F. van der Hoeven, P. Sordino,
T. Schimmang & J. Beckers)

We have now established the fish as a model system in
the laboratory. In parallel, we have cloned the entire Hoxd
complex as well as another gene involved in patterning the
developing CNS (hlx-1). We have set up the whole mount
in situ technology on this system and we should soon be
able to have a complete understanding of the expression of
the Hoxd genes in the developing pectoral fins. This will be
extremely interesting regarding the evolution of the tetrapod
limb. In collaboration with A. Fj0se (Bergen), the hlx gene
has been analysed in detail during the morphogenesis of
the fish's central nervous system.
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PLATE 8

In vivo ubiquitination assay on c-Jun.
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co-expressed in tissue culture cells. Jun-ubiquitin conjugates are
purified from Iysates of the transfected cells by nickel-chelate
chromatography and visualised by western blotting with antibodies
specific for the epitope tag.
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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. Presently the question
of whether ubiquitinationand degradation of c-Jun is a
constitutive process or whether it is subject to regulation is
under investigation. Mutagenesis experiments indicate that
signal-dependent phosphorylation events can influence the
ubiquitination state and therefore the stability of c-Jun."'*- tagged+ **_ Ubiquitin

*-

The half-life of a transcription factor evidently has a direct
impact on its activity in the cell. We have started to eluci-
date the molecular mechanism that determines the short
half-life of c-Jun. Using a novel assay system (Plate 8)
it was shown that c-Jun is multi-ubiquitinated in vivo and
that multi-ubiquitination is a degradation signal for c-Jun.
Interestingly, in v-Jun, the transforming version of c-Jun,
a domain that was identified as an essential ubiquitination
signal is deleted. Consequently, multi-ubiquitination of v-Jun
in vivo is strongly decreased and its half-life is increased

Ubiquitination

The activity of c-Jun is controlled by intracellularly trans-
duced signals, triggered for example by growth factors.
One well-known mechanism mediating a direct regulation
of c-Jun activity involves induced changes of the phos-
phorylation state of the protein which modulate its function
as a transcription factor. We have studied the molecular
details of this process. Combining results from mutagene-
sis, phosphate mapping, and DNA-binding experiments, we
propose a model that involves a series of phosphorylation
and dephosphorylation events leading to c-Jun activation
and ultimately enhanced transcription of target genes. In-
terestingly, these phosphorylations are not independently
regulated but influence each other in an "intra-molecular
signalling system".

Phosphorylation

The main interests of this laboratory are the function and
regulation of the oncogene-encoded transcription factors
Jun, Fos, and Ets. Using biochemical, molecular, and ge-
netic approaches, the group investigates how these factors
mediate the conversion of extracellular information into ge-
netic information, Le. how they turn on and off genes in
response to extracellular signals.
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Drosophila Jun and neuronal differentiation

It has long been suggested that Jun and its partner
molecule Fos are involved in the function and differ-
entiation of neurons. The developing eye of Drosophila
melanogaster is an excellent model system to study
neuronal differentiation processes. In collaboration with
Marek Mlodzik 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 un-
dergo neuronal differentiation to become photoreceptor
cells. Using transgenic flies that express dominant neg-_
ative mutants it was shown that Jun acts as a down-
stream effector of the sevenless tyrosine kinase which
confers neuronal photoreceptor identity to imaginal disc
cells. The sevenless signal is transmitted to Jun via the
ras/rat pathway. These findings provide new molecular
insight into Drosophila eye development and offer a pow-
erful genetic approach to study signalling to and from
Jun.
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A major unsolved question in the analysis of embryonic
development is how cells become committed and develop
into specialized cell types. Undetermined embryonic cells
acquire their positional values by responding to specific
thresholds imposed by inducers or morphogens. The molec-
ular basis of interpretation of morphogenetic signals by
embryonic cells and the initiation of differentiation remain
largely unknown. Both the FGF-2 and limb deformity (Id)
gene products have been implicated in these processes by
previous studies from our and other groups. We have mostly
taken advantage of the chicken embryo system to study
these proteins so far, but during the course of this year we
have also started to use the murine system, which enables
us to combine biochemical and embryological approaches
with the powerful tools of vertebrate genetics.

Differential expression of four FGF-2 isoforms
during chicken embryogenesis

We have previously isolated and studied the expression
of two types of sense FGF-2 transcripts. Highly specific
antisera have been raised against all the gene products
encoded by these transcripts to permit molecular analysis of
the different FGF-2 protein isoforms. The canonical FGF-2
transcript encodes three isoforms of 18.5, 20.0 and 21.5 kDa
which are translated by alternative initiation using the AUG
and upstream CUG start codons. The second, an alterna-
tively spliced FGF-2 transcript encodes a rare 21.5 kDa
protein containing a completely different amino-terminal do-
main (a/tFGF-2). All four FGF-2 proteins are starting to
be expressed before mesoderm induction and remain in
various cell-types during subsequent morphogenesis and
differentiation. The spatial distribution of the a/tFGF-2 pro-
tein is however much more restricted than of the other three
isoforms. Experiments are now in progress to study the
molecular role of this novel FGF-2 isoform during embryonic
development.
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The canonical FGF-2 isoforms are nuclear
in specific cell types during defined
developmental stages

A polyclonal antiserum specifically recognizes the three
isoforms encoded by the canonical FGF-2 transcript. Ex-
pression is first detected before mesoderm induction and
persists during gastrulation and later morphogenesis. Sur-
prisingly, the proteins are nuclear prior and during meso-
derm induction, but translocate to the cytoplasm and extra-
cellular matrix at the onset of primitive streak formation.
The spatial distribution of FGF proteins during these early
developmental stages has been unravelled for the first time
and suggests roles for FGF-2 proteins in FGF-receptor me-
diated signalling during mesoderm specification (Amaya et
a/., 1991). Our previous studies had shown that FGF-2 pro-
teins stably accumulate in nuclei of meso- and metanephric
podocytes during their differentiation and function (Dono &
Zeller, in press). Taken together, these results indicate that
nuclear localization of FGF-2 proteins is tightly controlled
and suggest specific functions during embryogenesis and
in differentiated podocytes. To study the molecular roles
of FGF-2 proteins during gastrulation and kidney morpho-
genesis, we have established in vitro culturing systems
for both early chicken embryos (Sundin & Eichele, 1992)
and developing kidneys (Saxen, 1987). The functions of
the different FGF-2 proteins are now being analysed by
altering their expression patterns using specific anti-sense
oligonucleotides.

Ld proteins might regulate morphogenetic processes
as part of a DNA-binding protein complex

The expression pattern of the nuclear Ld proteins together
with the mutant /d phenotype (Zeller et a/., 1989) suggested
roles during limb and kidney morphogenesis. Analysis of
the pattern has been extended to much younger develop-



mental stages and revealed expression of the Ld proteins
during primitive streak formation and gastrulation. The rather
complex distribution pattern reveals that the proteins are
generally first expressed in cells which have been committed
to particular fates or are initiating differentiation. It seems
therefore likely that the Ld proteins function in the determina-
tive processes leading to differentiation and maintenance of
specific cell fates. This hypothesis is in agreement with the
observed block in differentiation of limb bud cells in mutant
Id mouse embryos, but evidence has been obtained that the
available mutant Id alleles are hypomorphic mutations which
still produce truncated Ld proteins. Two Id mutant mouse
strains have been established at EMBL to investigate the
molecular nature of the Id phenotype and a detailed analysis
is in progress.

The primary amino-acid sequence reveals a high degree
of evolutionary conservation of the Ld proteins, but does
not provide any hints to their functions. Their nuclear lo-
calization however suggested a possible interaction with
DNA, therefore an extensive biochemical analysis has been
carried out to investigate whether the Ld proteins interact
with specific DNA sequences. An 8 to 9 bp DNA-binding
consensus site has been identified by using the Pollock
and Treisman (1990) technique in combination with em-
bryonic nuclear extracts and the available highly specific
Ld antisera. Extensive analysis revealed that this sequence
is specifically recognized by a protein complex containing
the Ld protein from embryonic nuclei, but not by in vitro
translated or bacterially expressed Ld protein. Biochemi-
cal fractionation of nuclear extracts furthermore revealed
that the Ld proteins are part of an about 1 MDa protein
complex. All these results suggest that the Ld proteins
interact with specific DNA sequences as part of a protein
complex, but do not seem to bind to DNA directly. We
are currently in the process of purifying and analysing this
protein complex in detail to identify the protein partner(s)
mediating interaction with specific DNA sequences. The
identified DNA binding site is furthermore recognized by the
murine Ld protein complexes. These results permit us to
analyse directly the DNA-binding capacity and composition
of this protein complex in mutant Id embryos. Experiments
are in progress to identify genes directly regulated by

the Ld protein complexes and to understand the regula-
tory role of the Ld proteins during vertebrate morphogen-
esis.

Publications during the year

De la Pompa, J.L. & Zeller R. (1993). Ectopic expression of
genes during chicken limb pattern formation using replica-
tion defective retroviral vectors. Mech. Dev., 43, 187-198

Dono, R., Scalera, L., Pacifico, F., Acampora, D., Persico,
M.G. & Simeone, A. (1993). The murine cripto gene: ex-
pression during mesoderm induction and early heart mor-
phogenesis. Development, 118, 1157-1168

Riese, J. (1993). Changes in the subcellular and tissue-
specific distribution of fibroblast growth factor-2 proteins
in association with defined steps of chicken mesoderm
formation. Diploma Thesis, University of Heidelberg

Zuniga, A., Meijers C. & Zeller R. (1993). Expression of
alternatively spliced bFGF first coding exons and antisense
mRNAs during chicken embryogenesis. Dev. Bioi., 157,
110-118

Other references

Amaya E., Musci T.J. & Kirschner, M. (1991). Cell, 66,
257-270

Pollock, R. & Treisman, R. (1990). Nucl. Acids Res., 18,
6197-6204

Saxen, L. (1987). Cambridge University Press, Cambridge,
U.K.

Sundin, O. & Eichele, G. (1992). Development, 114,841-
852

Zeller, R., Jackson-Grusby, L. & Leder P. (1989). Genes
Dev., 3,1481-1492

49



Pattern formation and neuron specification in the Drosophila eye
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We are interested in the mechanisms of how neuronal
diversity is generated upon response to inductive cues.
To study the molecular mechanisms that lead to neuron
induction and differentiation, we are using the Drosophila
nervous system, in particular its compound eye, as a model
system. In the developing Drosophila, eye cell fates are
exclusively determined by local interactions among neigh-
bouring cells. Due to its repetitive structure of 800 identical
unit eyes, or ommatidia, each comprising only 20 cells that
can be identified throughout development, the compound
eye provides a unique system to study cell--eell interactions
and differentiation at the single cell level.

Ommatidial development can be subdivided into two dis-
tinct processes. First, 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 precursors. This spacing pattern is
at least in part generated by mechanisms of lateral inhi-
bition. Second, each ommatidial unit is assembled around
the R8 precursor by a stereotyped sequence of inductive
events. The induction of photoreceptor and accessory cells
involves local cell--eell interactions that lead to 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
of the 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, such as e.g.
the lens secreting cone cells. We are studying both aspects
of ommatidial development.

Scabrous plays an instructive role in the
generation of the RS spacing pattern

Scabrous (sea) has been identified as a gene required for
the restriction of the correct number of R8 founder cells (and
also other neural precursor cells). In sea mutants, omma-
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tidial preclusters are irregularly, often too closely spaced.
Sea codes for a secreted protein and is required in R8.
Due to its expression pattern, and genetic and molecular
features, it was suggested to be an inhibitory signal released
by R8 cells to prevent their neighbours from adopting the
same cell fate. Sea is first expressed in regularly spaced
clusters of cells. As development proceeds one cell in each
group begins to express sea at higher levels, whilst levels in
surrounding cells are lowered. Eventually, only one cell, the
R8 precursor, expresses sea (Mlodzik et al., 1990; Baker et
al., 1990). An analysis of the sea cis-acting elements has
revealed a very complex arrangement of several indepen-
dent enhancer and silencer sequences that are required in
different cells at different times during development.

To investigate the significance of the restriction of sea ex-
pression and to gain additional insights into its functional
role, we have ectopically expressed Sca in all cells in or
just ahead of the morphogenetic furrow (MF), the region of
the eye imaginal disc in which sea is normally expressed
in regularly arranged clusters of cells and where the R8
spacing pattern is generated. These transgenes cause a
disruption of R8 spacing leading to a phenotype that is very
similar to the one observed in sea-mutants. Interestingly,
no or uniform expression of sea in the MF, irrespective
of the absolute levels of Sca, has the same effect on the
spacing pattern. Moreover, a detailed phenotypic analysis
indicates a two tiered function and transcriptional regulation
of sea during precluster spacing and R8 inhibition (Ellis et
al., 1994). For example, uniform ectopic Sca expression
interferes with endogenous sea expression in clusters in MF.
However, it does not affect the later R8 specific expression
phase. A further analysis of the sea sequence revealed
homology to proteins that are part of the extra cellular matrix.
Taken together with the mis-expression phenotypes, this
might suggest that Sca functions as a modifier of the cellular
environment, possibly affecting the communication between
cells in the MF by modifying the extra cellular matrix.



Genetic screen for genes that interact
with scabrous

PLATE 9

Schematic model of how photoreceptor neurons are induced
and specified.

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, the respective receptors and
ligands are not known for photoreceptors R1-6 (left side). Some
nuclear factors, such as Jun, 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.

Drosophila Jun is required for Ras-dependent
photoreceptor determination (with D. Bohmann, EMBL)

In wild-type, the phenotypes induced by ectopic sea expres-
sion described above are dosage-sensitive, higher levels,
e.g. copy numbers of the transgene, cause stronger effects.
This feature of a sensitized system has been explored
in a genetic screen for second site modifiers. To isolate
genes that interact with sea in the generation of the spacing
pattern in the MF, we have screened a collection of lethal
P-element transposon insertions on the 2nd chromosome
(provided by the group of I. Kiss in Szeged). Several loci
were isolated that cause a specific enhancement of the
phenotype induced by ectopic sea expression in the fur-
row. Some of them are allelic to genes that were already
known to interact with sea, others are novel genes with
as yet unknown functions. Analysis of these genes is in
progress.

The role of the seven-up gene during
photoreceptor specification

Seven-up (svp) is required for the development of 4 outer
photoreceptors, R1/6 and R3/4, encodes a steroid receptor
homologue with unknown ligand and is expressed only in
the cells that require its function. Ectopically expressed svp
disrupts the development of any of the other photoreceptors
or the non-neuronal cone cells. Depending on cell type and
developmental time of ectopic expression fewer or more
photoreceptors develop as compared to wild-type omma-
tidia and the cell-eell interactions that normally determine
cell fate are affected. For example, in flies carrying the
sevE-svp transgene Svp is ectopically expressed in R7 and
the cone cells. This causes the transformation of these
cells towards photoreceptors. Both protein-isoforms and
truncated derivatives thereof have been assayed in these
experiments. The results indicate that both isoforms have
very similar effects/functions and that the putative ligand
binding/dimerization domains and the DNA binding activity
are essential for svp function (Mlodzik et al., 1990; Hiromi
et al., 1993).
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Seven-up requires the Ras-pathway

Using the Svp-induced cone cell transformation phenotype
as assay, we have performed genetic screens for modifiers
of this transformation. A set of genes that have been iden-
tified as suppressors of the phenotype comprise ras1 and
genes that either activate Ras1 or act downstream of it in
the signal transduction cascade required for photoreceptor
induction. Negative regulators of ras1 act in this assay as
dominant enhancers of svp function. The analysis of combi-
nations of sevE-svp with different mutants either reducing or
increasing Ras-activity in the precursor cells indicates that
activation of the "Ras-pathway" is essential for normal svp
function. In addition, several novel genes have been isolated
as modifiers of the svp mediated cone cell transformation
that specifically interact with svp, identifying a new set of
genes required for nuclear receptor function. The molecular
and genetic analysis of these genes is in progress.

It is now established that Ras1 activation in undifferentiated
precursor cells triggers their neuronal development in the
eye imaginal disc. Most of the nuclear targets of Ras in
this process are not known yet. Dm-jun (the Drosophila
homologue of the proto-oncogene e-jun) is transiently ex-
pressed in precursor cells in developing eye imaginal discs
simultaneously with their neuronal induction. Competence
of imaginal disc cells to develop as photoreceptors upon
normal or ectopic activation of Ras1 correlates with the
expression of dm-jun. To characterize the contribution of
Jun to photoreceptor development, dominant negative Jun
mutants were expressed in specific precursor cells. Flies ex-
pressing these mutant proteins showed a dose-dependent
loss of photoreceptors, demonstrating a requirement for
dm-jun in neuronal development in the Drosophila eye. The
transformation of cone cells into R7 neurons elicited by
constitutively active forms of Sevenless, Ras1 and Raf was
relieved in the presence of the Jun mutants. These results
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position Jun downstream of the ras 1 signalling pathway
(Bohmann et al., 1994).

Functional conservation of seven-up related
genes in vertebrate neurogenesis
(with A. Fjese, Bergen, Norway)

Zebrafish members of the svp-subfamily of nuclear recep-
tors have been isolated and characterized. They all share
highly conserved DNA binding and putative ligand binding
domains (80-94% identical). Analysis of transcript distribu-
tion during zebrafish embryogenesis revealed that distinct
areas of the eye rudiments and the CNS are major sites
of their expression (Fjese et al., 1993) overlapping with the
expression of retinoid binding proteins. Retinoic acid treat-
ment of embryos leads to aberrant expression patterns of
the svp-related genes prior to visible morphological defects.
Taken together with the ability of Svp-like proteins to bind
to RAREs, this implicates their involvement in the complex
network required for interpretation of retinoid signals during
vertebrate development.

Analysis of other enhancer trap lines
expressed during eye development

Several enhancer trap lines (Mlodzik & Hiromi, 1992) with
interesting expression patterns during ommatidial assembly
and the corresponding genes are being investigated. One of
these lines, F112, appears to be required in a subset of outer
photoreceptors. The expression and phenotype of F112 are
consistent with the idea that F112 is required downstream
of svp in the same cells. A second line F125 is expressed in
all cells in the MF and the corresponding transcription unit
is probably expressed as well in all cells in the developing
part of the eye disc. F125 deletions are embryonic lethal and
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mutant clones in the eye show either disrupted ommatidia
or are absent. The molecular and genetic analysis of both
genes is in progress.
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In a wide variety of organisms, primordial germ cells become
determined very early in embryogenesis, under the influence
of factors segregated within a region of the egg cytoplasm,
the germ plasm. Germ plasm and associated organelles
have been described in a wide variety of organisms, but
the relationship between these and the commitment of cells
to the germ cell lineage remains unknown. The nature of
the determinants of the germ line has until now remained
elusive.

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

Transplantation experiments revealed that germ plasm
transplanted to ectopic positions within the egg can induce
formation of germ cells at the ectopic site. Interestingly, in
addition to germ cells, abdominal cuticular structures are
also induced, demonstrating that the Drosophila germ plasm
contains not only the determinants of the germline, but also
of the abdomen. The abdominal defects associated with the
failure to form a proper germ plasm allowed the identification
of eight genes required for its synthesis and induction of
the germline. These so-called "posterior group" genes have
been characterized genetically, and most have functions

in other aspects of Drosophila development. Because of
its strict function in germ plasm formation, we cloned and
characterized oskar. Three others, staufen, vasa, and tudor
have also been cloned, and examination of the distribution
of all of these products during development revealed that
their products are enriched at the posterior pole of the
oocyte and embryo. By examining the effect of mutation of
each of the posterior group genes on the localization of the
characterized components, a pathway for the assembly of
the Drosophila germ plasm has been established (Ephrussi
et al., 1991). Overall, germ plasm assembly is a stepwise
process, but continued interaction between several of its
components is required for maintenance of the integrity
of this specialized cytoplasm at the posterior pole. In this
pathway, the product of the gene oskar is unique among
germ plasm components in that the RNA of oskar is first
localized to the posterior pole of the oocyte, rather than the
protein. Because of its position in the hierarchy of predicted
interactions, we proposed that oskar is a central gene
in germ plasm assembly and localization of morphogenic
determinants.

The true importance of oskar was tested direcly by asking
whether oskar is sufficient to recruit other components of the
germ plasm. Indeed, there exists a direct relation between
oskar gene dose in females and the quantity of pole plasm
assembled and of germ cells formed at the posterior pole.
Further, having determined that the signals in the oskar RNA
that mediate its localization to the posterior lie in its 3' un-
translated region (3'UTR), we showed that when oskar RNA
is misdirected to the anterior of the embryo with the 3'UTR
of the anterior morphogen bicoid, a secondary abdomen of
reverse polarity develops at the anterior. Most spectacular
however is the formation of functional germ cells at the
anterior pole of these embryos. Using antibody and nucleic
acid probes, we confirmed that ectopically localized oskar
is sufficient to recruit other known germ plasm components
and thus induce germ cell formation.
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Mechanisms of asksr RNA localization
(J. Bogucka-Glotzer & L. Olsen, in collaboration
with E. Karsenti)

Concentration of oskar RNA at the posterior pole of the
embryo is essential for proper polarity and germline for-
mation. During early oogenesis, oskar RNA is present in
the developing oocyte and surrounding nurse cells. In the
oocyte, oskar RNA is initially distributed throughout the
oocyte cytoplasm. The RNA then transiently accumulates
at the anterior pole and finally becomes enriched at the
posterior pole of the oocyte. oskar RNA is maintained at
the posterior pole of the egg and early embryo. It has been
shown that the 3' untranslated region (3'UTR) of oskar RNA
contains signals sufficient to direct its localization. We have
set out to identify the cis-acting and trans-acting elements
that mediate posterior pole localization. We are combining
biochemistry and genetics to search for proteins in oocyte
extracts that bind specifically to different portions of the
oskar 3'UTR.

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 other cytoskeletal elements playa role
in oskar RNA localization. We are developing an ovarian
culture assay, which should facilitate the study of the role of
the cytoskeleton in RNA localization during oogenesis. We
are investigating which cytoskeletal components, such as
actin filaments and microtubules, are involved in localizing
oskar RNA at various stages of development in the oocyte
and the early embryo. We are also attempting to reconstitute
oskar RNA association with actin filaments or microtubules
in vitro. We plan to develop a real-time video microscopy-
based assay to follow the translocation of oskar RNA.

Functional dissection of Oskar protein (A. Guichet)

Mislocalization of oskar RNA and protein to the anterior
through the osk-bcd transgene produces a dominant female
sterile phenotype. Mutation of the mislocalizing trangene in
females should restore normal polarity and viability to their
progeny, thus affording a strong selection for new alleles
of the oskar gene. Using such a selection scheme, we are
currently saturating oskar with EMS-induced (mainly point-)
mutations, thus attempting to identify all the amino-acids
essential for oskar function.

Testing predicted interactions and identifying
new molecules that interact with Oskar using
a genetic assay in yeast (W. Breitwieser)

To investigate the specific role of Oskar protein in the
process of pole plasm formation, we are analysing which of
the known pole plasm components directly bind and whether
additional proteins can be identified that interact with Oskar.
To this end, we are using a yeast "protein interaction trap"
developed by R. Brent and colleagues at Harvard, an assay
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which allows the detection of specific binding between two
proteins. We have shown that when Oskar and Vasa are
coexpressed in yeast, they interact directly. There exist
several mutant alleles of oskar, and in all of these, Vasa
fails to become localized to the posterior pole of the oocyte,
possibly due to a loss of binding to the mutant Oskar. We are
cloning several of the oskar alleles and testing their ability
to interact with Vasa in the yeast assay. In a comparative
analysis of mutated Oskar proteins, it should be possible
to map on the molecule the active sites of interaction with
Vasa.

To identify additional proteins that are involved in pole plasm
structure and function, we performed an interaction trap
screen in which we tested clones of a Drosophila embryo
eDNA expression library for their ability to interact with Oskar
in yeast. cDNAs of candidates were isolated and fell into
two classes. Any candidate for an Oskar-interacting protein
is expected to colocalize with Oskar in Drosophila oocytes
and embryos. Antibodies are being raised against synthetic
oligo-peptides derived from the inferred protein sequence
of a given candidate, and the subcellular localization of the
putative Oskar-interactor will thus be determined.

Biochemical analysis of the protein and
RNA components of germ plasm
(F.H. Markussen & A.-M. Michon)

The germ plasm is a specialized cytoplasmic domain that
contains effectors of such diverse activities as mRNA lo-
calization and translational regulation, reorganization of the
cortical cytoskeleton and localized cytokinesis, and germ
cell determination. Past attempts to purify germ plasm and
the organelles which typify it, the polar granules, have been
unrewarding, rendered particularly difficult by the paucity of
markers with which to monitor their integrity through fraction-
ations. At present, with the increasing number of character-
ized germ plasm gene products, a biochemical approach to
the germ plasm should be straightforward. We are raising
antibodies against the cloned germ plasm gene products,
with the goal of using these sera, as well as nucleic acid
probes, to monitor purifications of polar granules and germ
plasm specific RNA and protein complexes. These reagents
should prove useful to determine interactions between com-
ponents in the complexes and to isolate previously uniden-
tified proteins and RNAs, including germ line determinants.
As an additional biochemical tool, we have tagged Oskar
with the haemagglutin epitope and introduced these tagged
oskar genes into the Drosophila germline. The tagged oskar
genes are functional and complement the oskar mutant
defects; transgenic females that are homozygous mutant for
oskar produce viable and fertile offspring. Thus, the tagged
products assemble functional germ plasm and should be
helpful in our biochemical investigations.

Homologues of asksr in invertebrates
and vertebrates (E. McLeod)

Germ plasm is a specialized cytoplasm found in a wide
variety of organisms throughout the animal kingdom. In spite
of many years of descriptive and experimental studies, very



little is known about germ plasm and about the determinants
of the germ line in any organism. The sequence of oskar
has revealed no homology to any other gene to date. As a
first step towards identifying germ plasm components in a
variety of species, we have isolated oskar from Drosophila
virilis and shown that it functions in melanogaster. Based
on the sequence conservation between melanogaster and
virilis oskar, as well as on the positions of mutations dele-
terious to Oskar function, we are attempting to isolate oskar
homologues from a variety of invertebrate and vertebrate
species.
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Cell interactions and the organization of spatial pattern during development

Scientist: S.M. Cohen*
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Visitor: B. Cohen*

Assistants: C. Pfeifle*, S. Scianimanico*

Pattern formation is the process by which cells in the
developing animal embryo acquire information about their
prospective fate. Studies in a variety of invertebrates and
vertebrates have suggested that the body pattern of the em-
bryo is built through a cooperative process of cell interaction.
This principle is perhaps best exemplified by the mechanism
used to generate anterior-posterior pattern in the embry-
onic segment of the Drosophila embryo. Extensive genetic
and molecular analyses of segmentation have shown that
organization of anterior-posterior pattern depends on the
activities of a number of genes, many of which encode
molecules implicated in intercellular signalling and signal
transduction. Thus, pattern specification can be considered
as a pr091em of intercellular signalling. The group of cells
which constitutes the primordium of an appendage, or of an
embryonic segment, can be thought of as a developmental
field which is patterned with reference to a common set of
positional signals. A subset of cells in the field must serve
as the source of positional information. These· cells then
behave as an organizer region which influences the fate of
other cells in the field. To understand how: spatial pattern
is generated, we must identify the genes whiqh encode the
pattern-organizing substances, and understand both the cel-
lular basis for the propagation of positional information and
the molecular basis by which cells interpret this ·information
to adopt specific fates.

(The following summary is "restricted to two projects on
which a substantial portion of the work was done following
our move to the EMBL mid-1993)

Interaction between dorsal and ventral cells
generates an organizer which controls growth
and patterning of the wing

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
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the formation of developmental boundaries which subdivide
the discs into functionally distinct sub-regions, known as
compartments. In the second larval instar the wing disc
is subdivided into dorsal and ventral compartments which
correspond to the dorsal and ventral surfaces of the adult
wing. We have shown that spatially localized expression of
the homeobox gene apterous (ap) specifies the identity of
dorsal cells in the wing. Using confocal microscopy, we have
shown that the boundary of the domain of ap expression
coincides with the boundary of cell lineage restriction be-
tween dorsal and ventral compartments of the wing. These
results suggest that ap expression establishes the dorsal
compartment in the wing disc.

Interaction between dorsal and ventral cells plays an im-
portant role in global patterning of the wing. Using genetic
mosaics, we found that removing ap function from a dorsal
cell is sufficient to transform its fate from dorsal to ventral.
Therefore we were able to generate "islands" of ventral cells
within the dorsal compartment of the developing wing disc.
Ventral cells within the clone interact with the surrounding
wild-type dorsal cells to generate a third cell type, the wing
margin. Thus short range interactions between cells with
different identities can lead to the specification of a new
cell type in the boundary region. We found that producing
ectopic boundaries caused a striking reorganization of the
global pattern of the wing, suggesting that the boundary
region serves as a domineering pattern organizer which
influences the developmental fates of nearby cells, con-
trolling both growth and spatial patterning during subse-
quent development of the wing (Diaz-Benjumea & Cohen,
1993).

The dorsal-ventral pattern organizer of the leg

The wingless gene (wg) and its vertebrate homologues,
the Wnt genes, encode secreted glycoproteins which are
thought to function as intercellular signalling molecules. The
wg transcript is expressed in a ventral-anterior sector of
the developing leg imaginal disc (Plate 10). Mutations that



PLATE 10

A developing leg from Drosophila la-
belled to show the spatial domain of
expression of the wingless gene. wing-
less encodes a secreted intercellular
signalling and is expressed in
a stripe of ventral cells which runs along
the entire proximal distal axis of the
leg. Intercellular signalling mediated by
the secreted wingless protein plays an
essential role in organizing the dorsal-
ventral and proximal-distal axes of the
leg.

reduce wg gene activity lead to loss of ventral structures
from the leg disc, and to foreshortening of the leg along
the proximal-distal axis (Couso et al., 1993). By producing
clones of cells that constitutively express wg, Struhl and
Basler (1993) have shown that ectopic expression of Wg
protein in dorsal cells is sufficient to reprogram their fate
from dorsal to ventro-Iateral. Furthermore, the presence of
a clone of ventro-Iateral cells in an ectopic dorsal location
reprograms the fates of surrounding cells to adopt more
ventral identities. These experiments suggested that the
cells expressing wg can serve as a ventral organizer, and
that the secreted Wg protein may directly specify the fate of
nearby cells.

To investigate the mechanism by which wg organizes
dorsal-ventral pattern we compared the effects of producing
clones of cells in the leg imaginal disc which secrete Wg
protein with the effects of producing clones of cells mutant
for shaggylzeste white 3 (sgglzw3). The sgglzw3 gene
encodes a predicted serine-threonine protein kinase which
acts in the signal transduction pathway that mediates the
wg signal in the embryonic segment (Sigfried et al., 1992).
Binding of Wg protein to its receptor is thought to lead to
inactivation of the otherwise constitutively active sgg/zw3
kinase. Consequently, eliminating the gene encoding the
sgg/zw3 kinase from a clone of cells is expected to be
equivalent to providing those cells with the Wg signal. We
have shown that clones of cells which lack the activity of
the sgglzw3 gene possess ventral organizer activity indis-
tinguishable from that of wg-expressing cells. Removing the
activity of the sgglzw3 kinase in a clone of cells is sufficient
to specify the fate of those cells as ventral. The change in
cell fate is cell autonomous, as expected since sgglzw3 en-
codes a cytoplasmic protein kinase. Since clones of sgg/zw3
mutant cells are able to respecify the fates of surrounding
wild-type cells, we conclude that organizer activity results
from inactivation of the sgglzw3 kinase. Control experiments
indicate that these cells do not behave as sources of Wg,

therefore we conclude that organizing activity is a property
of ventral cells, independent of whether they secrete Wg
protein. Although localized expression of wg is required to
specify the ventral organizer, our results suggest that Wg
does not function as a gradient morphogen.

Evidence for two genetically distinct
pathways for wg signalling

wg gene function is required for the organization of both the
dorsal-ventral and proximal-distal axes of the leg. We have
shown that all of the functions of wg in organizing dorsal-
ventral axis of the leg can be explained by local inactivation
of the sgglzw3 kinase. However, the requirement for wg in
proximal-distal axis formation cannot be explained solely in
terms of a signal mediated by inactivation of sgglzw3. The
finding that duplicated legs associated with wg-expressing
clones can distalize from proximal leg segments, while those
associated with sgglzw3 mutant clones cannot, suggests
that Wg can also act through a genetically distinct signalling
pathway. Thus wg appears to play functionally distinct and
separable roles in organizing pattern along the proximal-
distal and dorsal-ventral axes of the leg.
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Tyrosine protein kinase receptors and neuronal development
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Tyrosine protein kinase receptors are important components
of the signal transduction machinery controlling cell growth,
differentiation and survival. This is best illustrated by the
fact that a great number of the genes encoding tyrosine
kinase receptors have originally been isolated as activated
oncogenes either after transduction by retroviruses or after
genomic recombinations in human tumours. More recently,
tyrosine kinase receptors have also been shown to play an
important role in embryonic development. Loss-of-function
mutations can cause considerable developmental defects
as in the case of the dominant-White (W) spotting defect in
mice caused by mutations in the c-kit receptor gene.

The Trk family of neurotrophin receptors

The trk proto-oncogene was originally identified as an acti-
vated oncogene in a human colon carcinoma after genomic
rearrangement on chromosome 1. In mammals, the trk
gene is part of a small subfamily of receptors, termed trk,
trkB, and trkG, all of which are predominantly expressed
in the embryonic and adult nervous systems. In 1991, it
was shown that all three trk genes encode the functional
receptors for nerve growth factor (NGF)-related molecules
(Kaplan et al., 1991; Klein et al., 1991). These factors, also
known as neurotrophins, can stimulate neuronal survival
by binding to Trk receptors and thereby activating their
intrinsic tyrosine kinase catalytic activity. There is general
agreement in the field that Trk receptors are necessary for
neurotrophin signalling. The role of a previously isolated
low-affinity NGF receptor, however, is less well understood
and remains controversial. There is also some conflicting
data about specificity and cross-reactivity of neurotrophins
for Trk receptors in tissue culture systems. It is unclear at the
present time how specific neurotrophin/receptor interactions
are in neuronal cells during the ontogeny of the nervous
system.

Generation of trk-deficient mice

To analyse in vivo the function of neurotrophins and their
receptors, we generated germline-targeted mice that are
deficient in either of the three Trk receptors. The first in
this series of mouse mutants has a mutation in the trkB
tyrosine kinase, the receptor for two neurotrophins, namely
brain-derived neurotrophic factor (BDNF) and neurotrophin-
4/5 (NT-4/5). Homozygous trkBTK (-/_) mutant mice are born
alive but die shortly after birth due to their inability to feed.
Sensory and motor neurons involved in feeding are affected
in these mice. In addition, the number of dorsal root ganglion
neurons and spinal cord motor neurons are reduced by
half.

The second mouse mutant that we generated has a muta-
tion in the trkG tyrosine kinase gene which encodes the re-
ceptor for neurotrophin-3 (NT-3). Homozygous trkGTK(_/_)
mutant mice are viable, yet show a reduced growth and sur-
vival rate compared to normal litter mates. They exhibit ab-
normal limb movements due to defects in sensory neurons
subserving proprioception, the ability to localize extremities
in space. In humans, peripheral neuropathies which affect
preferentially large diameter axons are sometimes associ-
ated with abnormal movements of the extremities known as
pseudoathetosis. Our observations with trkGTK(_/_) mutant
mice raise the possibility that these diseases might be
caused by a defect in NT-3/TrkG signalling.

The most recent mouse mutant has a defect in the trk tyro-
sine kinase gene encoding the receptor for NGF. Homozy-
gous trkTK(_/_) mutant mice are viable and show a reduced
growth and survival rate similar to the trkGTK(_/_) mutant
mice. Instead of exhibiting abnormal behaviour, these mice
display severe sensory and sympathetic neuropathies, as
well as defects in cholinergic neurons in the central nervous
system.
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These mouse mutants have demonstrated that certain pop-
ulations of central and peripheral neurons are dependent
on neurotrophin signalling for proper development during
mouse embryogenesis. They will serve as important tools
to reveal the mechanisms of neuronal survival and death
during the ontogeny of the mammalian nervous system.

Analysis of functional redundancy between
neurotrophin signalling pathways

The analysis of mice deficient in either of the three trk
receptor genes has revealed specific neuronal cell loss
in some but not all areas of the nervous system where
normally receptor expression can be observed. Since the
expression patterns of the three trk receptor genes are
in part overlapping, it is reasonable to assume that the
loss of one neurotrophin/receptor signalling pathway could
be compensated by the presence of one of the two other
signalling systems. To address this question, mice are being
generated which are double homozygous mutant for two
trk receptor genes1 e.g. trkB(-/-);trkC(-/-). Functional re-
dundancy between Trk receptors would be revealed by the
presence of novel, previously undetectable defects in single
mutants.

Neurotrophin responsiveness of cultured
neurons derived from trk-deficient mice

To understand better the molecular basis for neuronal re-
sponsiveness mediated by Trk receptors we are studying
in vitro cultured neurons derived from trk-deficient mice.
We are concentrating on two different neuron populations
which display characteristic responses to neurotrophins: (1)
Embryonic sensory neurons derived from the peripheral ner-
vous system (in collaboration with Alun Davies, S1. Andrews
University, UK); (2) Embryonic and perinatal hippocampal
pyramidal neurons derived from the central nervous system
(in collaboration with Carlos Dotti, EMBL). The former cells
are strictly dependent on neurotrophins for survival, whereas
the latter seem to have developed autocrine mechanisms
for survival involving endogenous neurotrophins. These in
vitro systems combined with genetics will allow us to study
neurotrophin/receptor specificity, regulation of neurotrophin
and receptor expression and the mechanisms of neuronal
survival.

Functional analysis of novel tyrosine kinase receptors

Using PCR-aided amplification and phosphotyrosine-
specific antibodies, a number of novel tyrosine kinase recep-
tor cDNAs have been isolated over the past few years. Many
of these so-called "orphan" receptors bind as yet unknown
ligands and their functions remain unknown as well. We
have decided to approach the functional analysis of some
of these receptors in two ways:

(1) The generation of germline targeted mice through ho-
mologous recombination will hopefully reveal defects
caused by the disruption of ligand/receptor signalling.
This approach will point to structures that depend on
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proper receptor function and will give clues as to the
location and nature of the physiological ligand. Ini-
tially, we have selected members from two tyrosine
kinase receptor subfamilies. In collaboration with Greg
Lemke, Salk Institute, we are pursuing the generation
of germline targeted mice for certain members of the
Eph and Tkt families of receptors. The selected Eph
family members are predominantly expressed in the
nervous system and may therefore bind ligands with
neurotrophic activities. The Tkt family of receptors is
expressed during mouse embryogenesis, but in a more
ubiquitous fashion and may therefore bind ligands with
mitogenic or differentiating activities.

(2) Using the same "orphan" receptors, we are setting
up an expression cloning system using the ability of
NIH3T3 cells to become morphologically transformed
upon co-expression of the appropriate ligand/receptor
combination through an autocrine transforming loop.
These experiments are being conducted in collabora-
tion with Elena Pasquale, La Jolla Cancer Center, and
Alastair Reith, Ludwig Institute, London.
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Biological Structures and Biocomputing Programme

Introduction

The recent rapid increase in numbers of journals on struc-
tural biology shows that we have entered the decade of
structural biology. This is not surprising. Structural biology
is the most fundamental field of molecular biology as it
attempts to address biological questions at the level of
molecular interactions. Over the past few years many more
systems have become amenable to structural analysis and
hence we are moving from the realm of phenomenology
to that of understanding. Indeed, few molecular biologists
feel comfortable working on a system where no structural
data are available. EMBL anticipated this trend and invested
wisely in recruitment and equipment so that it now can profit
from the valuable resources in the Laboratory.

The Programme is unique in that it provides a wider range
of structural biology tools than any national laboratory in
the Member States of EMBL, namely from NMR through
genetics, molecular dynamics, biochemistry, X-ray and elec-
tron crystallography to electron microscopy and theoretical
approaches. The relatively rapidly turnover of staff requires
that the Programme has several groups in each of the
above-mentioned areas so as to ensure continuity. The
large variety of structural biology techniques allows projects
to be carried out which make use of more than one of
these techniques, e.g. membrane proteins, protein folding
and cytoskeleton. The Programme also organizes training
courses for European scientists in various structural biology
techniques.

One of the major research topics of the Programme is mem-
brane studies. During 1993 Werner KOhlbrandt's group de-
termined the structure of the plant light-harvesting complex
by high resolution electron microscopy and electron diffrac-
tion. The structure of aerolysin, determined in Demetrius
Tsernoglou's group in collaboration with Franc Pattus's and
Kevin Leonard's groups, was published. Two groups left
the Programme, Franc Pattus's group moved to Strasbourg
at the end of the year and Demetrius Tsernoglou will be
setting up his new laboratory in Rome at the beginning of
1994. Both of them helped to make "membrane proteins" an
important research topic at EMBL and they will be greatly

missed in the Programme. However, both will collaborate
with groups at the EMBL on some of the projects which
they established here. Irmgard Sinning, a crystallographer
and membrane protein biochemist, was recruited to re-
inforce the "membrane proteins" part of the Programme.
She will concentrate on the crystallization of membrane
proteins, particularly from mesophilic and halophilic bac-
teria. NMR is now a well-established technique at EMBL.
Annalisa Pastore's group solved the structure of nebulin
this year and this in turn led to a model of the interaction
between nebulin and actin. Michael Nilges's group made
major technical progress in the field of calculating struc-
tures from NMR data. They have developed a refinement
method in which the NOE crosspeaks are assigned dur-
ing the structure calculation so that it is no longer nec-
essary to define distances from NOE data beforehand.
The 13C_ and 15N-labelling facility established by Hartmut
Oschkinat's group now supplies labelled material for NMR
groups at EMBL and for more than a dozen groups in
Europe.

The Biological Structures and Biocomputing Programme
interacts extensively with the other Programmes in the Lab-
oratory. A good example is the work carried out on the
structure of the SH3 domain which is found abundantly
in proteins that take part in signal transduction such as
tyrosine kinases and phospolipases as well as in other
proteins such as spectrin. The crystal structures of the
SH3 domains in the Fyn tyrosine kinase and of spectrin
have been solved. SH3 forms the basis of collaboration
between Matti Saraste's, Luis Serrano's and Rik Wierenga's
group and Sara Courtneige's group in the Differentiation
Programme. Collaboration between Stephen Fuller's group
and Eric Karsenti's group in the Cell Biology Programme on
the structure of the centriole has led to some unexpected
new results on the role of , tubulin. As a result of the
structural outcome of both interactions functional questions
are being approached anew and the results thereof will in
turn generate new structural studies. It is because of these
continuous interactions that structural biology plays a central
role in modern molecular biology.
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Structure of DNA-binding and membrane proteins
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Pore formers

Colicin N is a pore-forming protein consisting of three do-
mains which, starting from the amino end, are associated
with the function of translocation, receptor binding and pore
formation. The structure of a proteolytic fragment consist-
ing of the last two domains was solved earlier and was
described in last year's report. Crystals of a larger "natu-
ral" fragment were also analysed. These were smaller and
diffracted only to about 5 A. The map shows clearly the
position of the translation domain, but no details are visible
because of the low resolution. Ingrid Vetter, now at the
University of Oregon, is trying to obtain larger crystals of
the "natural" fragment. She is also working on the structure
of a-toxin from Staphylococcus aureus. The analysis of
the structure of proaerolysin was completed. Last year we
showed a map of the pore obtained by a combination of
X-ray diffraction and electron microscopy (see also reports
of Franc Pattus and Kevin Leonard). We still have a problem
to solve, namely that the electron microscopy work shows
a pore consisting of seven molecules of aerolysin whereas
work in solution by our collaborator T. Buckley (University
of Victoria, B.C.) suggests that the pore is a pentamer.
The results of the structural work are about to appear in
Nature.

DNA-binding proteins (DBP)

Work on EcoRV started by Fritz Winkler and continued by us
at EMBL and by Fritz in Basel was completed and a detailed
paper on the structure of the enzyme and its complex with
DNA was published. Work on the structure of the DBP
of adenovirus 5 and its complex with DNA is now mainly
the responsibility of Paul Tucker whose report should be
consulted about the latest developments.

Other work

The structure of the proteolytic enzyme PK complexed to its
inhibitor PKI3 was solved at 2.5 A resolution and refined to
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an R-factor of 19.2%. A model was built showing all of the
459 residues (279 for the enzyme and 180 for the inhibitor).
The action of the inhibitor appears to be due to the fact
that it binds in the active site of the enzyme and in so doing
alters the position of the active site serine which is·rendered
incapable of performing its part in the action of the "catalytic
triad". A picture of the complex is shown in Plate 11.

PLATE 11

The complex of PK + PKI3
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Structural studies of DNA-binding proteins and actin mutants
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Assistant: H. Teo

The major focus of our research is the study of the structural
basis of protein-DNA interactions. In addition we are study-
ing actin mutants and their interaction with actin-binding pro-
teins. The principal experimental technique we are using is
single crystal X-ray crystallography. For our studies we need
fairly large amounts of pure proteins and we are therefore
devoting a substantial part of our efforts to the development
of efficient expression and purification systems.

DNase I

We are investigating the structural basis of the sequence se-
lectivity of bovine pancreatic deoxyribonuclease I (DNase I)
by determining the three-dimensional structures of com-
plexes of the enzyme and its mutants with double-stranded
DNA. The two complexes solved so far at high resolution are
consistent with the notion that flexibility and minor groove
width of the DNA are major determinants of DNase I sensi-
tivity. It is, however, clear that other, more local parameters
must also play a role. In last year's report a number of
insertion mutants were described which in part showed
substantially altered digestion patterns when. compared to
the wild-type (wt) enzyme. We have further analysed their
cleavage patterns by limited digestion of radioactively la-
belled synthetic oligonucleotides of naturally occurring DNA
fragments. A mutant containing a two-residue insertion (Arg
and Glu) next to C173 has an overall pattern rather similar
to wt DNase I, but shows in addition a preference for se-
quences of the type CTTlNAN. The structural basis for this
preference remains to be determined. A thorough analysis
of the sequence selectivity would require the accurate deter-
mination of cleavage rates at thousands of phosphodiester
bonds since up to 10 base pairs potentially contribute to
the cleavage probability at a given phosphodiester bond.
We are, therefore, currently developing a procedure which
involves the defined cleavage of an ensemble of oligonu-
cleotides containing a stretch of random sequences up to
10 base pairs long embedded into flanking fixed sequences.
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A problem with some of the DNase I mutants expressed in
E.coli is their low solubility, which is probably mainly due
to the lack of glycosylation. We have therefore developed
a baculovirus expression system for DNase I. By using the
signal sequence of parotis gland DNase I the glycosylated
protein is directly secreted into the medium. The yields
are, however, somewhat low for structural studies and we
are therefore currently exploring the Pichia pastoris yeast
expression system.

In collaboration with J. Frenz from Genentech we have
recently started a structural study of human pancreatic
DNase I. This close homologue of the bovine enzyme (770/0
sequence identity) is used as a therapeutic drug in the
treatment of cystic fibrosis and certain forms of bronchitis.
Unlike the bovine enzyme it contains two phosphorylated
carbohydrate sidechains and binds strongly to a mannose-
6-phosphate receptor affinity column suggesting that it con-
tains a lysosomal targeting signal. We have succeeded in
crystallizing the recombinant enzyme which is expressed
in a human cell culture (Plate 12). The tetragonal crystals,
space group P41, a=b=46.9 A, c=152.1 A, diffract to at least
2.2Aand the structure has been solved by molecular re-
placement using the refined bovine DNase I coordinates.
The unique solution provided by the TFFC translation func-
tion corresponds to an R-factor of 37.4% (at 3.2Aresolution,
before refinement) and we will now collect a high resolution
data set.

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

The tetragonal crystals (space group P4122, a=b=79.2 A,
c=138.0 A) described in last year's report were used for
screening for suitable heavy atom derivatives. Out of about
50 heavy atom compounds tried, a gold, a mercury and a
lead derivative were found to contain useful phase infor-
mation (Table 1). However, the search was complicated by



PLATE 12

(left) Crystals of human recombinant DNase I, space group P41,
a=b=46.9AC=152.1 A

(right) Hexagonal crystal of a DNA complex of the paired domain
of the BSAP transcription factor a=b=71.2AC=206A

Table 1

Summary of native and heavy atom derivative data for T5 exonuclease

Data set unique Res. Rsymt 0/0 complete isomorphous FH/E§ no.
(compound) reflections difference sites

Native 9674 2.9A 7.8 93.9 - -
K2AuCI4 9351 2.9A 12.9 90.8 14.9(3.0 A) 1.23(3.0 A) 3

K2Hgl4 (1) 2236 2.9A 6.1 21.7 19.2(3.0 A) 1.28(3.5 A) 2

K2Hgl4 (2) 3443 2.9A 12.6 33.4 21.4(3.0 A) 1.54(3.5 A) 2

K2Hgl4 (3) 6741 2.9A 8.6 65.4 15.1 (3.0 A) 1.05(3.5 A) 2

K2Hgl4 (4) 4520 3.1 A 9.9 49.8 13.4(3.1 A) 1.12(3.5 A) 2

Pb(CH3)3·(OAc)2 27299 3.1 A 9.6 80.2 (P2) 35.9(3.1 A) 1.27(6.0 A) 6

§FH/E(phasing power)=r.m.s. (FH)/r.m.s. (lack of closure error),
where FH is the calculated heavy atom structure factor

Note: The native crystals have cell dimensions of a=b=79.2 A c=138.0 A P4122. There were four K2Hgl4 data sets collected,
since the crystals containing the mercury compound were very radiation-sensitive and it was not possible to collect a complete
data set from one crystal. The PB4 derivative had altered cell dimensions a=79.0A b=79.4A c=137.6A ,=91.7°(a P2 cell). The
data for the heavy atom refinement only used low resolution data which was in common with the native data set. The overall
figure of merit of phases calculated to a resolution of 3.5 A is 0.43.
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PLATE 13

(a) Part of the experimental map of T5 5' ,3'-exonuclease. Shown
is a 10Athick slab of the electron density.

x <----

the fact that very often diffraction spots were split despite
the fact that the crystals looked optically uniform (Ceska
et al., 1993). In addition, the mercury derivative crystals
are very radiation-sensitive and only partial data sets can
be collected before the diffraction pattern decays. The lead
derivative crystals diffract strongly and do not show the split
spot phenomenon, but have a slightly altered cell show-
ing monoclinic symmetry (a=79.0 A, (b=79.4 A, (c=137.6 A,
a={3=90°, 1'=91.7°). We assume that the split spots seen in
many native and derivative crystals result from the coexis-
tence of P4 and P2 lattices in these crystals. Plate 13 shows
part of an experimental map, which is not yet interpretable
but clearly shows the boundary of the molecules.

In collaboration with J. Sayers we are attempting to crystal-
lize a mutant of the exonuclease in which one of the two
cysteines has been replaced with a serine. The rationale is
that by reducing the number of sites that mercury can react
with the crystals may become more radiation-resistant.
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(b) Solvent flattened map which clearly shows the boundary of
the molecule. The crystallographic 2-fold is indicated in the
centre of the picture.

x <----

Myc, Max, Mad, Mxi1 - a regulatory network of
interacting basic helix-Ioop-helix/leucine zipper
transcription factors

The members of this class of basic helix-Ioop-helix/leucine
zipper (bHLH-Z) proteins form homo- and/or heterodimeric
complexes which competitively bind to the CACGTG core
sequence, the so-called E-box element and thereby regulate
a number of genes involved in cell cycle control and differ-
entiation. Myc/Max heterodimers act as transcriptional ac-
tivators, while Max/Max homodimers and Max/Mad as well
as Max/Mxi1 heterodimers appear to repress transcription
(Ayer &Eisenmann, 1993).

We have crystallized a Max homodimer/13mer DNA com-
plex (see last year's report) and have now collected
data sets on crystals soaked in K2HgJ4, K2H02FS and
Pb(CH3)2(OAc)2 using synchrotron radiation at the Ham-
burg Outstation. Difference Patterson maps could be inter-



preted for the mercury and uranyl derivatives in terms of
one and four sites respectively, but it has not yet been pos-
sible to interpret the resulting MIR density map, presumably
mainly due to the relatively weak diffraction intensities of the
derivative data sets.

During the year the structure of the DNA-binding fragment
(92 residues out of 150) of the murine homologue of Max
was solved in complex with a DNA showing that the do-
main consists of two helical fragments separated by a loop
and that the symmetric dimer forms a parallel, left-handed,
four-helix bundle (Ferre-d'Amare et al., 1993). Using the co-
ordinates of this fragment as a search model we have tried
to solve the Max/DNA complex by molecular replacement,
but so far no convincing solution could be found.

During the past year we have developed E.coli expression
and purification systems for the DNA-binding domain of Myc
and the Mad and Mxi1 proteins. The yields of functional
heterodimeric Myc/Max, Mad/Max and Mxi1/Max complexes
could be dramatically increased by co-expression. They
show, however, a tendency to aggregate at higher con-
centrations and gel filtration chromatography indicates the
presence of a tetrameric Myc/Max complex in solution. Crys-
tallization experiments are under way with these proteins in
the presence and absence of DNA.

B-cell lineage specific activator protein (BSAP) -
a paired domain transcription factor
(with M. Busslinger)

There is a family of regulatory proteins involved in the
control of segmentation and determination of cell fate dur-
ing Drosophila embryogenesis which share a highly con-
served motif known as the paired domain. This domain
consists of 128 residues and was identified as a sec-
ond homology region in some homeodomain-containing
proteins in Drosophila. The products of some tissue-
specific genes were subsequently shown to contain only
the paired-domain, and were localized to the nucleus.
The paired domains of vertebrates are encoded by a
multi-gene family that is highly conserved, and has been
named paired-box genes, eight of which are known (Pax-
1 to Pax-8) from sequencing the mouse genome. Re-
cently the transcription factor BSAP has been identified
in B-cells, and is expressed early in B-cell differentia-
tion. The protein is encoded by the Pax-5 gene, and is
highly conserved in human and in mouse (Adams et al.,
1992).

128 residues of the Pax-5 protein corresponding to the
paired domain have been shown to be necessary and suf-
ficient for tight DNA binding. We have obtained his-tagged
protein containing the paired domain from M. Busslinger (In-
stitute of Molecular Pathology, Vienna) and have succeeded
in cocrystallizing it with DNA. Two crystal forms are ob-
served under our crystallization conditions. The hexagonal
form belongs either to the P3 or the P6 space group family
with a=b=71.2 A, c=206 A and diffracts to approximately
3.5 A. A second, plate-like crystal form has not yet been
characterized.

Single-strand-specific nucleases P1 and S1

We are studying the interaction of the zinc-dependent nu-
cleases P1 from Penicillium citrinum and S1 from As-
pergillus oryzae with their nucleic acid substrates by co-
crystallizing the enzymes with thiophosphorylated DNA
analogues. As described earlier (Volbeda et al., 1991),
soaking experiments with the R-diastereomer of a mono-
thiophosphorylated Ap(S)A, which was thought to be re-
sistant against P1 digestion, revealed two mononucleotide
binding sites in P1. Our experiments have shown now that
R-Ap(S)A is cleaved in a slow reaction under crystalliza-
tion conditions and the co-crystals therefore represent an
enzyme-inhibitor complex with a 5'-AMP bound at the active
site. In contrast, di-thiophosphorylated analogues appear
to be resistant against P1 digestion and we are using a
modified tetramer (ATTT) and hexamer (ATAAAA) which we
have obtained from O. Dahl (University of Copenhagen) for
cocrystallization. Tetragonal crystals (space group P41212,
a=b=77.3 A, c=156.9A diffracting to approximately 2.0A
have been obtained with the tetramer and the structure
was solved by molecular replacement and is presently being
refined.

The related S1 nuclease is not available in sufficient quan-
tities from natural sources for structural studies and we
therefore decided to clone the enzyme and develop an
efficient expression system. The S1 gene has been cloned
using genomic DNA from the fungus Aspergillus oryzae
and sequencing has revealed that it contains two introns
and a 20 amino-acid long signal peptide. We are presently
testing a number of expression systems including bac-
ulovirus and the yeast Pichia pastoris. Since we want
to study structure-function relationship and the enzymatic
mechanism of both enzymes by site-directed mutagen-
esis parallel experiments have been started for P1 as
well.

Actin

During the past year we have continued our efforts to
express actin and non-polymerizing actin mutants in a
soluble form using a variety of different expression sys-
tems. Last year we reported that the N-terminal domain
of skeletal muscle actin has been expressed as a solu-
ble protein using a T7 expression vector and was puri-
fied as a his-tagged protein by Ni-chelate chromatography.
The protein forms a stable dimer in solution but does
not seem to show functional activity as judged by the
DNase I inhibition assay or the myosin ATPase activation
assay.

Wild-type skeletal muscle actin has been expressed in in-
sect cells using recombinant baculovirus. The recombinant
protein, however, stays in the insoluble fraction when the
standard purification procedure for actin is applied. We
are currently trying to express cytoplasmic ,8-actin on its
own or together with thymosin ,84, which is thought to be
mainly responsible for keeping actin in a monomeric form
in non-muscle cells. The latter can be produced in large
amounts in E.coli.

67



Other projects

LFB1/HNF1
(with R. Cortese)

Last year we reported the crystal structure of the LFB1
homeodomain and a model for its interaction with DNA. We
are continuing our efforts to crystallize the complete tripartite
DNA-binding domain (Ceska et al., 1993).

Myb
(with T. Graf)

Synchrotron data of a complex between the DNA-binding
domain of c-Myb and a 20mer DNA have been processed.
The crystals (space group P1, a=42.4 A, b=51.7 A, c=98.8 A,
a=1 05.0°, {3=1 00.2°, ,=90.0°) diffract to beyond 3A, but
show a large mosaic spread of around 0.8°. Results from
self and cross rotation functions seem to confirm a packing
arrangement with the two Myb/DNA complexes in the unit
cell oriented parallel to the diagonals of the a,b-plane and
separated by about half the length of the c-axis. This is
consistent with the strong diffuse scattering seen at 3.3Ain
the hk0 plane typical for B-DNA.
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Porins and toxins: towards understanding structures
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The lipid bilayer membrane which surrounds living cells
is a very effective barrier in preventing diffusion of small
molecules and macromolecules into the cytoplasm. To reach
their site of action inside the target cells, from their site
of synthesis within the producing cell, toxins must cross
two to four membranes. One large class of toxins exerts
its lethal effect by inserting into the target cell membrane
and forming a pore which perturbs the ionic and osmotic
balance across the membrane, inducing a wide diversity of
biological effects such as loss of solute, inhibition of active
transport, depolarization of the membrane, and arrest of
protein synthesis. These toxins are produced in a water
soluble form which is able to diffuse towards the target cell
in an aqueous environment. But in their final state, the pore,
they become integral membrane proteins embedded in the
hydrophobic core of a lipid bilayer.

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

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

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

Models are presently being built in an effort to explain
current knowledge and to understand how things work. They
are very helpful in designing new experiments and they
represent the truth until new results make them obsolete.

The "umbrella"model of the membrane-bound structure of
the pore-forming domain of colicin A in the absence of
membrane potential, which was supported by site-directed
fluorescence spectroscopy experiments, is no longer ten-
able. Fluorescence energy transfer measurements with flu-
orescent probes attached to cysteine residues introduced at
several new positions, including the tip of the hydrophobic
hairpin, have provided new distances between fluorescent
probes and the tryptophans on helices 5,6 and 7. Whereas
the large distance increase of helices 1 and 2 from the
tryptophan was confirmed, there was not the expected dis-
tance increase between the hydrophobic hairpin and the
tryptophans when colicin inserted into lipids. This was also
supported by engineering disulfide bridges between the
hydrophobic hairpin and the neighbouring helices. Cross-
linking helix 8 and 7 does not inhibit membrane insertion,
whereas cross-linking helix 1 to 9 does. On the other hand
induction of the conducting colicin channel by the membrane
potential is inhibited by the disulfide bonds.

Mass spectrometry combined with partial proteolysis was
found to be a very efficient method for determining the pep-
tide bonds of colicin A accessible to tryptic or chymotryptic
digestion at the membrane surface, without the need of
extensive purification of individual peptides. It shows again
that the hydrophobic hairpin spends a significant period of
time at the membrane surface.

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

Colicin N, the smallest pore-forming colicin known up to
now, will probably be the next molecule under focus in the
group. A long fragment of colicin N containing both its pore-
forming and its receptor-binding domain was crystallized
some time ago by A. Tucker. Its structure was solved this
year by Ingrid Vetter (see Demetrius Tsernoglou's report).
The tremendous new interest we have in colicin N stems

69



from the fact that last year its membrane receptor, the
ompF porin from the outer membrane from E.coli, was also
solved at 2.4 A resolution (Cowan et al., 1992). Therefore,
the availability of these two structures may provide clues
to our understanding of the first step of colicin entry in the
target cell. The receptor binding domain of colicin N will be
engineered to cocrystallize it with the porin.

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

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

In contrast, the mechanisms of activation, oligomer forma-
tion and membrane insertion are far from being understood.
We have found that proaerolysin in solution as well as
within the crystal is an antiparallel dimer. Proaerolysin acti-
vation and oligomer formation is not accompanied by drastic
changes in the secondary structure. How an antiparallel
dimer forms a head-to-head oligomeric channel is a puzzling
problem. Up to now only indirect evidence for the formation
of a monomeric intermediate could be obtained. The role
of the activation step (cleavage of the C-terminal's last 43
amino-acids) is as yet unclear. It does not apparently lead
to dissociation of the dimer nor to destabilisation of the
protein. However, only the mature form of the toxin is able to
oligomerize provided that its concentration is high enough
or that its receptor is present. Several mutants are under
study and are starting to provide interesting data which will
eventually help us to assemble the pieces of the puzzle.

Porins

Sequence alignment and structure prediction

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

To relate the Rhodobacter capsulatus porin structure to all
the biological data available on other porin classes, we
started last year with the alignment of the numerous porin
amino-acid sequences available and have tried to predict
the trans-membrane topology of the porin family, with the
hope that by adding less-related sequences prediction accu-
racy would increase as was shown with the TIM family. This
prediction passed a stringent accuracy test, with the out-
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come of E.coli ompF and PhoE three-dimensional structures
(Cowan et al., 1992) which underlined the validity of the
approach. Statistical analysis of the three porin structures
and the current alignment including five porin families is
being carried out to improve the prediction method and
apply it to other classes of outer membrane proteins from
gram-negative bacteria. The software developed has been
modified to a "user friendly" version and will be released
soon.

A colicin N-resistant mutant within the
internal loop of ompFporin channel
(with J.M. Pages (Marseille) &
T. Schirmer (Basle))

Most of the ompF mutations obtained so far which confer
resistance to colicin N are located on surface loops of the
protein and prevent colicin binding. Surprisingly, one colicin
N resistant mutant has been obtained which is located in
a loop situated within the constriction of the channel. The
Gly-Glu mutation introduces an additional negative charge
at the narrowest point of the channel lumen and increases
the side chain volume of the residue.

We have studied the channel properties of the mutant and
the antibiotic resistance of the E.coli producing only the
mutated porin in its outer membrane. The structure of this
mutant has just been solved by T. Schirmer. Therefore, we
are now in a good position to relate at the molecular level the
effect of the mutation on the channel structure to its effect
on the function.
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Structural basis of macromolecular assembly and sorting

Group leader: S. Fuller

Scientist: J. Kenney

Fellows: S. Butcher, D. Chretien, T. Dokland, A. Eder*, R. Hendriks, A.-P. Huovila*, H. Krafft-Czepa*, P. Stewart*

Assistants: P. Buck, B. Gowen

The study of assembly and sorting of macromolecules com-
bines many aspects of cellular, developmental, and struc-
tural biology. It is clear that the control of many cellular
processes resides in the modulation of these processes
and that this modulation is best understood in terms of the
structures .of macromolecular complexes. The combination
of cryo-electron microscopy with image reconstruction pro-
vides a uniquely powerful tool for the study of macromolec-
ular complexes because it allows the determination of their
native three-dimensional structures and the observation of
changes within these assemblies. Our group is studying sev-
eral systems in which control of assembly can be examined.

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

These viruses, which include Sindbis and Semliki Forest
virus, are positive stranded RNA viruses in which an icosa-
hedral capsid made from a single protein species is en-
veloped by a membrane containing a single type of icosa-
hedrally arranged spike protein complex. Our work is now
revealing functional detail within the spike complex which
is responsible for the pH mediated fusion of the spike with
the endosomal membrane during entry. The spike complex
in Semliki Forest virus comprises three copies of each of
two membrane glycoproteins E1 and E2. A third, much

. smaller, protein, E3, is cleaved from E2 in a late stage
of Golgi processing but remains associated with the com-
plex in Semliki Forest virus but not in the closely related
Sindbis virus. This cleavage of the E2-E3 precursor must
occur for the spike complex to become active in fusion.
It has been suggested that the effect of the cleavage is
to allow trimerization of E1 which is the active subunit
in the fusion process. Three-dimensional difference imag-
ing between Semliki Forest virus, detergent-treated Semliki
Forest virus (which is depleted in E1) and Sindbis virus
(which lacks E3) revealed the positions of the subunits within
the spike (Venien & Fuller, in press). The assignment of
positions to the subunits of the spike has allowed us to
begin to interpret the conformational changes effected by
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mutagenesis and pH. In collaboration with Henrik Garoff's
group at the Karolinska Institute in Stockholm we have been
studying the effect of the activating cleavage on the structure
of the spike complex. Mutagenesis of the cleavage site
followed by expression produces a virion which appears
properly assembled but lacks all fusion activity until the spike
is activated by exogenous protease. Comparison of the
three-dimensional structures of the cleaved (wild-type) and
uncleaved (Sal) spikes reveals a dramatic conformational
change (Plate 14). Using our assignment of the polypeptide
positions, we can interpret this change as a movement of
E1 from the corner of the uncleaved spike to the edge of the
mature one. Hence the cleavage of one subunit of the spike
(p62-+E2 and E3) influences fusion activity by effecting a
rearrangement of the other. Recently we have been able to
use time-resolved cryo-electron microscopy to examine the
rapid conformational changes that occur in the spike when
it is exposed to the low pH that initiates the fusion activity.
After 50 ms of exposure to low pH, we see a rearrangement
of the spikes on the virion surface which appears to reflect
the separation of E1 from the other subunits of the spike.
Together these observations provide direct evidence for the
role of oligomerization in the control of fusion activity and
an explanation for the lack of fusion activity of the immature
spike complex.

Enveloped bacteriophage t/J-6
(S. Butcher, T. Dokland & B. Gowen)

Bacteriophage ¢-6 is an enveloped bacteriophage with a
well-characterized genetics, assembly and entry pathway.
Interpretation of the structure of the virion is complicated be-
cause it contains many copies of a dozen different polypep-
tides. To overcome this complexity we have been focusing
on the subassemblies of the virion which contain a subset
of the polypeptides and hence are easier to interpret. The
past year has seen the completion of the structures of each
of the subassemblies that contribute to the nucleocapsid of
this virion. Two separate routes have been used to produce
subassemblies. The first is the gentle disassembly of the
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PLATE 14

A surface view of a single trimer
of wild-type Semliki Forest virus
(A) and of the uncleaved Sal
mutant (B). The division of the
spike into subunits is shown in
(C) and a surface view of the
overlap of the Sal and wild-
type virus is shown in (D).

PLATE 15

Surface views of the 4>-6 nucleocapsid (A) and the polymerase
complex isolated from virions (B) and assembled by expression of
eDNA's (C).
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virion to produce an image of the subassembly within the
complete particle. The second is coexpression of subsets of
the proteins from eDNA clones which leads to particle as-
sembly in the bacterium. Plate 15 shows three-dimensional
reconstructions of the nucleocapsid (A) (which contains P1,
P2, P4, P7 and P8), and the polymerase subassembly
(P1, P2, P4, P7) obtained by dissociation (B) and by co-
expression of proteins from eDNA (C). The outlines of the
polymerase can be seen within the nucleocapsid, demon-
strating that P8 comprises the bulk of the surface away
from the vertices. The differences between the structures
in (B) and (C) presumably reflect the effect of packaging of
nucleic acid by the particle. We hope to be able to progress
from a characterization of the individual subassemblies to
a complete knowledge of the assembly pathway of this
membrane virus.

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

We have previously established a low resolution three-
dimensional structure of the centriole from cryo-electron
micrographs. Interpretation of this complex structure is dif-
ficult because of a lack of good techniques for localizing
components within it. For example, there exists no good
immuno-electron microscopy showing the distribution of
tubulin, believed to be a major centriolar component, within
the centriole. Brent Gowen has developed a novel technique
of post-sectioning fixation which allows one to obtain good
morphological preservation and efficient immuno-Iabelling
of isolated freeze-substituted centrioles. Using this tech-
nique, he has visualized the tubulin in the centriolar barrel
(Plate 16). The next step will be to extend this localization

PLATE 16

Stereo view of the labelling of tubulin
within a centriole.
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to some of the dozen characterized centrosomal proteins
so that we can start correlating structure with biochemical
identity and function. Microtubule dynamics form the basis
for many important cellular processes. By combining video
microscopy with cryo-electron microscopy of the identical
preparations, Denis Chretien has identified a spread fila-
ment structure at the terminus of growing microtubules.
Detailed quantitative analysis of growth of these filaments
has allowed comparison with various functional models for
microtubule dynamics. He finds that any model which allows
independent growth of the filaments on a single micro-
tubule can be excluded by the data. Indeed, the relationship
between filament length and microtubule growth can be
matched by a very simple stochastic model of microtubule
elongation. Together with John Kenney, he has also been
able to model the geometry of the protofilaments in the
projected images of microtubules seen in cryo-electron mi-
croscopy and characterize the transitions between protofil-
ament numbers that occur in these structures.

Intermediate compartment
(P. Buck, B. Gowen, R. Hendriks & A.-P. Huovila)

We have continued our studies of the role of conformational
change in the recognition of the KDEL retention signal by
attempting to produce sufficient quantities of a model KDEL
protein for structural studies using a baculovirus expres-
sion system. The existence of an intermediate compartment
between the endoplasmic reticulum (ER) and the Golgi is
well accepted (Hendriks & Fuller, 1993). However a number
of features of this compartment, such as its connectivity
with the ER, remain controversial. We showed previously
that hepatitis B surface antigen maturation utilized a portion
of the intermediate compartment (Huovila et ai, 1992). As
a result, accumulation of the antigen serves as a useful
marker for this portion of the intermediate compartment.
We have utilized this marker in combination with several
others to look for the possible connections between the ER
and this portion of the intermediate compartment. We can
show that any putative connection must be so small or so
infrequent that it could not account for the transport between
ER and Golgi. We also used a model-independent method
for evaluating the colocalization between intermediate com-
partment markers and those of the ER and showed that
mixing between these two compartments is undetectable.
Together these two results establish that the intermediate
compartment represents a discrete compartment on the
secretory pathway which must communicate with the ER
by means of vesicular transport.

High resolution cryo-electron microscopy

Obtaining high resolution data from cryo-electron micro-
graphs of single particles has been difficult. Although stud-
ies of crystalline and helical structures indicate that the
microscope can capture high resolution information, other
technical problems have stood in the way of making this
true for single particles such as viruses or other macro-
molecular assemblies. One approach for bettering these
bleak prospects is to combine cryo-electron microscopy

with X-ray diffraction (Stewart et al., 1993) to accurately
position a high resolution structure within a larger assembly.
The success with adenovirus has prompted us to pursue
two other systems, the membrane containing bacteriophage
PRD-1 and the flavivirus, tick borne encephalitis, for which
three-dimensional crystals are available for individual pro-
teins and a structure of the whole virion is necessary to
provide the needed context. Our second approach, which
is now possible with the arrival of the new field-emission
cryo-electron microscope, is to adapt the tools used for
periodic specimens to non-periodic ones. In particular, we
intend to use directed spot scanning to increase resolution
and contrast in images of single particles which we will pro-
cess with the algorithm we have developed for conventional
cryo-electron micrographs.
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Experimental analysis of protein folding

Group leader: L. Serrano

Fellows: F. Blanco, P. Cronet, V. Munoz, A.R. Viguera

Visitors: J.M. Manas*, M. Pisabarro

Assistant: E. Lopez

The basic goal of our group is to elucidate the physico-
chemical principles behind the folded structure of proteins as
well as to analyse the kinetic aspect of the folding process
in protein folding. To do so we have chosen three model
protein systems. The first being an 0:/(j parallel protein
CheY, which has a similar fold as p21 Ras or flavodoxin,
but only 129 residues and no nucleotide binding-site. The
second system is the SH3 domain family. This domain is
a (j-sheet barrel containing 62 amino-acids. Finally, the
G-domain of the immunoglobulin-G binding protein which
also contains around 60 residues, and is an o:+(j protein.

Structural characterization

NMR structure of CheY in solution

The complete residue assignment and secondary structure
determination of CheY in solution has been carried out in
collaboration with Prof. Rico's group (Instituto de Estructura
de la Materia (CSIC), Madrid). The three-dimensional struc-
ture determination of the protein labelled with N15, by NMR,
is finished and the ten best structures have an rms of less
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than 0.6 A (Sanchez et al., 1994). We are starting now the
first quench-flow NMR experiments to analyse the folding
pathway of CheY.

NMR structural analysis of the spectrin SH3 domain

We have carried out the complete residue assignment and
secondary structure determination of the SH3 domain of
spectrin in solution and are currently determining the three-
dimensional structure of the protein labelled with N15.

Crystallographic analysis of CheY mutants

The three dimensional structures of the mutants of CheY
have been solved in Barcelona (Spain) as a result of a
collaboration with Dr. Coli's group (Universidad Politecnica
Cataluna, Barcelona). This group has already crystallized
and solved the wild-type protein with magnesium to less
than 1.4A resolution (Belsollel etal., 1994; Plate 17). Three
of the mutants, designed to create a GTP-binding-site (see
below) in the protein, have been crystallized and the struc-
ture of one of them is solved.

PLATE 17

Correlation plots between the experimental CD average helical
content and the predicted values using our method. All the pep-
tides used in our database have been analysed between 0 and
5° C, pH between 5 and 8 and less than 0.1 M NaCI, with the
exception of some protected peptides without any i, i+1, or i,
i+3 or i, i+4, electrostatic interaction. In the case of the peptides
containing His residues, we have used only measurements made
below pH 6.0, where the His residue is protonated. To reproduce
the same sigmoidal behaviour with peptide length found exper-
imentally for polyalanine-based peptides, we used the following
parameters: a stabilising, or destabilising effect of the helix dipole
of 0.4 kcal.mol-1 ; a value of 0.92 kcal.mol-1 per hydrogen bond,
including the possible hydrogen bond made by the acetyl group
at the N-termini with a main-chain helical amide; an absolute
intrinsic value for Ala, Glu and Lys of 0.8, 1.0 and 1.02 kcal.mol-1

respectively, an attractive electrostatic attraction between Glu and
Lys at positions i, i+3 of -0.15 kcal.mol-1.
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Analysis of the folding pathway of proteins

Thermodynamic and kinetic characterization of CheY

We have finished the thermodynamic (Filimonov et a/., 1993)
and kinetic characterization (Munoz et a/., 1994) of CheY.
Equilibrium and kinetic analyses have demonstrated the
presence of a folding intermediate not due to a prolyl-bond
isomerisation. Analysis of some active site mutants indicate
that the active site is not formed until the final folding step.
We are currently analysing more than forty mutations all
over the protein, with the idea of characterizing the folding
pathway of CheY as well as determining protein stability
principles.

Thermodynamic and kinetic characterization
of the spectrin SH3 domain

The folding and unfolding reactions of the SH3 domain of
spectrin can be described by a two-state model. Equilibrium
unfolding by urea, guanidinium chloride and heat are com-
pletely reversible at pH values below 4.0. No intermediate
can be seen to accumulate by equilibrium denaturation fol-
lowed by fluorescence and circular dichroism (CD), refolding
kinetics and calorimetry, and a concomitant recovery of
secondary and tertiary structure is observed during refolding
(Viguera et a/., 1994). This suggests that the two-state
model can properly describe the folding of this domain
both from the equilibrium and kinetic point of. view, and
raises the question of whether the accumulation of kinetic
intermediates is merely a result of the size of the protein
being studied.

Kinetic analysis of circularly permutated proteins

To analyse the importance of the sequential order of the
different secondary structure elements, we have created
by protein engineering circular permutations of the SH3
domain of spectrin. The advantage of using this domain is
the small number of possible circular permutations that can
be made without breaking secondary structure elements.
The circularly permutated proteins fold properly as found by
circular dichroism and equilibrium denaturation. However,
the more interesting results are the effects on the folding
and unfolding kinetics of the protein.

Nucleation folding points

Stability in solution of protein fragments
corresponding to the a-helices of p21,
CheY and flavodoxin

Peptides corresponding to the five a-helices of CheY,
p21 and the four helices of flavodoxin were chemically
synthesized. CD and NMR analyses (in collaboration with
Prof. Rico in Madrid) were performed on them at 4° C, and
25° C, in water or in 30% TFE. The analysis is completely fin-
ished and the main conclusion is that those a-helices which
join two non-sequential {j-strands are always unstructured
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in solution (Jimenez et a/., 1994; Munoz et a/., 1994). The
reason behind it could be the necessity of having a flexible
loop that will allow the intercalation of a {j-strand between
the two preceding and following the a-helix. We are now
expressing bigger fragments of the three proteins, as fusion
proteins, corresponding to longer structural motifs, and we
plan to start analysing them in the near future.

NMR and CD analysis of the secondary structure
elements of the G-domain of the IgG binding protein

The G-domain of the IgG binding protein is a perfectly
modular protein composed of two {j-hairpins and an a-helix
without any disulphide bridge. Since we are interested in the
role played by the intrinsic tendency of a certain sequence
of amino-acids to populate a certain secondary structure
conformation in solution, we decided to analyse these mod-
ules in solution. NMR and CD indicate that the sequence
corresponding to the a-helix was mainly unstructured in wa-
ter, but became helical upon addition of 30% TFE. The first
{j-hairpin exhibited a tendency to form a {j-turn in solution
in the same region as in the protein, and upon addition of
30% TFE it forms a {j-hairpin with a structure similar to the
one it has in the protein. The second {j-hairpin was stable
in aqueous solution and presented a structure compatible
with the one present in the protein. Addition of 30% TFE to
this peptide increased the {j-hairpin population significantly.
These results are of special interest since this is the first
case of a {j-hairpin that is independently stable in aque-
ous solution, without aggregating, and more importantly, it
confirms the importance of the intrinsic secondary structure
tendencies of amino-acid sequences in protein folding.

Elucidating the folding problem of
helical peptides in solution

Using empirically derived data we have quantified all the
energy contributions accounting for a-helix stability. With
this database and an algorithm based on statistical mechan-
ics, we are able to describe the average helical behaviour
in solution of 323 peptides and the helicity per residue of
those peptides analysed by nuclear magnetic resonance
(Plate 18). Moreover the algorithm successfully detects the
a-helical tendency of a {j-strand of ubiquitin, and indicates
that non-native structures could be present in the earlier
steps of protein folding (Munoz & Serrano, 1994). We be-
lieve this result to be of particular importance, since it is a
solid step in the direction of the ultimate goal of solving the
protein folding problem.

Protein design

Design of a GTP-binding-site on CheY

Philippe Cronet, a shared predoc with Chris Sander's group,
is the person in charge of this project. The idea is that
since CheY is a parallel aj{j protein with no nucleotide
binding-site but a very similar structure to flavodoxin and p21
Ras, it will be possible to design a GTP- or ATP-binding-site.



This will allow us to test various hypotheses concerning the
way loops are folded and also concerning protein-protein
interactions. We have sequentially mutated the CheY protein
and we are determining the three-dimensional structure of
all the mutants. We have now successfully transplanted all
the functional loops of p21 to CheY. All the mutants we have
made are stable and soluble and we are now testing their
GTP-binding properties.

Protein-protein interaction

Binding of peptides to the SH3 domain

In collaboration with Matti Saraste's group, we are analysing
the interaction of proline-rich peptides with different SH3
domains. We think that the SH3 domains can be used
as very good model systems to determine the rules that
govern the specificity and affinity of the interaction between
a protein and a peptide. So far we have determined the Kd
for the binding of the different proline-rich peptides described
in the literature as the substrates of SH3 domains, and we
are now modelling the interaction. Next year we will start
mutating the SH3 domains as well as the peptides with the
idea of rationally modifying the interaction.

Folding "in vivo"

In collaboration with Dr. Bukau (Heidelberg) we have looked
at the interaction of the different synthetic peptides we have
analysed by CD and NMR, with the DnaK chaperone. We
found that two a-helices of CheY interact with high affinity
with DnaK, and we are now looking at the interaction of the
wild-type CheY and mutants, with this chaperone.
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PLATE 18

Diagrams showing the agreement between the predicted helicity
per residue (thick continuous lines) and that observed by NMR for
a peptide corresponding to residues 532 to 565 of the adenylate
cyclase from B.antracis. The upfield chemical shifts of the amide or
Co: protons, with respect to random coil values are shown as thin
continuous lines. The total number of times a residue is found in a
four-residue region having an i, i+3 NOE, divided by ten (to scale the
right y-axis for comparative purposes), is shown as a discontinuous
line.
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Electron microscopy of large proteins

Group leader: K. Leonard

Scientists: B. Bullard, T. Gibson

Fellows: J. Clayton*, V. Guenebaut, S. Labeit

Visitors: L. Dennis*, T. Wendt*

Assistants: C. Ferguson*, D. Goulding*, A. Lakey*, J. Thompson

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

Novel proteins in Lethocerus and Drosophila muscle are
being studied. The localisation of these proteins in thin
sections is carried out by immuno-electron microscopy using
IgG-gold or Fab-gold probes. Sequencing work is being
carried out on titin. Analysis of sequence data using a new
method for detection of domain patterns for titin and nebulin
and other proteins is being carried out.

PLATE 19

Two views of a three-dimensional reconstruction from sin-
gle particles of Neurospora crassa mitochondrial Complex I.
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Membrane proteins

In collaboration with Hanns Weiss (DOsseldorf), we are
continuing to work on Complex I from Neurospora mito-
chondria. Complex I is a very large multi-subunit enzyme
(>24 subunits, Mr rv800kDa) which forms the first link in
the redox chain. We have now carried out a preliminary
three-dimensional reconstruction of single particles of the
complex dispersed in Triton X-100 using the conical tilt
method (Plate 19). We are also carrying out a topological
mapping of the complex using anti-subunit antibodies.

Together with the groups of Franc Pattus and Demetrius
Tsernoglou, we have been studying the structure of the
membrane-associated channel complex of the bacterial

The tranparent planes represent the position of the two surfaces of
the lipid bilayer.



PLATE 20

(a) Thin filaments from insect flight muscle forming ordered two-
dimensional arrays on a lipid monolayer.

(b) Two-dimensional arrays of tropomyosin-troponin complex ad-
sorbed to a monolayer.

(a) (b)

toxin aerolysin. The structure of the soluble pro-aerolysin
dimer has been determined in the Tsernoglou group by
X-ray crystallography. We are now attempting to obtain a
three-dimensional reconstruction of the membrane channel
oligomer by cryo-electron microscopy. We have (with Marek
Cyrklaff) obtained good images of helical tubes of aerolysin
channel complex in ice which are suitable for image recon-
struction. X-ray data for the monomer can then be fitted into
the envelope for the channel complex.

Proteins on lipid monolayers

Following on from some earlier work carried out in our group
on the formation of two-dimensional arrays of actin filaments
on lipid monolayers, we have been attempting to produce
ordered arrays of insect muscle thin filaments in the same
way. The goal is to obtain structural information on the
control protein complex (troponin) which is larger in insect
flight muscle than in vertebrate muscle and which contains
an unusual 80 kDa troponin component (troponin-H). An

interesting finding which has arisen from this work is that
the tropomyosin-troponin complex from insect flight muscle
can be made to form two-dimensional ordered layers in the
absence of actin (Plate 20).

Invertebrate muscle proteins

We are also studying a number of proteins in insect flight
muscle. Biochemistry and immuno-Iocalization of proteins is
conveniently carried out with muscle from the giant water-
bug Lethocerus indicus, while cDNA cloning and sequenc-
ing is carried out for the corresponding Drosophila proteins.

A large modular protein, kettin, has been localized to the
borders of the Z-disc in insect muscles (Plate 21). The
sequence of the Drosophila protein has been extended
by Bernhard Kolmerer (Pastore group). Kettin consists of
conserved titin-Iike class II domains separated by less
conserved linker sequences of 35 amino-acids. To isolate
molecular probes encompassing this region, a genomic

(b)(a)

PLATE 21

1 kb

• class II domain insertion sequence

(a) Frozen section of Drosophila flight muscle showing labelling
to either side of the Z-disc by anti-kettin gold-antibody.

(b) Schematic diagram showing (top) genomic organisation of
kettin and (bottom) the 18 class II domains and intermediate
sequences so far obtained.
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D. melanogaster library has been screened, and a set of
overlapping clones spanning 30 kb genomic DNA have
been isolated. It is therefore now possible to study mutants
mapping within this region of the Drosophila genome, and
ultimately to determine the complete sequence of the kettin
gene. The sequence of the 7 kb BamHI fragment has been
completely determined, and encodes 18 highly homologous
class II modules suggesting that kettin is composed of a
large number of these modules. Raising of antibodies to
sequences spaced along the kettin molecule should allow
us to determine the orientation of kettin within the Z-disc by
immuno-electron microscopy.

Kettin is a substrate for calpain, a Ca2+-activated protease
active during turnover of myofibrils. Kettin is digested to a
series of peptides of decreasing size and this results in
disintegration of the Z-disc. Other Z-disc proteins are not
digested by calpain but are released after kettin is digested.

The expression of kettin in the late pupal stage of Drosophila
has been determined by in situ hybridization of a kettin
cDNA probe to frozen sections of pupae. Kettin is expressed
in both flight and non-flight thoracic muscles and in muscles
in the head and abdomen.

Molecular biology of titin - an integrated approach
to characterize the largest known protein
(M. Gautel, B. Kolmerer & S. Labeit)

Over the past years, it has become clear that vertebrate
striated muscle contains a third filament system apart from
the actin- and myosin-fibrils which is formed by the giant
molecule titin. Single titin molecules span from Z- to M-lines
and therefore extend over 1 J.lM length. Titin is expressed
as one of the earliest myogenic marker proteins and forms
intimate interactions with the contractile and scaffolding
proteins, apart from providing an elastic connection between
the anchoring planes of thick and thin filaments (M- and
Z-disks). The crucial involvement of titin in myogenesis and

muscle structure has thus become increasingly clear. Since
standard biochemical methods are inadequate to character-
ize a protein three megadaltons in size, characterization of
the primary structure of titin was chosen as a first step to
dissect its manyfold functions into comprehensible units.

Molecular cloning of the cardiac titin eDNA

Using five partial titin cDNAs coming from different posi-
tions within the gene, powerful cDNA extension methods
based upon the PCR technique could be developed. Since
extending cDNA clones are identified by PCR, and ampli-
fied fragments are sequenced directly by cycle sequencing
methods, the technology exists to complete a project of this
size (the titin message is 7x larger as e.g. the dystrophin
message). With the same set of infrastructure, we are in a
position to characterize other giant transcripts in vertebrate
and invertebrate muscle (nebulin, with Annalisa Pastore;
kettin, with Bellinda Bullard & Kevin Leonard). In 1993, we
have linked up all five partial cDNAs and created an 82 kb
large cDNA contig which appears to be the complete titin
message expressed in human heart. The sequence of this
contig has been completed on one strand showing that it
encodes a 2,910 kDa large protein, This protein is com-
posed of 243 globular subunits of 10-12 kDa each, which
amount to 90% of titin's mass. The remaining approximately
300 kDa are contained in 19 unique sequence insertions
preferentially present near the ends of titin. We expect to
be able to submit the complete sequence to the EMBL data
base with full confidence in 1994.

Sequence of I-band titin

In 1993, the sequence of I-band titin has been completed.
Suprisingly, I-band titin appears not just to be a homogenous
elastic linker between Z-disk and A-band, as it consists
of different kinds of sub-structures (Plate 22). Most of the
I-band (80%) is composed of IgG-C2 domains, suggesting
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The domain pattern of the titin I-band region is composed of
homogenous stretches of type II domains comprising about 80% of
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in the N2-line.



PLATE 23

The C-terminal region of titin which anchors the molecule in the
M-line and bears the VKSP multiphosporylation repeat. The IgG C2

domains CII-1 to 10 are interspersed by a complex pattern of unique
insertions.

The titin C-terminus in the M-line
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that these elements account for the elastic properties. In col-
with Annalisa Pastore, we are studying whether

these I-band modules indeed form the molecular basis of
elasticity, Le. whether they differ in stability from modules in
the rigid regions of A-band and M-line. In the thin filament
region, an electron-dense stripe of unknown significance,
called N2-line, is observed in electron microscopy. In this
region, titin contains unique sequence insertions with no
homology to other proteins known at present. Our data imply
that protein interactions between titin and uncharacterized
ligands are the basis of this observed electron-density.
Between the homogenous repeats typical for the I-band
and the regular pattern of type I/type II motifs of A-band
titin, a complex transition region of unknown function is
found.

Structural/functional characterization
of M-Iine titin

Evolutionary analysis of the available titin sequences sug-
gests that domains within the myosin- and C-protein binding
A-band region are highly repetitive, while the M-line,
a high divergence of module sequences implies that they
have evolved into specialized functions (with Desmond Hig-
gins and Toby Gibson). Therefore, the complete set of
the ten M-line IgG C2 domains from the C-terminus have
been expressed for structural study and ligand charac-
terization. In this localized domain library, we could map
the binding sites of the cardiac 190 kDa M-line protein
in competitive binding assays. As titin is integrated into
nascent sarcomeres in a polar fashion, beginning at the
Z-disk and ordering the C-terminal M-line region last, this
part of the molecule must bear developmentally regulated
assembly sites. Sequence analysis of M-line titin revealed
4 copies of the tetrapeptide VKSP (see Kevin Leonard's
Research Report 1992), analogous to the neurofilament
multiphosphorylation repeat, in insertion Mis4 between do-
mains 5 and 6 (Plate 23). In 1993, we could show that

this motif is phosphorylated in vitro in differentiating my-
oblasts by a kinase activity similar to or identical to cdc2
kinase. Site-directed mutagenesis in all repeats changing
the phosphate-accepting serine residues to alanine has
demonstrated that indeed all VKSP motifs in titin are phos-
phorylatable, leading to the hyperphosphorylation of Mis4
during differentiation. We are currently investigating the
ligands of the KSP-flanking domains and the way their
titin-interactions are regulated by KSP-phosphorylation. The
structures of the flanking modules are being solved by the
group of Annalisa Pastore. The expressed set of M-line
modules has been provided to the group of Klaus Weber and
Dieter FOrst (MPI Gottingen) to generate a corresponding
panel of monoclonal antibodies whose sarcomeric positions
are currently being mapped ultrastructurally in Gottingen.
Eventually, the complementation of ultrastructural and func-
tional data from MPI Gottingen and EMBL will enable our
groups to create a comprehensive model of the sarcomeric
M-line.

A recombinant titin antigen as
a thymus tumour marker

At the All junction region of the molecule, we could map
and isolate the hyper-immune region of titin in collaboration
with the group of Johan Aarli (Neurological Hospital of
Bergen, Norway). A subset of about 10% of patients with
the autoimmune disease myasthenia gravis were found to
have extremely high titres of IgG against titin. All of these
patients display thymus malignancy or thymus atrophy. We
could demonstrate that epitopes recognized by all patient
sera map in a narrow region of titin of only two domains,
denominating a hyper-immunogenic stretch (main immuno-
genic region MIR, Plate 22), which is also very antigenic
when whole titin is injected into animals. An ELISA, based
on the recombinant titin MIR, which we set up in collab-
oration with the Bergen group, demonstrates that the titin
MIR can be used as a sensitive and specific diagnostical
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PLATE 24

Expressed titin domains from the MIR region were used in an ELISA
to detect IgG autoantibodies in patients' sera. Patients with thymus
neoplasia/atrophy have high titres of autoantibodies in this assay.

00492 nm
2.0 .,-----------------------,

1.5
A

66 A

•••
1.0 6aA

666 •••
6

0.5 A

e
A
A e

0.0 .......... ...............-- --
Thymoma Atrophy Hyperplasia Myocard. SLE Muscular
and MG andMG andMG infarct. dystrophy

marker for thymus malignancy/atrophy in myasthenia gravis,
creating a rational basis for curative therapy by thymectomy
(Plate 24).

A method to weight protein sequences using
evolutionary tree branch lengths and its application
in the detection of domains in modular proteins
(T. Gibson & J. Thompson)

In recent years it has become clear that a high proportion
of eukaryotic proteins are composed of multiple domains
that can fold and function autonomously. Certain muscle
proteins, such as titin and nebulin illustrate this behaviour in
its most extreme form (see also Research Report of Annal-
isa Pastore). Before the overall function of such a protein
can be understood, it is essential to clarify the modular
structure and map specific functions to individual domains.
Domains are detected in the first instance as either repeated
sequences in a single protein, or by detecting sequence sim-
ilarity to a known class of domain in some other protein. The
most sensitive methods to search databases for domains
use sequence information from aligned family members.
Matrices, known as PROFILES, which score amino-acid
preferences for each position in a domain alignment are
commonly used for database searches (Gribskov et a/.,
1987). In collaboration with Des Higgins (Data Library), we
have introduced a precise, yet rapid and simple, method to
weight sequences in an alignment according to their relative
similarities. The weights have not only improved the sensi-
tivity of profile searches but are likely to be widely applied
in computational biology. Already, after performing well in
comparative trials with other weighting methods, this routine
has now been adopted for weighting the new release of
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the BLOCKS database of aligned sequences developed and
distributed by Henikoff and Henikoff (1991). We ourselves
are currently in the process of introducing the weights into an
automatic multiple alignment program, CLUSTALW, which
uses both trees and profiles internally.

Branch-proportional sequence weights
from neighbour-joining trees

The neighbour-joining (NJ) method is the most frequently
used method to construct evolutionary trees from aligned
sequences (Saitou & Nei, 1987). NJ is a fast heuristic
approach that links the sequences consecutively according
to pairwise residue identity scores, producing an unrooted
tree. The branch lengths are a measure of the observed
divergence between subsets of sequences: therefore NJ
trees are attractive as a source of weights. Our weighting
method has two steps. Firstly, a root is placed at the deepest
point within the tree. Then the distances from the root to
each tip provide the weights: these are calculated by dividing
each internodal branch by the number of sequences that
share it and then summing the resulting branch-ownership
values for each sequence. The method is illustrated in Plate
25(A).

New detections with weighted profiles

Weighted profiles have been prepared with a number of
domain families, in four cases yielding useful results. Also
involved were Peter Rice (Computer Group) and Jaap
Heringa (Argos Group) who each provided new applications
programs using profiles. Profiles of the RNA-associated
KH domain revealed the domain in several new proteins.
For example nusA, an E.coli antiterminator, has two KH
domains as does FMR-1, the gene associated with fragile-X
syndrome which is the most common form of mental retar-
dation in humans (Plate 25(B)). The latter detection is a
vital clue, since in the two years since it was sequenced,
no function whatsoever had been linked to FMR-1: a role
in RNA metabolism now seems assured. In a collaboration
with Andrea Musacchio and Matti Saraste, profiles of the PH
domain which had been earlier identified in 20 signalling
proteins, detected a further 25 new PH domains in, for
example ATK, the gene associated with the immune disease
a,globulinaemia, and in ,B-adrenergic receptor kinase (,B-
ARK) where the receptor binding site had been localized to a
region which neatly corresponds with the PH similarity. Sig-
nificant detections with other profiles include dsRNA-binding
domains in Drosophila ma/e/ess and human RNA helicase A
as well as a most unexpected homology between cell cycle
regulators, the cyclins, and the general transcription regula-
tor TFIIB (in collaboration with Ariel Blocker).
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PLATE 25

(A) Calculation of tree weights from NJ trees. The tree is rooted
at a central point enabling the branch-ownership values to be
simply calculated.

(B) KH domains in the fragile X protein FMR-1. The figure shows
two graphical displays revealing high scoring segments of
the FMR-1 sequence against the KH profile. Beneath is a
summary of the deduced multidomain structure of FMR-1.
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Structure of eUkaryotic membrane proteins

Group leader: W. KOhlbrandt

Scientist: D.N. Wang

Fellows: M. Auer*, R. Flachmann, G. Mosser*, R. Nunn, S. Nussberger*, J. Puonti-Kaerlas, Y. Tahara*

Visitors: R. Bassi*, W.A. Cramer*, G Hauska*, Y. Kimura*, D. Madden*, J Morr*, G. Perkins*, R. Reithmeier*, V. Sarabiah*, G Scarborough*,
T. Schnyder*, I Tews*, X. Young*

Assistants: M. Cyrklaff, K. Pimplikar

The main aim of our group is to understand the structure
and function of eukaryotic membrane proteins at the atomic
level. Membrane proteins are an important class of proteins
but are generally considered to be the most difficult to
crystallize. For this reason, there is very little detailed in-
formation about their three-dimensional structure. We have
determined the structure of the plant light-harvesting com-
plex (LHC-II) at 3.4Aresolution by high-resolution electron
microscopy and electron diffraction. LHC-II is the main col-
lector of solar energy in photosynthesis and has a pivotal
role in bioenergetics. This is the first high resolution structure
of an integral eukaryotic membrane protein.

The structure of LHC-II is providing a firm base for our
other studies of the complex by biochemical, spectroscopic
and genetic techniques. In addition, we are determining the
structures of several other eukaryotic membrane proteins,
including human Band 3 and H+ ATPase.

Structure of LHC-II at 3.4Aresolution
(W. KOhlbrandt & D.N. Wang, with Y. Fujiyoshi)

The 3.4 A structure of the light-harvesting complex shows
the amino-acid side chains in the 3 trans-membrane helices,
one amphipathic helix at the membrane surface and the
loop regions, and the exact location of 12 non-covalently
attached chlorophylls and 2 carotenoids (Plate 26). This
is providing a wealth of information, e.g. about the in-
teraction between trans-membrane helices and the bind-
ing of cofactors in the membrane, as well as details
of the interaction between chlorophylls with one another,
and with the photoprotective carotenoid molecules. The
close distances of 5A or less between 7 chlorophylls
and the carotenoids has enabled us to assign these to
chlorophyll a, which makes it possible to gain insight
into the function of a photosynthetic membrane antenna.
The complex is an oligomer and we can now study

PLATE 26

Structure of plant light-harvesting chlorophyll alb-protein complex
(LHC-II) determined at 3.4A resolution by electron microscopy and
image processing. Helices A, B, C span the lipid bilayer, indicated
by grey bars. The short amphipathic helix D is located at the lumenal
membrane surface. 7 of the 12 chlorophyll tetrapyrroles are in
van-der-Waals contact with the polyene chains of two carotenoids in
the centre of the complex and can thus be identified as chlorophyll a.
The remaining chlorophylls are probably chlorophyll b.
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PLATE 27

Three-dimensional map of the mem-
brane domain of human Band 3, at 20 A
resolution, showing the bulky basal do-
main which probably spans the mem-
brane and consists of up to 14 trans-
membrane helices. The wing-like exten-
sions are likely to protrude into the cyto-
plasm. They form the sides of a canyon
which may guide anions to the transport
channel at the dimer interface.

the hydrophobic interactions between monomers at the level
of individual amino-acids. The polypeptide is synthesized in
the cytoplasm as a soluble precursor. Knowing the structure
of the molecule in the membrane, we are beginning to
understand how the protein can turn from a soluble into the
membrane-inserted form.

Two-dimensional crystallization of light-harvesting
complex reconstituted in vitro (D. Madden &
W. KOhlbrandt, with S. Hobe & H. Paulsen (Munich))

We have been able to grow two-dimensional crystals of
light-harvesting complex reconstituted in vitro from a recom-
binant, bacterially expressed polypeptide and purified pig-
ments. Preliminary image processing of negatively stained
crystals has shown that the structure is at least very sim-
ilar to that of the native complex. Electron diffraction has
indicated that two-dimensional crystals of the reconstituted
complex diffract to high resolution. This will enable us to
use site-directed mutagenesis to investigate the function of
particular amino-acids in the context of the high-resolution
structure.

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

By introducing antisense DNA into the nuclear genome of
tobacco plants, we have succeeded in reducing the level of
LHC mRNA drastically. We are currently investigating the
effect this has on the expression of the mature protein. This
will enable us to study the physiological effects of a reduction
of LHC-II, e.g. on non-photochemical quenching. Plants with
a reduced level of LHC-II will be used to express other,
modified forms of LHC-II for structural and physiological
studies.
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Studies of LHC-II oligomerization in vitro
(S. Nussberger & K. Pimplikar)

LHC-II is a trimer in vitro and, most likely, also in the photo-
synthetic membrane. Oligomer formation depends critically
on the presence of a particular membrane lipid (phosphatidyl
glycerol) which binds specifically to the LHC-II monomer.
We have found that the binding-site for this lipid is lo-
cated in the first 50 amino-acids of the LHC-II polypeptide.
The trimer can be dissociated reversibly into monomers
with detergent. In this way we have produced preparative
amounts of stable, intact LHC monomers. Spectroscopic
investigations in collaboration with R. van Grondelle and
H. van Amerongen (Amsterdam) have revealed differences
between the monomeric and the trimeric form which seem
to be relevant for antenna function.

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

Band 3 is the major membrane protein in erythrocytes. It
exchanges CI- against HC0"3 across the plasma membrane.
The same family of anion exchanger (AE) proteins includes
the highly homologous AE2 in kidney cells which controls
pH homeostasis in mammals, and AE3 in neurons which
may be involved in neuromodulation. We have determined
the three-dimensional structure at 20A resolution of the
membrane domain of Band 3 by electron image process-
ing of two-dimensional crystals. The three-dimensional map
(Plate 27) reveals that the membrane part which is fully
competent in membrane transport is a dimer, with a channel
for membrane transport at the interface consisting of a bulky
basal domain which probably spans the lipid bilayer, and
two wings which probably extend into the cytoplasm. These
wings are conformationally flexible and may be involved in
the regulation of membrane transport.



PLATE 28

Crystalline sheet and projection map of H+-ATPase from Neu-
rospora· plasma membrane. The map was derived by image pro-

cessing of crystals imaged by electron microscopy of a cryo-
hydrated specimen.

Structure of cytochrome baf complex in
projection (G. Mosser &K. Pimplikar with
G. Hauska (Regensburg))

Tubular crystals and crystalline sheets of cytochrome bsf
from chloroplast membranes stained with uranyl acetate
were processed and yielded a projection map at 20Aresolu-
tion which shows that the complex is elongated and roughly
L-shaped in the membrane. We are currently investigating
the effect of membrane lipids on crystal formation.

Structure of proton ATPase
(M. Auer & M. Cyrklaff with G. Scarborough, Chapel Hill)

Extensive crystalline arrays of H+-ATPase from plasma
membranes of Neurospora were imaged by cryo-electron
microscopy. A 22A projection map (Plate 28) shows

the characteristic hexameric arrangement of Neurospora
H+-ATPase. These studies are being extended to higher
resolution.
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Protein crystallography, targeting signals

Group leader: P. Metcalf

Fellow: E. Schlagenhauf

Visitors: B. Anderson*, C. Ribbing*

Assistant: V. Brachvogel

We are working on the crystal structures of two proteins rele-
vant for intracellular targeting studies, the 45 kDa lysosomal
aspartic proteinase cathepsin 0, and the 23 kDa GTPase
Rab7, which occurs on the outer membrane surface of
late endosomes. Both molecules relate to work carried out
at EMBL by other groups; cathepsin 0 to studies of the
lysosomal mannose-6-phosphate mediated transport path-
way (see B. Hoflack report) and Rab7 to specific vesicle
transport (M. Zerial, J. Gruenberg, K. Simons &G. Griffiths
groups). Our aim is to learn the structural details of key intra-
cellular sorting events. Targeting signals in the sequences
of both cathepsin 0 and Rab7 have been defined, and
we intend to look at the corresponding structure on these
molecules. The other partner of the targeting event, the
specific receptor that binds to the targeting signal, is only
partially purified in the case of lysosomal enzymes like
cathepsin 0 and is still unknown for the Rab proteins, so
for these sorting events we can at present only learn how
targeting information is encoded in the structures of the
sorted molecules but not yet how it is recognized in the
cell.

Significant progress was made during the year on a third
crystallographic project, leishmanolysin, a unique 63 kDa
GPI (Le. glycolipid) anchored membrane bound zinc pro-
tease, which is the major surface antigen of the infective
form of the trypanomastid parasite Leishmania. The struc-
tures for human and bovine cathepsin 0 were published
in April but the heavy work load of the Rab7 and leish-
manolysin projects has left little time for further studies on
cathepsin 0 and lysosomal targeting. Cathepsin 0 is the
second lysosomal molecule with known structure, and a
comparison of its surface with that of the first, cathepsin B,
needs to be carried out as it may reveal the structure of
the putative shared lysosomal targeting region. The brief
crystallographic status of the three projects are as follows:
human and bovine cathepsin 0 3 A, Rfree=25%

, R=16%
;

Rab7 - 2.3 A, Rfree=28.2%
, R=24%

, leishmanolysin - two
crystal forms diffracting to 2.5 A, a single solved derivative
in each, but still no interpretable map!
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Cathepsin 0

Cathepsin 0 is the main mammalian aspartic proteinase,
occurring in the Iysosomes of most cell types, and involved
in the catabolism of endocytosed and intrinsic proteins
reaching Iysosomes. It has been implicated in several phys-
iological and pathological processes, and because of its
predominance and wide distribution, is an alternative target
for drugs designed to inhibit the medically important aspar-
tic proteinases, renin and the HIV protease. Cathepsin 0
is synthesized and folds in the endoplasmic reticulum as
procathepsin 0, with a 45 residue N-terminal pro-segment
which is removed at low pH in the lysosome to activate
the proteinase. Aspartic proteinases are comparatively easy
to purify because of their extremely specific pH-dependent
binding to the inhibitor pepstatin and structures are known
for the mammalian proteinases pepsin, renin, chymosin
and gastricin and for the pro-proteinases pepsinogen and
progastricin, which are all extracellular. We purified and
produced crystals diffracting to 3A of human spleen and
bovine liver cathepsin 0, the latter with bound pepstatin.
The structures were solved using the molecular replacement
method using pepsin as a search model.

The primary targeting event for lysosomal enzymes oc-
curs in the cis-Golgi, where cathepsin 0, like other lyso-
somal hydrolases, is tagged for lysosomal transport by a
specific phosphotransferase. Lysosomal proteins share no
known sequence motif and experiments with the partially
purified cis-Golgi phosphotransferase suggest that it rec-
ognizes instead a three-dimensional motif shared only by
lysosomal proteins (reviewed, Kornfeld & Mellman, 1989).
The cathepsin 0 sequence regions necessary for targeting
have been identified by expression studies with procathep-
sin D/pepsinogen chimeras. Plate 29 shows the first two
lysosomal structures (coordinates for cathepsin B were pro-
vided by W. Bode) and also shows the region of cathepsin 0
implicated in lysosomal targeting. We will initially focus our
search for the three-dimensional targeting motif on regions
similar to this in cathepsin B.



Cathepsin B

PLATE 29

Ribbon diagram showing cathepsin 0 (top) and cathepsin B (bot-
tom). The black region of cathepsin 0 is the targeting region
required for phosphorylation of the carbohydrates and subsequent
lysosomal transport by the mannose-6-phosphate mediated path-
way (cathepsin-B coordinates from W. Bode).

Cathepsin D

Rab proteins

Rab proteins are a class of about 30 proteins forming a
subgroup of the class of small GTP-binding proteins. Sev-
eral have been shown to be located on specific intracellu-
lar membrane surfaces and some are involved in specific
vesicle transport pathways (reviewed Novick & Brennwald,
1993, Stenmark & Zerial, 1993). The effect on cells which
either under- or over-express particular Rab proteins and
the phenotypes of mutants unable to hydrolyze GTP clearly
show that Rab-mediated GTP hydrolysis is involved in vesi-
cle transport. It has been proposed that each Rab protein
is associated with a specific vesicle pathway and that GTP

hydrolysis is required for a proof-reading step that occurs
only when a vesicle reaches its correct destination. The
C-terminal part of the molecules has the least homology
amongst Rab proteins and hybrid expression studies have
shown it contains the information necessary to target aRab
protein to a particular membrane. Rab proteins are attached
to the cytoplasmic surface of intracellular membranes by
two geranyl-geranyl (20 carbon) lipids attached to cysteines
close to the C-terminus. Rab proteins are also found in the
cytoplasm in the GOP conformation bound to the 50 kOa
protein GOI (see M. Zerial group report). In a collaboration
with Marino Zerial's group we have purified and carried out
crystal trials on a number of E.coli expressed Rab proteins.
We obtained crystals of Rab7-GOP, Rab7-GPPNP (GPPNP
is a non-hydrolyzed analogue of GTP) and Rab11-GOP.
We were unable to obtain crystals of any Rab5 construct
or of YPT7, the yeast Rab7 equivalent, despite its 68%
sequence identity with Rab7. The molecular replacement
solution of Rab7 (207 residues) using the p21 Ras search
model (166 residues, 27% identical) was complicated by
the pseudo-centred crystal and we have relied heavily on
the Rfree criteria to measure refinement progress. Success
was first evident at about Rfree=36% when an extra two
turns of helix extending beyond the p21 Ras search model
C-terminus became visible in the map. Further weak un-
interpretable C-terminal electron density can be seen in
the map and a number of data sets were collected from
crystals in heavy metal containing buffers with the aim of
using isomorphous replacement methods to improve the
visibility of the 24 residue C-terminal tail region. The protein
sequence was confirmed by mass-spectrometry of a par-
tial trypsin digest by Matthias Mann and preliminary NMR
spectra from Hartmut Oschkinat showed that the extreme
C-terminal 3 residues were mobile and indicated the ex-
istence, but not the identity, of a flexible region of some
10-15 residues of the molecule in solution. Images made
at the Oaresbury synchrotron showed the GPPNP crystals
diffracted to 1.8Abut technical difficulties there prevented
data collection. Subsequently no crystals have diffracted
beyond 3Aand much of the year has been spent analysing
this problem while the structure has been solved using a
2.6 Adata set collected here in January.

Leishmanolysin

Leishmania is the cause of one of the six major para-
sitic diseases, as classified by the WHO, infecting some
12 million people world-wide. The trypanosome alternates
between an insect vector and the mammalian host, where
it parasitizes macrophages causing the disease leishma-
niasis. The infective insect form can be cultured, and is
our source of leishmanolysin, the major surface antigen
purified by our collaborator R. Etges (San Juan, Puerto
Rico). Leishmanolysin (previously termed gp63 or PSP) is
a 63 kOa zinc protease bound to the cell surface by a
glycosylphosphatidylinositol (GPI) anchor. We obtained two
crystal forms diffracting to 2.5 Aof phospholipase-C treated
Leishmania major leishmanolysin, containing all of the C-
terminal GPI anchor except for the 24 carbon lipid moiety
that attaches the protein to the membrane. Leishmanolysin
is apparently a new kind of zinc protease. It has no evident
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sequence homology with other zinc proteases outside of the
4 residue zinc binding motif, and in particular, no noticeable
homology to those with known structures; the rv34 kDa
thermolysin class, astacin and adamalysin (rv23 kDa), or
the P.aeruginosa protease (rv51 kDa). Complete native
datasets from tetragonal (2.7 A, R,=8.0%

) and monoclinic
(2.8 A, R,=5.3%

) crystals have been obtained and a screen
of 15 soaked crystals produced a single site lead deriva-
tive in the tetragonal form and a corresponding two-site
derivative in the monoclinic form. The two crystal forms
both contain a single molecule per asymmetric unit and
solvent flattened maps of each are so far uninterpretable.
We plan to combine both crystal forms to produce a better
map.
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Structural studies of proteins and protein ligand complexes

Group leader: R.K. Wierenga

Fellows: T.V. Borchert*, C.K. Engel*, R. Kishan, M. Mathieu, W. Schliebs*, A. Weijland*

Visitor: R.J. Read*

Assistents: R. Abagyan*, K. Kishan*, J.P. Zeelen

Our structural studies are aimed at a better understanding of
the sequence/structure and structure/function relationships
of proteins. The principal tools for these studies are pro-
tein crystallographic methods. The end result is a detailed
description of the position and flexibility of the thousands
of atoms in a protein molecule. For the interpretation of
these structures we use other methods as well. In partic-
ular the powerful tools provided by molecular biology, but
also enzymological and spectroscopic methods, as well as
computational analyses.

The research focuses on three classes of enzymes:
triosephosphate isomerases, ,8-oxidation enzymes and ty-
rosine kinases. Several structures have been solved this
year. Each crystal structure (Table 2) had its own surprises,
as is discussed in detail below.

Protein design studies with trypanosomal
triosephosphate isomerase (TIM)

TIM-barrel proteins are known to catalyze a wide range of
reactions. All these active sites are at the C-terminal ends
of the ,8-strands. Most of these enzymes are oligomers.
Apparently very different active sites can be constructed
on a protein fold with a TIM-barrel topology. In this project
we attempt to design a new active site on the framework
of a stable, monomeric TIM-barrel protein. As a reference
molecule we use trypanosomal TIM, because of the simplic-
ity of the TIM structure and the availability of a crystal struc-
ture refined at 1.83Aresolution. TIM is a dimeric enzyme,
consisting of two identical chains of 250 residues, which are
folded into the (,80.)8 fold without any additional domains. As
the monomerization has to be the first step in this project,

*

**

Table 2

Some crystallographic statistics of the structures discussed in this report

Monomers Protein Solvent Number of Maximal R-factor (%) X1X2-
per asym- atoms atoms reflections resolution imperfection
metric unit (A) value

(degrees)*

monoTIM 1 1805 26 7368 2.4 16.5 34

monoSS 2 3642 56 13847 2.4 19.8 29

ETIM8CHI 4 7608 0 17854 2.8 16.6 33

Thiolase** 2 5839 0 25883 2.4 27.1 46

CskSH3 4 2264 8 9913 2.5 22.4 33

The X1 X2-imperfection value (Noble et al., 1993) is the rms difference between observed X1 X2-values and the nearest
preferred cluster values, as observed in a database of well-refined structures.

The refinement of thiolase has not yet been completed.
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PLATE 30

(a) The Jane Richardson diagram of one subunit of trypanosomal
TIM; the active site residues Lys13, His95 and Glu167 are also
shown.

(b) Schematic overview of the structural differences between
monomerized TIM and wild-type TIM of the loops whose
conformations in the wild-type structure are stabilized by the
dimer interface contacts.

(b)

(a)

loop-4

loop-8

"'--loop-3

III 1IIIII1 III " II1II between
subunlt-l and

loop-2 subunit-2

loop-a loop-1 loop-2 loop-3 loop-4

monoTIM similar different from similar shorter than different from
as wild-type wild-type as wild-type wild-type wild-type

monoSS different from different from similar shorter than similar
wild-type wild-type as wild-type wild-type as wild-type

(different from (similar as
monoTIM) monoTIM)

an additional aspect of these studies is that we address
the question of the dimeric appearance of TIM. Not much
is known about the properties of single monomers which
normally occur in stable oligomeric enzymes, because it is
difficult to characterize such single monomers. It is generally
found that such monomers are less stable and less active
when compared with the native oligomer (Jaenicke, 1987).
First we tried to obtain monomeric TIM by making point
mutations, such as H47N, V46G and C14G. Light scatter-
ing measurements and ultracentrifugation experiments (R.
Jaenicke, Regensburg, Fed. Rep. of Germany) have shown
that the H47N-TIM variant is a monomeric protein at low
protein concentrations (2 mg/ml), but a dimeric protein at
high protein concentrations (18 mg/ml). Near-UV spectra
show that the monomeric form is not a molten globule, but
it is a compactly folded protein. This monomeric form is
significantly less stable than wild-type TIM, as measured
with temperature gradient gel electrophoresis (TGGE). The
point mutation variants are not well-suited for our project,
due to their decreased stability, and due to the fact that their
properties depend on solution parameters such as protein
concentration, because of the monomer-dimer equilibrium.
From the structure of wild-type TIM it is clear that most of
the stabilizing interactions between the two subunits are
due to interactions from 100p-3 (Plate 30(a)) , residues 65
to 79. Modelling with the ICM-package by Ruben Abagyan,
suggested that the fragment 68-82 could be replaced by
an eight residue fragment without introducing any strain.
The mutagenesis was done and the resulting protein (mono-
TIM) is indeed a monomeric protein. The TGGE-experiment
suggests that monoTIM is almost as stable as wild-type
TIM. The crystal structure (Table 2) of monoTIM shows
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that the actual structure of 100p-3 is the same as the ICM-
modelled structure (Borchert et a/., 1993). For the modelling
only a subset of atoms was used, and it turns out that in
other regions of the molecule, normally stabilized due to
the interactions with the other monomer, there are large
structural changes (Borchert et a/.,1993). This concerns in
particular 100p-1 and 100p-4 (Plate 30). To investigate if
crystal contacts are an important factor in the observed
conformations of these loops, we attempted to change the
crystallization properties by further mutagenesis, specifi-
cally two hydrophobic surface residues of monoTIM were
changed into serines: Phe45 and Val46 of 100p-2. We will
refer to this protein as monoSS. MonoSS could also be crys-
tallized but only under conditions different from monoTIM.
In the refined crystal structure (Table 2) of monoSS 100p-1,
100p-4 and 100p-8 are very different when compared with
monoTIM (Plate 30). Nevertheless the near-UV and fluores-
cence spectra of monoTIM and monoSS are very similar.
Also the catalytic activities of monoTIM and monoSS (the
approximate values are Km=2 mM, kcat=0.004105 min-1 are
very similar. The Km and kcat of wild-type TIM are 0.3 mM
and 4 105 min-1 respectively. It is surprising that monoTIM
and monoSS have such considerable catalytic activity, since
the crystal structures show that several important catalytic
residues have adopted conformations rather different from
the wild-type structure. For example, in monoTIM the active
site lysine (Lys13, 100p-1) is completely flexible (not visible
in the electron density map) and the side chain atom NE2
of the active site histidine (His95, 100p-4) has moved 12A
away from the original position. In monoSS the phosphate
binding pocket is disrupted due to the movement of 100p-8,
the Lys13 side chain (loop-1) is visible, but the NZ-atom has



and refinement was continued with this data. The current
R-factor is 27% (Table 2). Although a complete chain tracing
was obtained in the averaged map, certain regions were not
well-defined and it turns out that there are two loop-regions
where the structure deviates significantly from the local
two-fold symmetry (the largest discrepancy in Co-position is
approximately 10 A). Each subunit of thiolase consists of two
domains with identical topology, but without any sequence
similarity. Each domain, 01 and 02, consists of a ,8-sheet
with four parallel and one antiparallel strand, as shown

Table 3
The sequence changes concerning

the construction of ETIM8CHI
Sequence Secondary Buried Sequence
of E.coli structure residues of chicken
TIM¢ of E.coli of E.coli TIM-

TIM TIMt
Leu223 a7 Leu220
Phe224 a7 ** Ala221
Ala225 Ser222
Gln226 Gln223
Pr0227 His224**
Asp228 Asp225
lIe229 ** VaI226**
Asp230 Asp227
Gly231 ,88 ** Gly228
Ala232 ,88 ** Phe229**
Leu233 ,88 Leu230
Val234 ,88 Val231
Gly235 310-helix Gly232
Gly236 310-helix Gly233
Ala237 31o-helix Ala234
Ser238 ** Ser235
Leu239 Leu236
Lys240 Lys237
Ala241 a8 Pr0238**
Asp242 a8 **
Ala243 a8 Glu239**
Phe244 a8 ** Phe240
Ala245 a8 VaI241**
Val246 a8 Asp242**
IIe247 a8 ** Ile243
Val248 a8 ** Ile244**
Lys249 a8 Asn245**
Ala250 a8 Ala246
Ala251 a8 ** Lys247
Glu252 a8 His248
Ala253 a8
Ala254 a8
Lys255 a8
Gln256
Ala257

moved 6Awith respect to wild-type, however the His95 side
chain (100p-4) adopts the same conformation as in wild-type.
Since the solution properties of monoTIM and monoSS are
so similar it seems very likely that in solution the various
loops are flexible, and in the presence of an active site ligand
they adopt the conformation as seen in wild-type TIM. Most
important for our project is that monoTIM and monoSS have
well-defined solution properties and have similar stability to
wild-type TIM. Therefore monoTIM and monoSS are very
good reference molecules for further design studies. The
first goal will be to increase further the stability and to
redesign the active site, to increase the triosephosphate
isomerase activity.

Structural studies with E.coli TIM

In the group of J. Martial (Liege, Belgium) a hybrid E.coli
TIM/chicken TIM, referred to as ETIM8CHI, has been char-
acterized (Mainfroid et ai, 1993). This hybrid TIM was con-
structed from E.coli TIM, by replacing the eighth ,8a-unit
of E.coli TIM by the equivalent unit of chicken TIM, as
summarized in Table 3. ETIM8CHI is a stable, dimeric
protein, with kinetic properties similar as wild-type E.coli
TIM. The most drastic sequence changes are at position
232 where a buried alanine is replaced by a phenylalanine
and near the 100p-8 positions 241-242 where the residues
alanine-aspartate are replaced by a proline. Crystals were
obtained of ETIM8CHI with two dimers per asymmetric unit.
The structure was solved by molecular replacement using
E.coli TIM as a search model. The structure has been
refined (Table 2) with X-PLOR using non-crystallographic-
symmetry restraints. The A232F replacement is accom-
modated by the outward rotation of Phe224. This rotation
creates just enough space for the new Phe232, since in
the ETIM8CHI-structure no clashes are observed, but also
no additional cavities. This structural adaptation had been
predicted on the basis of sequential and structural homology
between E.coli TIM and trypanosomal TIM (Mainfroid et al.,
1993). The alanine-aspartate change into a proline is ac-
commodated without any further structural rearrangements.
Some structural rearrangements do occur at the C-terminus
of helix-8 and also at the adjacent C-terminus of helix-1.
These structural rearrangements can, with hindsight, be
rationalized.

Structure determination of enzymes

The structural studies of S.cerevisiae thiolase are carried
out in collaboration with W.-H. Kunau (Bochum, Fed. Rep.
of Germany). This thiolase is a dimer and it crystallizes
as a dimer per asymmetric unit. The initial phases were
MIRAS-phases to 3.1 A resolution, of low quality (m=.46).
Averaging was crucial for obtaining interpretable maps. In
the end a complete chain tracing could be obtained at 3.1 A
resolution by averaging with the DEMON-package (Vellieux
et al., 1993). Subsequently a native dataset was collected
at 100 K, this dataset has a maximal resolution of 2.4 A,
but only 23% of the data is present between 2.5 A and
2.4 A. After having solved the structure at 3.1 A resolution
the coordinates were transferred into the cryocooled cell

¢

-

Residues 227-249 habe been replaced by the equiva-
lent residues of chicken TIM.
Buried residues have less than 5 A2 exposed molecular
surface, as calculated by the MSP-package (Connolly,
1993).
The 10 sequence differences between chicken TIM and
E.coli TIM have been marked.
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PLATE 31

The thiolase secondary structure. The N- and C-terminus are
marked with Nand C, respectively. The topology of the domains
01 and 02 is the same. The secondary structure elements of these
two domains are arranged in a five-layered structure; the long loop
runs over its surface, it curls around the active site, which is near
the N-termini of the two helices of the central layer. The small solid
oval indicates the local twofold symmetry between the two domains;
the large solid oval indicates the local twofold axis of the dimer.

in Plate 31, covered by helices. This domain topology is
observed also in phosphoglucomutase (Dai et a/., 1992).
This topological similarity was detected by the program Dali
of Liisa Holm (Holm & Sander, 1993). In phosphoglucomu-
tase there are three such domains, organized in a very
different arrangement than in thiolase. In thiolase the two
domains are assembled in a five layered structure: helices-
strands-helices-strands-helices. Each domain consists ap-
proximately of 140 residues, the remaining 140·residues are
in a long loop inserted into domain-1. The large deviations
of local symmetry concern the residues at the beginning and
end of this long loop. This long loop curls around the active
site. The active site has been identified by the presence of
crucial cysteines (characterized by biochemical studies) and
sequence comparisons. The active site is near the dimer
interface and near the N-terminal ends of the two helices of
the centre layer (Plate 31).

Crystals are also available of two other J3-oxidation en-
zymes: rat mitochondrial 3 and
rat mitochondrial 2-enoyICoA-hydratase, due to a collabo-
ration with J.K. Hiltunen (Oulu, Finland). At least two crystal
forms are available of the hydratase, a tetragonal form and
a trigonal form. The crystals of the isomerase and hydratase
diffract to 3Aor better, but are rather radiation-sensitive.
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Tyrosine kinases

In collaboration with the Courtneidge group we aim to char-
acterize the biochemical properties of the tyrosine kinases
Src, Fyn and Csk, in particular their atomic structures. Src
and Fyn are "unspecific" kinases, whereas Csk is a specific
tyrosine kinase: it only phosphorylates Src, Fyn and their
close homologues at the tyrosine near the C-terminus. Csk
consists only of SH3, SH2 and SH1 domains, whereas Src,
Fyn have additional domains at the N- and C-terminus.
In the past year most of our efforts have been focused
on Csk. We cloned and expressed in E.coli the SH3,
SH2, SH3-SH2, SH2-SH1 and SH3-SH2-SH1 fragments of
Csk. These various fragments were purified, and used for
crystallization experiments, except for the SH3-SH2-SH1
protein (the almost complete Csk), because this fragment
had low solubility. Crystals have been obtained of SH3
and SH3-SH2. The crystal structure of CskSH3 has been
solved and refined at 2.5A resolution (Table 2). Plate 32
shows the comparison of CskSH3 and FynSH3. It can
be seen that the RT-Src loop and the n-Src loop have
adopted different conformations. Also the charge distribution
in this region is very different. Structure comparisons sug-
gest that those glycines and acid residues which are very
well conserved in the family of SH3 sequences (Musacchio
et a/., 1992), are important for the stability of the SH3
fold.

PLATE 32

The comparison of CskSH3 (Iightgrey) and FynSH3 (darkgrey). The
labelled residues are Tyr18, Trp47, lIe59 and Tyr64 of CskSH3.
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Crystallographic methods

Group leader: P.A. Tucker

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

Fellow: P. Kanellopoulos

Visitors: M. Egli*, C. Kalk*, T. Klabunde*, R. Lieckfeldt, P. Lubini*, G. McDermott*, N. Strater*, B. Vallone*

Assistants: P. Everitt, H. van der Zandt

The aim of the group is to implement and develop meth-
ods that facilitate macromolecular crystal structure deter-
minations. The group therefore supports the X-ray labo-
ratory equipment, crystallographic software and much of
the graphics software. This task is more effectively realized
when closely connected with an active research effort using
the supported facilities.

X-ray Instrumentation

The area detector systems have again been heavily used
during the year, with the in-house demands such that we
have been able to accommodate few external users. The
X100 has been reinstalled with new double-focusing mirrors
and the flux at the sample is now comparable with that
obtained when a pyrolytic graphite monochromator was in
use. Cooling devices using the Joule-Thompson effect (to
ca. 0° C) have been installed on some precession cameras
and on the MAR scanners. The big MAR scanner was
installed in mid December, offering higher resolution data for
the same exposure time. This will be especially· important for
crystals with larger unit cells. The processors for the FAST
and X100 data collection systems have been changed from
microVAXl1 to VAXStation 3200's and the data collection
software now uses the IpDisp frame display software.

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

Yeast thiolase (Mathieu, Zeelen, Wierenga: FAST,
100 K)
Triosephosphate isomerase (Bochert, Zeelen, Wieren-
ga: FAST)
Enoyl-CoA hydratase (Engel, Wierenga: FAST)
T5 exonuclease (Ceska, Suck: FAST, MAR)
IL-6DBP ( Baudet, Suck: MAR, FAST)
c-myb (Sauer, Suck: FAST, X100)
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pax5/DNA complex (Ceska, Suck: MAR)
Human DNase I (Wolf, Suck: BIGMAR)
VSG watat 1.1 (Ceska: MAR)
P1 nuclease (Lahm, Suck: MAR)
P1 nuclease/DNA complexes (Dominguez, Ceska,
Suck: FAST)
suc1 (Sagermann, Sander, Tsernoglou: FAST, MAR)
ImROP (Sagermann, Sander, Tsernoglou: FAST, MAR)
SH3 domains (Musacchio, Zeelen, Wilmanns, Saraste,
Wierenga: FAST)
cytochrome oxidase A (Wilmanns, Saraste: MAR,
FAST)
promastigote surface protease (Schlagenhauf, Metcalf:
MAR)
GroEL (John, Tsernoglou: X100)
Adenovirus DBP/DNA complex (Kanellopoulos,
Tucker: X100, MAR)

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

Kidney bean purple phosphatase (Klabunde, Strater:
X100)
Restriction endonuclease Pvull ( Kokkinidis: FAST)
HomoDNA duplex (Egli, Lubini: FAST)
LHC from Rps acidophila (Nunn, McDermott: X100)
Reaction centre from Rb sphaeroides (Nunn, McDer-
mott: X100)
Sperm whale myoglobin QR mutant (Vallone: FAST)
H+ ATPase (Scarborough, Madden: X100)

In addition time has been made available for visitors from
Groningen (Kalk, Hazes) for instrument tests (MAR). Exper-
iments on diffraction from lyotropic phases of lipids as a
function of temperature have also been carried out (Lieck-
feldt).



Electron density map fitting

During the past year we have continued our collaborative
project with P. Bhattacharya (Lincoln), to investigate the
application of computer vision techniques to the problem
of electron density map fitting. Our approach relies on
the fact that electron density maps are three-dimensional
"grey" voxel data, and so should be amenable to treatment
by algorithms developed for the processing of such data.
We have carried out further tests on the skeletonization
algorithm based on the grey weighted distance transfor-
mation described in last year's report. We constructed a
test data set comprising maps of a known structure cal-
culated at various resolutions, and with varying degrees
of noise included by the addition of random errors to
the calculated phases. Whilst the algorithm appears to
produce good skeletons from perfect maps, it performed
less well for maps calculated with mean phase deviations
of magnitudes comparable to those observed in poorer
MIR or solvent flattened maps. We are thus currently in-
vestigating other methods of thinning or skeletonization,
using the techniques of mathematical morphology. This
approach, based on set theoretic operations, allows the
processing of an image by shape, and was originally de-
veloped for two-dimensional binary images, and later ex-
tended to "greyscale" images and three-dimensional voxel
data. Morphological operations are carried out by pass-
ing a second smaller image, a "structuring element" of a
particular shape, over the original image. Information is
removed from or retained in the original image, depend-
ing on how the shapes in the image relate to that of the
structuring element. The basic operations of mathematical
morphology, erosion and dilation, are usually combined
to give the more complex operations of opening (erosion
followed by dilation) and closing (dilation followed by ero-
sion). The structuring element can be constructed so that
its shape matches that of the objects to be retained in
the image. Tests using simple structuring elements, such
as a greyscale sphere, on our noisy test electron den-
sity maps have produced some promising preliminary re-
sults, particularly when combined with other standard meth-
ods of image enhancement, such as histogram equaliza-
tion and low-pass filtering. We are now extending this
work by constructing structuring elements based on el-
ements of protein secondary structure. These also form
the basis of templates, which we are using to investi-
gate pattern matching algorithms based on the polyno-
mial representation of voxel data developed by P. Bhat-
tacharya.

During the course of this work we have made extensive use
of the application visualization system (AVS) for visualizing
and analysing electron density maps, and have developed
a number of modules and networks for this purpose. The
data-flow nature of the AVS environment also makes it
an interesting platform for carrying out a number of tasks
encountered during crystallographic structure determination.
The "modular" nature of the CCP4 crystallographic program
package makes it particularly suited to incorporation into
our AVS networks, and we have produced AVS modules,
complete with graphical user interface, from several CCP4
programs, allowing them to be used interactively in con-

junction with the visualization tools provided by the AVS
environment.

Protein Data Bank access system
(VABP, K? and QUE)

Software development concerned with Protein Data Bank
(PDB) data access has continued during the year. The
PDB-datafile generating programs YABP has been further
refined. YABP presently generates the data file using 18
different data objects. During the year some additional stand
alone application programs (based on K?) have been de-
signed, amongst which CLUSTER, CONTACT and ULLI
have been used in the further analysis of the aerolysin
structure. CONTACT is a utility to analyse the contact re-
gions between predefined domains. CLUSTER is a utility
to determine clusters of any type of residue or any combi-
nation of different types of residues and ULLI is a general
substructure search program. This latter utility has been
applied to the colicin A structure to determine whether it
contains the helical fold found in globins. This program is
based on a graph theoretical algorithm and uses a derived
data file generated by a utility based upon K? which outputs
all relations (angle, distance of shortest approach) between
helices and/or strands in the complete PDB datafile. We
were able to search for the globin fold in typically 30-
40 seconds CPU time (VAX 9000/420) for all entries and
about 10 seconds for XRAY entries only. This tool can
also be used to search for typical clusters of residues or
main chain Co: conformations. Whenever possible, the stand
alone analysis programs output the information in such a
form that it can be either plotted by a two-dimensional
plot utility, or, when three-dimensional data is involved,
by an interactive graphics program (MidasPlus). We have
designed a prototype of K?'s basic access functions to be
run on a UNIX based architecture. Two datafile management
tools (YC and Y2K) have been made. The first (YC) is
able to semi-automatically correct syntax errors in PDB
ASCII files whereas Y2K is a tool constructed to make
the design of K's basic access functions automatic. We
also started the redesign of QUE (General QUEry pro-
gram) to incorporate the CLUSTER, CONTACT and ULLI
tools.

Collaborative structural projects

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

As described in last years research report the structure
of the C-terminal (DNA binding) domain of the aden-
ovirus ssDNA binding protein was solved using crystals
that had been transferred to a lower pH buffer solution.
Small changes in cell dimensions had been observed on
transfer and the unsoaked crystals diffract to slightly bet-
ter (2.4 A) resolution. This native structure has been re-
fined to R=18.3% (Rfree 27.9%), but is essentially the
same as in the transferred crystals. The primary differ-
ences arise from the higher resolution allowing a more cer-
tain interpretation, rather than real differences in structure.
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III

Large crystals (>0.8 mm maximum dimension) of the C-
terminal domain in complex with DNA have been obtained
and currently diffract to a maximum resolution of 4.7 A.
The space group is P321 with cell dimensions a=151.5 A,
c=124.0 AThe crystals are very radiation-sensitive but we
have thus far been unable to find conditions whereby we
are able to shock-freeze the crystals to cryogenic temper-
atures. Data to 5.5 A have been measured at the EMBL
Hamburg Outstation at 00 C, with a wavelength of 0.92 A,
yielding an Rmerge of 0.074. Molecular replacement meth-
ods, using various parts of the C-terminal domain model,
have not yielded a solution and a derivative search has
been started. To avoid the irreproducibility resulting from
the limited chymotryptic digest used to generate the C-
terminal domain, we are developing an over-expression
system.

Non-structural protein 2 from
bluetongue virus (with P. Roy)

Non-structural protein 2 (NS2) from bluetongue virus is
involved in the protection and possibly the transport of the
viral genome prior to assembly of the virus. It is known
to bind single-stranded RNA. We can produce the protein
in large amounts using a baculovirus expression system,
and purify it in a simple two column procedure. The pro-
tein has a tendency to aggregate and, presumably related
to the aggregation state, a tendency to loose activity as
measured by binding to a heparin column. Potassium ions
appear to enhance aggregation whereas the presence of
ATP stabilizes the protein. Crystallization trials are under
way.
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PLATE 33

Aerolysin monomer showing four
different domains. The aromatic
residues are shown explicitly and
can be grouped into five different
clusters. The activation region in
domain IV is highlighted (dark).

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

Refinement of the proaerolysin has continued through
the year. These results show some interesting features
(Plate 33). The monomer is conveniently described in terms
of four domains. The protein is composed of 40% ,B-sheet
and 17% a-helix. One of the ,B-strands measures about
93 Aand takes part in three different ,B-sheet units (domain
II,II,IV). In passing from domain II to domain IV it adopts
a helical twist so that the hydrophilic face of the sheet
seen in domain II undergoes a 1800 rotation by the time it
reaches domain IV. The protein contains a high number of
aromatic residues which can be grouped into five different
clusters (surface of domain II and core of domain 3). About
70 0 of the aromatic residues are at least partially exposed
to solvent. Another region of interest is the activation region
in domain IV. This region is cleaved by trypsin, resulting in
the activation of proaerolysin. Removal of the region would
expose a large hydrophobic patch. Initial motif searches
using the K?-based ULLI tool have not shown any significant
similarity with folds already contained in the PDB database.
The proaerolysin thus adopts a novel fold.

Publications during the year

J.P.M. Postma (1993). Some thoughts about processing,
accessing and analysing PDB data. CCP4 and ESF-EACBM
Newsletter on Prot. Cryst., 29

J.P.M. Postma. (1993). K?: maintenance manual. EMBL
Technical Report
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Our group is working on two projects. The first is to get struc-
tural and functional insights into cytochrome oxidase and re-
lated membrane-bound enzymes (Plate 34). Cytochrome c
and quinol oxidases function as proton pumps. A central
problem is how reduction of oxygen catalysed by these
complexes is coupled to vectorial proton transport. Any in-
sight into the mechanism requires more detailed information
of the three-dimensional structure of cytochrome oxidase.
The first success along this path will be the structure of a
membrane-exposed domain in cytochrome c oxidase. This
domain binds the substrate, cytochrome c and contains a
unigue metal centre (Plate 35).

The second project concerns the structure and function
of spectrin domains. Spectrin is a large elongated protein
and the major component of membrane skeleton in ani-
mal cells. It is a heterodimer where each of the a- and
,8-subunits is made of repeating units. The canonical repeat
has 106 amino-acid residues and folds into an a-helical
structure. Unique domains that carry the functional prop-
erties of spectrin are flanked between the repeats or found
in the termini of the subunits (Plate 36). These functions
include interactions with other components of membrane
skeleton such as F-actin and ankyrin. We are trying to
solve the three-dimensional structure of spectrin using the
information on individual domains and their pairs as well as a
global domain map of spectrin which may become available
by electron microscopy.

Bacterial cytochrome oxidases

Cytochrome oxidase is a characteristic enzyme of mitochon-
dria where the complex contains up to 13 different protein
subunits. Bacterial cytochrome oxidases contain three or
four different subunits and represent the functional core
of the eukaryotic enzyme. The 02-binding active site is a
bimetallic Fe-CuB centre where Fe is the central atom of
the high spin haem. Electrons are transferred via a copper
centre called CUA and a low spin haem to the active site.
These redox-active metal centres are bound to subunits I
and II. Subunit I has the bimetallic Fe-CuB site, and the
binding site for the low spin haem. Subunit II of cytochrome c
oxidases contains the binding site for this substrate and
the CUA centre. The homologous subunit of quinol oxidases
does not have this metal centre (Plate 34).

We have purified a number of bacterial cytochrome oxidases
which contain two or more subunits, from a variety of organ-
isms, and are currently conducting experiments to grow two-
dimensional and three-dimensional crystals using prepara-
tions from Escherichia coli, Rhodobacter sphaeroides and
Sulfolobus acidocaldarius.

We have also continued to work on two archaebacte-
rial terminal quinol oxidases, both at the genetic and the
biochemical level. Both oxidases (called the SoxABCD
and SoxCM complexes) are hybrids between mitochondrial

PLATE 34

L)'tochrome c oxidase quinol oxidase

Bacterial cytochrome c oxidase (left)
and quinol oxidase (right) com-
plexes share the catalytic subunit I
which contains the oxygen-binding
active site. They differ in the end
through which electrons enter the
complex. In the cytochrome c oxi-
dases this end contains a binuclear
copper centre CUA in subunit II,
whereas in the quinol oxidases have
lost this centre.
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cytochrome c reductase and oxidase. That is, they contain
cytochrome oxidase subunits in complex with the core sub-
units of the cytochrome c reductase (cytochrome bC1). They
share the SoxC subunit, which is related to cytochrome b,
and SoxCM appears to contain a Rieske iron-sulphur protein
which is normally a component of the bC1 complex. These
hybrid structures are interesting evolutionary variations on
the common theme of respiratory complexes, and further-
more, have mechanistic implications. The archaebacterial
terminal oxidases may be able to conserve as much energy
as two mitochondrial respiratory enzymes together, and do
this with a minimal amount of protein and redox compo-
nents.

Mathias LObben has characterized novel haems of archae-
bacteria. He has found that the Sulfolobu5 oxidases contain
a new A-type haem. Instead of a farnesyl side chain which
is typical of haem A, these haems contain a geranylger-
anyl side chain. Mathias LObben has also analysed the
biosynthetic pathway of haem A in collaboration with Birgitta
Svensson and Lars Hederstedt (University of Lund).

Structure of CUA centre

The C-terminal domain of subunit II is located outside the
membrane. It contains the CUA centre in cytochrome c
oxidases. The domain in the homologous subunit of quinol
oxidases does not contain copper but this can be introduced
to it by protein engineering. CUA is a unique copper site,
and its structure has been controversial. We have been able
to express the membrane-exposed domain of subunit II in
a soluble form. The soluble CUA-binding domain has been
used for biochemical and spectroscopic studies as well as
for mutagenesis. These studies unequivocally show that
the site has two coppers in a mixed valence configuration
(Plate 35). The spectroscopical part of this work has been
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The CUA centre contains two copper atoms in a mixed valence
configuration. These are probably bridged by two cysteine residues,
and each has a histidine ligand. This centre has a strong purple
colour (not shown).
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carried out with Roland Aasa and Bo Malmstrom (University
of Goteborg), and more recently with Jaqui Farrar and
Andrew Thomson (University of Norwich). In collaboration
with Matthias Mann's group we have used electrospray
mass spectrometry to quantitate the number of coppers
bound to the site.

Crystallographic studies on the soluble subunit II fragment
from quinol and cytochrome c oxidases have been in
progress for two years. They have been hampered by the
lack of heavy atom derivatives. We have now made a
series of cysteine-containing mutants to solve this prob-
lem. Matthias Wilmanns, who joined the group in May, is
in charge of this crystallographic work. Multi-dimensional
NMR studies on 13C_ and 15N-labelled CyoA fragments
(the subunit II domain from the E.coli quinol oxidase)
are in progress in collaboration with Hartmut Oschkinat's
group.

Spectrin domains

The a- and {1-chains of spectrin are made of homologous
repeats (Plate 36). Each repeat is a bundle of three an-
tiparallel helices. Together with Ruby MacDonald (University
of Illinois), we have found that a conserved tryptophan
residue stabilizes the fold of helical repeats. The ends of
the spectrin heterodimer are important to the assembly and
dynamics of membrane skeleton. The N-terminal domain
of {1-spectrin is a F-actin-binding domain. The C-terminal
domain of a-spectrin may reside close to the actin-binding
domain. Together with Gilles Trave and Annalisa Pastore,
we have obtained biochemical and spectroscopic evidence
showing that the terminal domain of a-spectrin is similar to
calmodulin. This idea is being tested by structure determi-
nation with NMR.

The C-terminal domain(s) of {1-spectrin and N-terminal do-
main of the a-chain form the spectrin tetramer which is an
actin cross-linking form of spectrin. The general isophorm
of {1-spectrin contains a pleckstrin homology (PH) domain
in its C-terminus. PH is a newcomer in the domain cata-
logue of signalling proteins. With Toby Gibson, we have
carried out extensive database searches for PH domains
and found that they are abundant in kinases and proteins
functionally linked to Ras. An NMR study on the structure
of the spectrin PH domain has been initiated (with Hartmut
Oschkinat).

A unique domain in a-spectrin belongs to the family of
Src-homology 3 (SH3) domains. Similarly to the PH do-
main, it is abundant in proteins that take part in the signal
transduction theatre and is probably involved in specific
protein-protein interactions. We have previously solved the
three-dimensional structure of the SH3 domain of spectrin.
This work has been continued by solving the structure
of the SH3 domain in the human tyrosine kinase Fyn in
collaboration with Rik Wierenga's group. SH3 domains are
supposed to recognize proline-rich peptides in their tar-
get proteins. We are currently engaged with studies on
the ligand binding to SH3 domains with Luis Serrano's
group.
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A domain map of spectrin is show in the middle. The a/{3
heterodimer makes a tetramer (above) which is the actin-
cross-linking species of spectrin. The tetramer assembly
may occur between the terminal repeat domain of the
a- and {3-chain (below). The C-terminus of {3-spectrin
contains additional unique domains, including PH, and a
possible phosphorylation site. The latter may be involved
in the control of tetramer formation.

Publications during the year
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Classification of protein structures

Three-dimensional structure comparison
and database searches

With a rapidly growing pool of known tertiary structures,
the importance of protein structure comparison parallels
that of sequence alignment. We have developed a novel
algorithm (DALI) for optimal pairwise alignment of protein
structures (Holm &Sander, 1993c). The three-dimensional
coordinates of each protein are used to calculate residue-
residue (Ca-Ca) distance matrices. The distance matrices
are first decomposed into elementary contact patterns, e.g.
hexapeptide-hexapeptide submatrices. Then, similar con-
tact patterns in the two matrices are paired and combined
into larger consistent sets of pairs. A Monte Carlo proce-
dure is used to optimize a similarity score defined in terms
of equivalent intramolecular distances. Several alignments
are optimized in parallel, leading to simultaneous detection
of optimal and sub-optimal solutions. The method allows
sequence gaps of any length, reversal of chain direction,
and free topological connectivity of aligned segments. Se-
quential connectivity can be imposed as an option. The
method is fully automatic and identifies structural resem-
blances and common structural cores accurately and sen-
sitively, even in the presence of geometrical distortions. An
all-against-all alignment of over 200 representative protein
structures results in an objective classification of known
folds in agreement with visual classifications. In most cases,
the unexpected structural similarities lead to interesting
biological conclusions. An example is the identification of
the active site residues and likely catalytic mechanism of
a plant endochitinase based on a similarity to lysozyme
(Plate 37). Other examples include a detailed model of the
binding of the POU-specific domain to DNA based on a
similarity to the bacterial A repressor and the prediction
based on structural superposition that bacterial ferric uptake
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regulators belong to the same family as LexA, histone H5,
DNA-binding domain of biotin repressor and catabolite gene
activators (Holm et a/., in preparation).

Prediction of protein structure using
evolutionary information

Progress in secondary structure prediction

Using evolutionary information from multiple sequence
alignments as input to neural networks, secondary structure
can be predicted with significantly increased accuracy. The
initial three-level system of neural networks was extended
by using additional input information derived from multiple
alignments, namely position-specific conservation weights
which increase performance, and the number of insertions
and deletions which reduce the tendency for overprediction.
Addition of the global amino-acid content yields a further
improvement, mainly in predicting structural class. The final
network system has a sustained overall accuracy of 71.6%
in a multiple cross-validation test on 126 unique protein
chains. A test on a new set of 124 recently solved protein
structures that have no significant sequence similarity to the
learning set confirms this high level of accuracy. The aver-
age cross-validated accuracy for all 250 sequence-unique
chains is above 72%. Using various data sets, the method
was compared to alternative prediction methods, some of
which also use multiple alignments: the performance advan-
tage of the network system is at least 6 percentage points in
three-state accuracy. The predictions are also well-balanced
between the three states (a-helix, ,B-strand, loop). In addi-
tion, the network estimates secondary structure content from
multiple sequence alignments as well as circular dichroism
spectroscopy on a single protein, and classifies 75% of
the 250 proteins correctly into one of four protein structural
classes. Of particular practical importance is the definition of



PLATE 37

Human lysozyme (left) and barley endochitinase (right) share similar
structural features. Common elements are highlighted by ribbons.
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Number of requests for the
PHD secondary structure prediction
server.
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PLATE 39

From putative correlated mutations tc? predicted contacts.

a position-specific reliability index. For 40% of all residues
the method has a sustained three-state accuracy of 88%, as
high as the overall average for homology modelling. A fur-
ther strength of the method is a greatly increased accuracy
in predicting the placement of secondary structure segments
(Rost & Sander, 1993c). The prediction method has been
made available for testing by academic researchers via the
electronic mail server PHD (Plate 38).

Tertiary structure prediction
using contact profiles

We have developed a method of sequence-structure fitness
for the prediction of three-dimensional protein structure.
This conceptually new approach involves the description of
protein structure in terms of contact interfaces, the deriva-
tion of sequence preferences for various interface types
and the generation of hypothetical model structures using
alignment of sequences to contact profiles. The predicted
structures can be generated as full, but approximate, three-
dimensional models. Systematic tests show that native se-
quences can very well detect their native structures, with
correct alignments, and that contact interface parameters
are not only clearly superior to classical secondary structure
parameters but can also be used to predict aspects of
tertiary structure. In addition, remote homologies can be
detected down to 15-20% sequence identity for selected
cases (Ouzounis et al., 1993).

Use of correlated mutations to predict
thee-dimensional contacts
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The maintenance of protein function and structure signif-
icantly constrains the evolution of amino-acid sequences.
This fact can be exploited to interpret correlated mutations
observed in a sequence family as an indication of a probable
physical contact in three dimensions. We have developed
a simple yet general method of analysing correlations in
mutational behaviour between different positions in a mul-
tiple sequence alignment (Plate 39). We then use these
correlations to predict contact maps for each of thirteen
protein families and compare the result with the contacts
determined by experimental methods. For the most strongly
correlated residue pairs predicted to be in ·contact, the
prediction accuracy ranges from 37% to 68% and the im-
provement ratio relative to a random prediction from 1.4 to
5.1. Predicted contact maps can be used as input for the
calculation of protein tertiary structure, either from sequence
information alone or in combination with experimental infor-
mation (Gobel et al., in press).

Designing proteins

Redesigning the topology of loop
connections and the protein core

The small bacterial protein Rop has been redesigned by
altering the topology of loop connections and turning a dimer
into a monomer. X-ray data of crystals of the LmRop have
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now confirmed the stability of the reengineered monomer
and that it folds as designed by computer methods. Mu-
tations in the core present a more difficult computational
problem. Several changes in the hydrophobic core have
now been designed and are being expressed. A third type
of design aims at functional properties: loop inserts into
the Rop protein of loops imported from other proteins. The
status of the derived mutants is summarized in the following
table.

De novo design of a ({ja)s-barrel

The design of a 186-residue "TIM" barrel protein represents
the first significantly non-symmetrical de novo design of this
type and size. The design builds on the experience with
experimental work on earlier designs, based on the 1986
"Protein Design" EMBO workshop at EMBL. Gene synthesis
of the new protein, RoRo, has been achieved by H. Fritz and
colleagues in Gottingen.

Multiple local unfolding pathways
in neutral proteases

After several years of work, we now have convinc-
ing evidence that neutral proteases unfold at elevated



Table 4

Table of selected engineered mutants of Rop protein

Protein(s) Description Status Remark

LmRop1/2 left-handed monomers NMR, Xtals, first successful non-
Xray data cyclic reengineering

of topology

LmRop2 designed for crystal purified on stable proteins
T21C/K25C/ heavy atom derivatives mg-scale
H44C

RmRop1/2/3 right-handed monomers expressed and CD shows helical fold
purified, one for RmRop1
Xtal

CmRop1-10 compensating core several proteins designed to fill holes
mutants expressed left in L41 A and

L48A Rops

LmRop-Achr insert of loop from purified on stable protein
acetylcholine receptor mg-scale CD shows helical fold

LmRop-Gloop insert of antigenic loop expressed unstable (proteolysis)

LmRop-Hghr insert of loop from growth purified on stable protein
hormone receptor mg-scale CD shows helical fold

temperatures through multiple independent local unfolding
pathways. For this purpose, a mutant was produced that
has two sites susceptible to autolytic digestion. These two
sites, that are far away from each other in the structure, can
be protected against autolysis by mutating residues 50A
apart. Either of the two mutations increase the T50 of the
molecule only a few degrees, but together they stabilize the
molecule by 15 degrees. T50 is the temperature at which
50% of the protease is autolytically digested in 30 minutes.
Parallel to these experiments we have continued to add
stabilizing mutations to the neutral protease of Bacillus
stearothermophilus. This protease is now so stable that it
can be boiled for several minutes, and it can be kept stable
for many hours at 900 C.

Design of a GTP-binding site

The striking structural similarity between p21 Ras oncogene
protein and the chemotactic bacterial CheY protein is the
basis for a series of experiments aiming at grafting a GTP-
binding site onto the core of CheY. In collaboration with the
group of Luis Serrano, several incremental redesigns have
been tested, one of which has interesting binding properties.
Crystal and NMR structure determinations are in progress in
Spain (M. Rico & M. Bruix, Madrid and M. Coli & L. Belsolell,
Barcelona).

Genome informatics

Improved prediction of function for
yeast chromosome III proteins

One year after the release of the sequence of yeast chro-
mosome III, we have reexamined its open reading frames

(ORFs) by computer methods. More than 61% of the 171
probable gene products have significant sequence similari-
ties in the current databases; as many as 54% have already
known functions or are related to functionally characterized
proteins, allowing partial prediction of protein function, Le.
11% more than a year ago; and, 19% are similar to pro-
teins of known three-dimensional structure, allowing model
building by homology (Plate 40). The most interesting new
identifications include a sugar kinase distantly related to
ribokinases; a phosphatidyl serine synthetase; a putative
transcription regulator; a flavodoxin-Iike protein; and a Zn-
finger protein belonging to a distinct subfamily. Several
ORFs have similarities to uncharacterized proteins, resulting
in new families "in search of a function" (Koonin et a/., in
press). About 54% of ORFs match sequences from other
phyla, including numerous fragments in the database of ex-
pressed sequence tags (ESTs). Most significant similarities
to ESTs, however, are with proteins widely represented in
the databases. About 30% of ORFs contain one or more
predicted trans-membrane segments. The increase in the
power of functional and structural prediction comes from
improvements in sequence analysis and richer databases
and is expected to substantially facilitate experimental ef-
fort in characterizing the function of new gene products.
New collaborations have been planned towards this direc-
tion.

Fast and sensitive database searches
on parallel computer platforms

Database searches are a computational bottleneck in bioin-
formatics. We have implemented a trial version of a com-
monly used dynamic programming algorithm on parallel
multiple-instruction-multiple-data (MIMD) computers, using
message-passing for interprocessor communication. The
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PLATE 40

f

• 3D, similar to a known structure

• f, known function, but unique sequence

tm1 sim., sequence similarities

EEl tm, transmembrane

o biased, composition biased

o ?,unknown

The "information clock" for yeast
chromosome III shows the accumu-
lated knowledge about the known
and predicted protein products.

software efficiently compares one or more protein se-
quences with a large database of protein sequences, by
aligning sequences. Top-scoring hits indicate biologically
relevant similarities. All sequences significantly similar to
the query sequence are reported as an aligned family
(multiple sequence alignment). An important design goal
was portability to a wide range of parallel machine ar-
chitectures, ranging from heterogeneous, wide area net-
works of workstations up to massively parallel systems
with distributed memory. Portability was achieved by de-
veloping a library of generic message passing subroutines
and by a careful choice of FORTRAN language features.
The speed of the database searches rivals that of the
fastest known sequence-sequence search codes on single-
instruction-multiple-data (SIMD) machines.

A new protein sequence searching method

Conventional database searching tools compare the se-
quential order of amino-acid residues between two se-
quences. We have developed another searching tool
(PROPSEARCH), which instead compares the amino-acid
composition of two sequences while neglecting any sequen-
tial order. A sequence is represented as a vector of 145
compositional properties. Two sequences are compared by
calculating the euclidian distance between their respective
property vectors. Database searches are performed by com-
paring the properties of a query sequence with all database
entries (Hobohm & Sander, in preparation). Some of these
searches led to biologically interesting results (Hobohm &
Sander, 1993).
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Prediction of protein function

Experimental analysis of proteins with
the actinlhsp70 fold

The functionally diverse actin, hexokinase and hsp70 protein
families 'have a common ATPase domain of known three-
dimensional structure. Database searches with sequence
motifs derived from a set of common conserved residues
after multiple alignment and structural superposition pre-
dicted that the bacterial protein FtsA belongs to the same
class (Bork et al., 1993). In collaboration with experimental
groups, this prediction has now been verified: FtsA was
shown to bind ATP and to be autophosphorylated (Sanchez
et al., submitted). The'transfer of structural information by
homology to another member of the class (DnaK) has been
successful (Holmes et al., 1993). A conserved residue in
the class was experimentally shown to be important for
nucleotide exchange and peptide binding (Buchberger et al.,
submitted).

Regions of specificity in the Ras superfamily

Guanine nucleotide binding proteins have in common a
GTPase domain which switches from an active to an inactive
state. We have modelled the switch II transition in molecular
detail by building a model of p21 Ras complexed with
GOP based on the structure of EF-Tu-GDP. This transition
is accompanied by a major reorientation of the helix (}2
(Plate 41) (Stouten et al., 1993). Certain residues in this
region have been predicted to constitute a specificity patch



Software and databases

Protein secondary structure prediction

Systems for comparison, prediction and modelling

Molecular modelling, database searches
and drug design
Database of protein secondary
structures
Database of structural families based
on 10 homology
Database of structural families based
on 3D comparison
Lists of representative protein
structure data sets
Unified protein 10-30 view
under X-Windows
Automatic model building from a Co trace
and Monte Carlo side-chain optimization
G protein coupled receptor (GPCR) file server
Multiple alignment, classification and updates of
the Ras superfamily

PDB_ SELECT

PROTQUIZ

MAXSPROUT

WHAT IF

DSSP

7TM
RAS

FSSP

HSSP

For WHAT IF, contact Gert Vriend; for MAXSPROUT, con-
tact Liisa Holm.

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

Scanning the Protein Data Bank for
structural similarities

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

hops within the gen.etic material of a single species: in
some cases, the modules are apparently able to travel
laterally across species lines. To study the structure, func-
tion, evolution and the genetic spreading mechanisms of
such modules, we continued our efforts to classify protein
modules (Doolittle & Bork, 1993). This is often related with
the identification of new protein motifs by profile and pattern
searches. The genetic mechanism behind this domain shuf-
fling is thought to be related with the exon-intron structure of
proteins. However, we find more and more modules in lower
eukaryotes or even prokaryotes that do not have introns.
The presence of a few of the prokaryotic modules can be
explained by horizontal gene transfers, but other genetic
shuffling mechanisms in prokaryotes and fungi remain to be
discovered (Bork, 1993b).

ras-GDP
model

Many proteins consist of a fairly small set of modular el-
ements, domains, each of which has a well-defined sub-
function. Some of these modular units are able to move
about within and between proteins during evolution. The
evolutionary mobility of these domains is not restricted to

Evolution of modular proteins

A hybrid protein kinase-RNase in
an interferon-induced pathway

Sequence analysis is a powerful tool for elucidating the
molecular function of proteins, but it also can lead to pitfalls
during interpretation. A fascinating example is provided by a
recently sequenced 2-5A-dependent RNase,. an interferon-
induced enzyme. It had been reported that this RNase
contains several sequence motifs. These are two nucleotide
triphosphate binding sites (P-Ioops), a zinc finger, motif VI
and VII of protein kinases, and a region with similarity to
E.coli RNase E. In our analysis, we revealed a molecular
architecture of this enzyme that is almost completely dif-
ferent from that originally proposed. The 2-5A-dependent
RNases each consist of 9 ankyrin-like repeats, a complete
protein kinase-like domain and a C-terminal, 130 residue-
long region, probably with RNase activity (Bork & Sander,
1993).

(Casari et al., in preparation). This hypothesis has been
tested experimentally in the case of Rab5. The replacement
of this region (in combination with the neighbouring 03) in
Rab6 with corresponding residues of Rab5 confer functional
properties of Rab5 to Rab6 (Stenmark et al., in press).
Switch II (helix 02 and 03) therefore appears to be crucial in
the interaction of these proteins with their molecular partners
in intracellular transport.

PLATE 41

Switch II region of the Ras oncogene protein.
Service for those with a new protein sequence. The better-
than-70olo secondary structure prediction method for protein
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sequence families is available to academic researchers via
electronic mail, with the support of the Computer Group.
Researchers can send in their new protein sequence to
PredictProtein@Embl-Heidelberg.de and, if homologues ex-
ist, obtain a multiple sequence alignment (MAXHOM) and a
secondary structure prediction (PHD) by return electronic
mail.

The molecular modelling expert system WHAT IF

Work on the molecular modelling and protein structure anal-
ysis program WHAT IF has been continued. The program
was ported to several computer systems, and is now avail-
able for Silicon Graphics, Evans & Sutherland workstations
and PS300 series machines, Bruker computers, SUN, DEC
stations, IBM-Pc under DOS or UNIX, IBM RBOOO, and
Next computers. WHAT IF has now been distributed to 250
laboratories all over the world. Since distribution is taking
too much of our time it is now partly done by external dis-
tributors. In 1993, several protein structure verification tools
were added. We also continued working on modelling from
minimal data. For this purpose a multi sequence alignment
tool was built that can take chemical data such as proteolytic
cleavage sites, cysteine bridges, etc. into account. The
main emphasis in the WHAT IF project has been on the
accessibility of the program to the scientific community.
Since WHAT IF (because of its extremely low price) is very
widely distributed in third world countries and the poorer
countries in Europe, we also started making it multi-lingual,
because in these countries not everybody always speaks
English equally well.

Protein structure verification

We have continued our efforts to check for errors in protein
structures. The main aim of this joint project among six Eu-
ropean groups is the verification of files that enter the PDB.
Additionally, we intend to use this software package for as-
sessing the quality of protein models. Several options were
added to the WHAT IF program. Most small administrative
errors, such as misnaming atoms, incorrect chiralities, etc.
are detected and corrected. A module was written to verify
the symmetry information in PDB files. Several hundreds
of small errors were found. We discovered that for around
10% of all PDB files the macromolecular aggregate cannot
be reconstructed from symmetry information in the PDB file.
A list of these files is available. The list also indicates which
symmetry-related molecules will be generated incorrectly by
the often used programs Insight and Quanta. As a service
to crystallographers we run, upon request, all our checking
options so that structures are checked before they are
deposited in the PDB.

Other projects and collaborations

EMBnet: Network for Molecular Biology in Europe - with the
Computer and Data Library Groups at EMBL, C. Saccone,
Bari, and EMBnet nodes in the EMBL Member States.
Assistance to creation of EMBnet-like services in Brazil.
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Sequence analysis and database searches of newly se-
quenced proteins - with groups at EMBL and elsewhere.

Development of integrated protein databases and database
validation tools - with groups of J. Thornton (London), S.
Wodak (Bruxelles), C. Rawlings (London), P. Gray (Ab-
erdeen), R. Kaptein (Utrecht), K. Wilson (Hamburg), E.
Dodson (York), A. Bairoch (Geneva), M. Kanehisa (Kyoto)
&C. DeLisi (New York).

Development of a data capture program and extended data
format (CIF) for protein 3D structure data - with groups of
P. Bourne (Columbia), D. Stampff (Brookhaven), P. Murray-
Rust (York) & P. Fitzgerald (NJ-USA).

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

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

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

Application of neural networks to protein-cofactor interaction
- with M. Linschoten, Duphar BV Weesp, The Netherlands.

Structure-function relations of proteases - with D. Hendriks,
UIA, Antwerpen, Belgium.

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

Modelling TATA box-related proteins - with H. Stunnenberg,
EMBL.

Modelling homeodomain-DNA interactions - with H.R.
Scholer, EMBL.

Building of 3D protein models by homology - with several
groups at EMBL.

Modelling GPCRs - with L. Oliveira, San Paulo, Brazil.

Stability of neutral proteases - with V.G.H. Eijsink, As,
Norway &G. Venema, Groningen, The Netherlands.

Progesterone binding by uteroglobin - with G. Suske, Mar-
burg, Fed. Rep. of Germany.

GPCR database design - with K. Aberer, Darmstadt, Fed.
Rep. of Germany, F. Rippman, Merck, Darmstadt, Fed. Rep.
of Germany & G. Klebe, BASF, Ludwigschafen, Fed. Rep.
of Germany.

Modelling of the Norrie disease protein as a cystine knot
growth factor - with T. Meitinger, Munich, Fed. Rep. of
Germany.

NMR studies of CD44 cell surface proteins - with P. Her-
rlich & J. Seeman, Karlsruhe, Fed. Rep. of Germany & A.
Pastore, EMBL.
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Sequence and structure analysis of proteins and genes

Group leader: P. Argos

Scientist: R. Abagyan

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

Visitors: D. Bordo*, R. Bringas*, C. Daffner, D. Kuznetsov, G. Schaefer*, M. Totrov

Assistants: T. Etzold, J. Heringa, G. Vogt

The research group focuses on the theoretical analysis of
the sequence and structure of proteins and genes. The
work begins with examination of sequence and structure
databases to elicit basic structural and folding principles
and then attempts to move forward to the ultimate goal
of predicting tertiary structure from only a knowledge of
the primary sequence. The specific projects of 1993 are
described within this wider framework.

Sequence analysis

A method to recognize distant repeats

An automated algorithm has been developed that delineates
protein sequence fragments which display similarity. The
method incorporates a selection of a number of local non-
overlapping sequence alignments with the highest similarity
scores and a graph-theoretical approach to elucidate the
consistent start and end points of the fragments compris-
ing one or more ensembles of related subsequences. The
procedure allows the simultaneous identification of different
types of repeats within one sequence. A multiple alignment
of the resulting fragments is performed and a consensus
sequence is derived from the ensemble(s). Finally, a pro-
file is constructed from the multiple alignment to detect
possible and more distant members within the sequence.
The method tolerates mutations in the repeats as well as
insertions and deletions. The sequence spans between
the various repeats or repeat clusters may be of different
lengths. The technique has been applied to a number of
proteins with repeats as distant as 6% in residue identity.

KH-domain repeats

In collaboration with Toby Gibson and Julie Thompson
(EMBL), repeats of the rv50 residue KH-domain were found
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with the aid of the previously described algorithm in the
protein vigilin and in the amino-acid sequence coded by
the FMR-1 gene. Vigilin, previously of unknown function,
contains 14 repeats and is thus likely involved in RNA-
binding since several other protein families displaying the
KH-domain have such a property. The FMR-1 gene has
been strongly implicated in fragile X syndrome, the most
frequent genetic cause of mental retardation in humans; its
two identified KH repeats support research efforts focused
on the discovery of its RNA-binding properties.

Handling large biological databases

In the 1992 Research Report, a program system (SRS)
was described that allowed interactive simultaneous re-
trieval of information from several large molecular bio-
logical databases such as the EMBL and SWISSPROT
nucleotide and amino-acid sequence databases. New de-
velopments include addition of a subset of the Medline
collection of abstracts as well as SRS's porting to UNIX
operating systems including various flavours such as OSF1.
SRS has also been installed at a growing number of
computer sites, including various nodes from EMBNET
(Switzerland, the Netherlands, Norway, Federal Republic
of Germany, Spain etc.). A telnet account has been in-
stalled so that computer users at remote sites can avail
themselves of the SRS installed at the EMBL. The SRS
system will also be incorporated into the internationally
popular GCG sequence analysis computer package and
made available with the next release 8.0. Work is also
under way to incorporate within SRS indexing of nu-
meric values such as sequence length to allow retrieval
of numeric ranges and to support fully the location com-
mand of the feature tables (e.g. join and complement
commands) from the EMBL and GenBank nucleotide li-
braries.



Principles of protein folding and stability

Thermal stability and mutations in
interacting sidechain clusters

Seven subtilisin tertiary structures were examined in a
systematic comparison of densely packed sidegroup clus-
ters defined as an ensemble of sidechains with extensive
internal atomic contacts compared to those made with
the surrounding protein environment and to the maximum
possible for each residue type. Spatially consistent clus-
ters were observed at structurally equivalent positions in
the proteins as revealed by a careful multiple superpo-
sitioning of the respective backbone atoms. The clusters
were often found at strategic loop connecting sites near
the protein surface. Residues within the consistent clus-
ters showed varying conservation at structurally equivalent
alignment sites. Suggestions for residue substitutions in
one structure were taken from amino-acid types appear-
ing in the other structures on the assumption that their
clusters may well be more interactive given their natu-
ral occurrence and thus impart increased thermal stabil-
ity to the mutated protein. Experimental testing showed
the theory to be 80% effective. Furthermore, substitu-
tions not found in the known structures invariably re-
sulted in weakening stability. Thus, a new and hopefully
effective procedure to achieve thermal stability is avail-
able.

Easy adaptation of protein structure to sequence

An investigation into the conservation of coarse, medium
and fine grain structural properties such as hydrophobic-
ity, mainchain topology, secondary structure and sidechain
torsions was performed over a data set of 175 protein
tertiary structures in 34 different families, each character-
ized by a common core fold and a library of conserved
sites formed for each family. It was shown that, while the
conservation of coarse and medium grain properties corre-
lates to the structural deviation between the proteins, fine
grain properties were poorly conserved except in functional
sites. This flexibility in fine grain properties suggests that
folding can be viewed as an optimization process whereby
sidegroups have freedom to position themselves as best
as possible within environmental constraints and that given
a basic folding framework, the local structure is able to
adapt easily to sequence variation. The conserved cores
of the 34 families were used to estimate a minimal core
size of 35% of the fold, consistent with buried residue
considerations. Conservation in sidechain X1 torsion angles
was combined with structural deviation, sequence devia-
tion and resolution to suggest a set of example structure
pairs suitable for testing automatic homology modelling al-
gorithms.

Conservation of amphipathic conformations

Protein amphipathic conformations, mainly a-helices and
,B-strands, are believed to play an important role in protein
folding, stability and function. The most popular method

for characterizing such structures is the hydrophobic mo-
ment. The distribution of hydrophobic moment character-
istics (peak magnitude, amphipathic indices and charac-
teristic frequency) has been analysed in a data bank
containing several families of distant sequences multiply
aligned by structural superposition. Sequence fragments
were classified according to a-helix, ,B-strand, non-a and
non-,B conformations. Approximately 50% of all individ-
ual a-helices showed a hydrophobic moment peak in the
expected position of the periodicity spectrum while only
380/0 of individual ,B-strands fell in the expected range.
False positives accounted for a surprisingly large 14 and
36% of the non-a and non-,B sample respectively. Conser-
vation of hydrophobic moment characteristics and mainly
the hydrophobic peak position in the expected periodic-
ity range was examined in the multiple alignments of the
distant sequences. Helices tend to conserve more fre-
quently their moments than any other conformation and
yet only 13% of all helical segments displayed such con-
servation in three-quarters or more of the familial se-
quences. A similar observation for ,B-strands was even
lower, at 9%. Nonetheless, strongly hydrophobic positions
within the structural segments were more conserved than
expected.

Cavities in protein three-dimensional structures

In the 1992 Research Report, results on intramolecular
cavity properties were described. The efforts have been
expanded. Despite high conservation of sequence, and
often structure, cavities were relatively poorly conserved
across protein structural families, including those where the
homology was only structural, such as in the family of TIM-
like ,B-barrel folded proteins displaying various functions.
The strain introduced or associated with cavity formation
has also been considered by studying the rotamericity of
sidechains around cavities; the results indicate strain in
the surrounding groups. Cavities lying between subunits
(intermolecular cavities) are in general larger than their
intramolecular counterparts. Furthermore, a much higher
fraction of the interface surface is involved in cavities than
is the buried surface in intramolecular cavities. Studies
continue with a detailed examination of the functional sig-
nificance of cavities in protein structure and an examination
of cavities between protein domains and in thermostable
proteins.

Hydrogen bonds involving sidechains

Intramolecular sidechain(sch):mainchain(mch) and sch:sch
hydrogen bonds observed in 44 well-refined crystallographic
protein structures with non-homologous sequences were
identified, classified, and analysed to detect recurring struc-
tural patterns. Each observed bond was characterized by
the position of its acceptor and donor groups relative to
the N- and C-termini of the particular secondary structure
in which they occur and according to their appearance
within the same or sequentially separated secondary struc-
tures. The N-terminus of a-helices is characterized by re-
curring sch:mch and sch:sch bonds with elements of the
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PLATE 42

Sidechain hydrogen bonds involving a-helical structures. In each
case the number of observed instances is shown along the dashed
lines with the amino-acid types more often involved in the interaction
and with their counts in parenthesis. The data are relative to a
sample of about 150 a-helices. In sidechain(sch):mainchain(mch)
bonds, the sidechain is schematically indicated by an emanating

arrow pointing to the mainchain. The sch:sch bonds are indicated
by two facing arrows. (a) Intra-helical bonds and bonds with the
flanking coil segments are shown. (b) Long range bonds are shown.
The sch(helix):mch bonds are represented with an arrow pointing
away from the helical structure and the mch(helix):sch bonds with
an arrow pointing toward the structure.
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preceding coil segment while in the C-terminal region a
frequent intra-helix sch:mch hydrogen bond interaction was
observed (Plate 42). The residues at or near the ,B-strand
termini often cross-linked through hydrogen bonding non-
sequential coil segments. Coil structures were often char-
acterized by recurring, internal sch:mch hydrogen bonding
involving small polar sidechain groups situated at or near
their N-termini (coil N-capping). Long range sidechain bonds
were particularly salient in associating helices and coils
to helices and strands. Residue preferences in particular
structural contexts were also calculated to aid in protein
design.

Protein structure prediction

Folding proteins from the sequence
alone with the genetic algorithm

Grid-free protein folding simulations of the mainchain topol-
ogy were effected using the genetic algorithm, a back-
bone representation and seven standard dihedral angular
conformations. The genetic algorithm should allow more
effective and efficient coverage of the available conforma-
tion space. The topological folding of idealized four-helix
bundles was investigated in detail to 'differentiate among
the important protein folding forces used as fitness criteria.
Hydrophobic interactions were the most significant while
local forces and hydrogen bonds were far less effective
in promoting folding. Regions of stable secondary structure
were also important as nucleating centres. Using the fitness
parameters optimized in idealized simulations together with
standard secondary structure predictions derived from the
amino-acid sequence alone, the proper mainchain folding of
the four-helix bundle proteins cytochrome bS62 (Plate 43),

cytochrome c' and hemerythrin was achieved. The root-
mean-square deviation of the backbone Ca atoms relative to
their observed positions was within 3.8 to 6.7 A. Attempts to
fold small proteins with both helix and/or strand structures
from knowledge derivable from the amino-acid sequence
alone are under way.

Designer peptides

The present databank of known protein tertiary structures
was searched for highly interacting secondary structural
units (helices, strands, coil segments) taken in pairs, triplets,
and quartets. The strength of the association was mea-
sured by the absolute proportion of surface area buried
in the interface and relative to the interaction area with
the remainder of the protein structure and to the size of
the substructural units. These highly stable substructural
clusters should be useful in the modern design of proteins
as they would be expected to fold independent of the rest
of the protein and provide a steady framework to which
connecting loops could be added to act as a receptor
site, a functional active pocket, a drug binding region, and
the like. The theory is supported by experimental mea-
surements showing preferential formation of synthesized
,B-hairpins taken from a known three-dimensional protein
structure.

Prediction of trans-membrane segments
from multiple sequence matches

An automated method for prediction of trans-membrane
segments from multiply aligned amino-acid sequences was
developed. For the calculations, two sets of propensity
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values were used: one for the middle, hydrophobic portion
of the segments and one for the terminal regions. Average
propensity values were calculated for each position along
the alignment, with the contribution from each sequence
weighted according to its dissimilarity relative to the other
aligned sequences. Eight-residue segments were consid-
ered as potential cores of trans-membrane segments and
elongated if their middle propensity values were above a
given threshold. End propensity values were also consid-
ered as stop signals. Only helices with lengths of 15 to
29 residues were allowed and corrections for strictly con-
served charged residues were also made. The method is
shown to be more successful than predictions based upon
single sequences alone. In the test set of 28 families with
126 trans-membrane segments, only five spans were not
predicted or constituted false positives.

Secondary structure prediction from
mUltiple sequence alignments

A first attempt was made to improve protein secondary
structure prediction accuracy from multiple sequence align-
ments by averaging the predictions over the matched pri-
mary structures. This work was performed in collaboration
with J. Levin and J. Garnier of INRA in France. It was
found that for seven different protein families, containing
only sequences of known structure and aligned by spatial
superposition of mainchain atoms, a mean improvement in
prediction accuracy of 8% was achieved when compared to

that obtained from the individual sequences. Substitution of
these structural alignments with those determined directly
from an automated sequence alignment algorithm showed
variations in the prediction accuracy which correlated with
the quality of the multiple alignments and distance of the
primary sequences. Nonetheless, secondary structure pre-
dictions could be reliably improved using alignments from
an automatic procedure with a mean increase of near 7%,
giving an overall prediction accuracy of near 70% provided a
minimum of 25% sequence identity was observed amongst
all sequences in a family.

Given this improvement over 7 families by averaging, a more
formal technique was developed. It relied on the determina-
tion of weighted residue exchange matrices, each calculated
for helix, strand and coil regions over 70 families with at
least one known three-dimensional protein structure and
nearly 3500 aligned sequences. Prediction of the three-state
(helical, extended and coil) secondary structures is made
from a given multiple alignment by determining the highest
score amongst the three states through summation of the
exchange matrix weights corresponding to the observed
substitutions at each alignment position and then averaging
over various sliding windows of fixed length in alignment
sites. The mean prediction accuracy approaches 71 % over
more than 30 families with several known tertiary structures
while for individual a-helix, ,B-strand, and coil states it is
respectively 65, 68, and 74%, indicating a well-balanced
three-state prediction. The performance accuracy was

GLY_1

PLATE 43

Stereo view of the predicted (top) and ob-
served (bottom) mainchain folds of calf liver
cytochrome bS62. Virtual bonds joining succes-
sive Co atoms are shown as connecting lines.
The backbone topology was predicted with the
genetic algorithm and based only on knowledge
derivable from the amino-acid sequence.

117



verified by including several protein families not used to de-
termine the exchange matrices and also by cross-validating
jack-knife tests. On average the mean prediction accuracy in
both of these cases dropped by less than 1.0%, indicating
the robustness of the prediction procedure. A program is
under development to allow users to directly submit their
sequences for prediction via electronic means.

Protein modelling and energy simulations

Internal coordinate modelling (ICM)

In previous Research Reports (1991 and 1992), the ICM
procedure as a versatile modelling and global energy op-
timization tool for multimolecular systems has been de-
scribed. The method has now been considerably improved
and extended, providing molecular docking, loop design and
NMR applications.

Two major components are required in energy minimiza-
tion procedures for the successful prediction of the tertiary
structure of peptides and proteins: an efficient global opti-
mization procedure capable of finding an appropriate local
minimum over hundreds of variables and a set of free energy
components computed inexpensively and yet accurately to
allow a conformational space search resulting in the na-
tive conformation. An efficient way has been developed to
make a random step in a Monte-Carlo procedure through
the use of biased probabilities such that a new random
position, independent from the previous position, is selected
according to predefined continuous probability distributions.
The random step is followed by a local minimization in tor-
sion angle space. The positions, sizes and preferences for
high-probability zones on backbone dihedral and mainchain
torsion angle maps were calculated for different residue
types from a representative set of nearly 200 protein tertiary
structures. A fast and precise method to evaluate the elec-
trostatic energy of a protein in solution was also developed
and combined with the biased probability procedure. The
method is based on the modified spherical image charge
approximation efficiently projected onto a molecule of arbi-
trary shape. Comparison with the finite-difference solutions
of the Poisson-Boltzmann equation shows high accuracy for
the approach. Further improvement included the addition of
free energy terms to represent solvation energy and entropic
effects.

The biased probability procedure was successfully applied
to the structure prediction of a 12-residue synthetic peptide
and to the determination of a protein structure from NMR
data; namely, the immunoglobulin binding domain of strep-
tococcal· protein G. The biased probability runs displayed
much better convergence than the non-biased simulations.
The advantage of the global optimization procedure for NMR
structure determination was its ability to cope with local
minima originating from data errors and ambiguities in the
data.

The ICM method was also successfully applied to a molec-
ular docking problem. The procedure found the correct
parallel arrangement of two rigid helices from a leucine
zipper domain as the lowest energy conformation (0.5 Arms
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deviation from the native structure) starting from a random
association. Incorrect docking involving antiparallel helices
or helices staggered by one turn had energies higher by
about 7 or 9 kcal/mole respectively. A docking procedure
allowing sidechain flexibility also converged to the parallel
configuration starting from the individually optimized he-
lices.

An improved technique has been added to the ICM mod-
elling and graphics computer package to allow an interactive
user to identify facilely atoms on a screen image. Gener-
ally it is required to click into a desired atom centre with
considerable accuracy, an especially demanding task when
using complex atom representations as solid CPK spheres
or dotted surfaces. The improved method allows greater
flexibility in specifying elements on the image of an atom
to be identified.

Modelling a TIM loop

Triosephosphate isomerase (TIM) consists of two identical
subunits which form a stable dimer involving interactions at
32 residues in each subunit. Protein engineering on TIM
by Rik Wierenga and colleagues at EMBL converted this
oligomeric enzyme into a stable, monomeric protein which
is enzymatically active. This was achieved by replacing 15
residues of the major interface loop by another 8-residue
fragment. The length, sequence and conformation of the
designed segment were suggested by extensive modelling
with the ICM procedure which predicted an additional but
strainless turn onto wild-type helix 3, later confirmed by the
Wierenga group's X-ray crystallographic structure determi-
nation of the mutant.

Improved calculations for enzymatic
interactions and catalysis

Computer simulations of the binding of proteins to charged
boundaries in electrolytic solution have been effected. Such
calculations are useful in delineating, for example, new
procedures to isolate proteins or to determine their effect
in certain industrial processes. Semi-analytic calculations
based on the Gouy-Chapmann (double layer) theory are
inadequate because they rely on symmetrical shapes un-
characteristic of proteins and, when the theory can handle
surface details, it is applicable only to low surface charge
densities and low ionic strength. A Monte-Carlo approach
has been developed to consider proteins and their ther-
modynamic properties in a more realistic way. The model
places the protein in a box with explicit ions next to an uni-
formly charged boundary such that the interaction energy,
which can be calculated as a function of the distance of
the protein from the boundary, can be correlated with the
retention time of the protein measured from ion-exchange
chromatography.

A second endeavour concerns the calculation of titration
curves for proteins. The solvent is modelled as a highly
polarizable medium (water or some electrolyte) and the
protein is considered as a set of point charges in a low
dielectric medium. A Monte-Carlo approach is used to cal-
culate interactions between different titrating sites. These



interactions are considered to be of an electrostatic nature
where the boundary element is used to calculate electro-
static potentials. The quality of the model will be checked
against acid dissociation constants of amino-acids. A fur-
ther project will investigate enzyme catalysed reactions to
calculate the free energy differences between the sub-
strate and the transition state. This free energy can be
correlated with the observed rate constant. By modifying
properties of the system (e.g., change of ionic strength of
the solvent or single mutations), the most important contri-
'bution(s) to the stabilization of the transition state can be
established. This will give clues for designing proteins with
improved functional behaviour. The model used is similar
to that involving the protein titration curves. Further, the
dielectric properties of protein can be better determined
by introducing atomic polarizabilities which replace the low
dielectric constant of the protein. To establish these, a
fitting procedure against experimental molecular polariz-
abilities of a set of small organic molecules has been ef-
fected.
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Molecular modelling, simulation and design

Group leader: R. Wade

Fellows: E. Demchuk, V. Helms, A. Ramirez Ortiz*, G. Worth

Visitors: S. Daleman*, M. Pisabarro

Biomolecular interactions are the main focus of this research
group. Using a range of computational techniques, we study
the diffusion of ligands to binding sites on target recep-
tor macromolecules, and the conformational characteristics,
energetics and specificity with which ligand-receptor com-
plexes are formed. These studies provide a microscopic
picture of events that may be difficult to investigate ex-
perimentally and assist the identification and prediction of
features that are important in determining molecular recog-
nition. They also enable us to design ligands and protein
mutations to produce desired ligand-receptor interactions.

Here, we describe three projects that illustrate, in turn: (1)
simulation of the diffusion of a ligand to its macromolecular
binding site (a substrate to triose phosphate isomerase); (2)
analysis of the specificity of ligand-receptor interactions (for
haematopoietin hormones); and (3) the design of ligands to
bind with high affinity to a target macromolecule (inhibitors
of phospholipase A2). Other ongoing projects are listed at
the end of this report.

Simulation of enzyme-substrate diffusional encounter

A Brownian dynamics simulation method that allows the
investigation of the effects of receptor shape, charge dis-
tribution and flexibility on ligand binding rates has been
developed in collaboration with J.A. McCammon's group in
Houston. This has been used to simulate the encounter of
the substrate, glyceraldehyde 3-phosphate, with triose phos-
phate isomerase (TIM). TIM is a diffusion-controlled enzyme
that has flexible peptide loops that close over its active sites
on substrate binding. Previously, we have simulated the
encounter of the substrate with the enzyme with the loops
held fixed in an open conformation (Luty et al., 1993) and of
the loop motions in the absence of substrate (Wade et al.,
1993). This year, we have simulated the encounter of the
substrate with TIM while simultaneously allowing the loops
to move (Wade et al., in press). An example of a trajectory is
shown in Plate 44. The rate constant calculated from these
simulations and the experimental rate constant are in good
agreement. The simulations show the importance of the
enzyme's electrostatic field in steering the substrate towards
the active site. During the simulations, the loops diffuse back
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and forth over the active sites and are sometimes seen to
obstruct substrate access to the active sites. However, they
have little effect on the substrate binding rate, apparently
because they move with an average gating period (t'J1 ns)
much shorter than the average time (t'J20 ns) that the sub-
strate spends diffusing near the protein under the influence
of the protein forces during the simulations. This suggests
that the loops may have been optimized during evolution to
minimize interference with substrate access to the catalytic
sites.

PLATE 44

Ca trace of chicken muscle triose phosphate isomerase shown with
superimposed snapshots of one simulated trajectory in which the
substrate reached an active site. The dashed lines show conforma-
tions sampled by the diffusing substrate (grey) and flexible peptide
loops (black).



Electrostatic analysis of the receptor
binding properties of four-helix-bundle
signalling proteins

The haematopoietin class of hormones mediate signal trans-
duction by binding to specific trans-membrane receptor
proteins. Structural data show that the human growth hor-
mone (hGH) forms a complex with a homodimeric receptor,
and that hGH is a member of a class of haematopoi-
etins possessing an anti-parallel four a-helix bundle fold
that includes interleukins (e.g. IL2, IL4, IL5 and IL6) and
colony stimulating factors (e.g. GM-CSF, G-CSF). Muta-
tion of charged residues in these hormones often has
a significant effect on signal transduction suggesting that
electrostatic interactions may have an important influence
on hormone-receptor recognition. Therefore, we have, in
collaboration with Thomas MOiler and Hartmut Oschkinat
(EMBL), made an analysis of the electrostatic potentials
of hGH and its receptor, and of four cytokines (for which
no receptor structures are available, and, in some cases,
for which not all receptors have been identified). We find
that the electrostatic potentials allow deductions to be made
about possible receptor binding modes for the hormones;
in particular, whether they bind to homodimeric or hetero-
oligomeric receptors. They also provide guidance for further
mutagenesis studies to characterize receptor binding and to
modulate signal transduction.

Design of enzyme inhibitors

as expected from the molecular modelling, suggesting that
the increase in potency is due to better enzyme-inhibitor
complementarity.

Further studies are under way to analyse a series of HSF-
PLA2 inhibitors to derive quantitative structure-activity rela-
tionships (using methods under development in the group)
that can be used to guide the search for more potent
inhibitors.

Other ongoing projects

Ligand binding properties of SH3 domains

Modelling and mutagenesis studies have been initiated (with
Ana Rosa Viguera and Luis Serrano) to characterize the in-
teraction properties of SH3 domains, particularly their ability
to bind certain proline-rich peptides.

Electrostatic properties of
triose phosphate isomerase

Our simulations show the importance of the electrostatic
potential in steering the substrate to the active sites of TIM.
However, trypanosomal TIM shows very different pH and
ionic strength dependencies in its activity from other TIMs
(data from Rik Wierenga's group (EMBL)). The electrostatic
properties (pKas of titratable residues, electrostatic poten-
tials) of TIMs from four different sources are being calculated
to examine how they influence activity.

Human synovial fluid phospholipase A2
(HSF-PLA2) is an important target for
the design of compounds with anti-
inflammatory activity that may assist in
combating conditions such as arthritis and
asthma. In collaboration with A. Palomer
(Barcelona) and F. Gago (Madrid), we have
designed (Pisabarro et a/., in press) com-
pounds to act as competitive inhibitors of
the HSF-PLA2 based on the crystal struc-
ture of a complex of HSF-PLA2 with a
transition state analogue (provided by P.
Sigler). The design employed biochemical
information, molecular graphics analysis,
molecular orbital and molecular mechan-
ics calculations, and the GRID (Goodford,
1985; Wade et a/., 1993) and LUDI
1991) programs. The latter programs are
tools for the de novo design of ligands that
bind to macromolecular targets of known
three-dimensional structure. New binding
sites on HSF-PLA2 were found and used'
in the design of novel sulfonamide-based
compounds. One of these (Plate 45) has
been synthesized and tested. It has an
Xj(50) of 0.0036 (the mole fraction of in-
hibitor giving 50% PLA2 activity) and is,
thus, one of the most potent HSF-PLA2
inhibitors described so far. Moreover, it
shows improved specificity for the HSF-
PLA2 enzyme with respect to other PLA2S,

PLATE 45

The energy minimized structure of human synovial fluid phospholipase A2 complexed with
one of the inhibitors suggested by the design process (shown in bold). The spherical van
der Waals surfaces represent two calcium ions.
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Lipase activation

The Brownian dynamics simulation method is being applied
to study the motion of a short helical loop in the Rhizomucor
miehei lipase that appears to undergo a conformational
change on activation (with O.H. Olsen and G. Peters,
Copenhagen).

Thermostability of neutral proteases

Molecular dynamics simulations are being carried out to
investigate factors affecting thermostability in thermolysin,
the neutral protease from B. subtilis and mutants of differing
thermostability engineered by Vincent Eijsink (Groningen)
and Gert Vriend (EMBL).

Conformational stability of short peptides from BPTI

Some tetrapeptide fragments from BPTI and tetrapeptides
with related sequences have been found to have non-
random conformations in solution in NMR studies by Johan
Kemmink and Tom Creighton (EMBL). Molecular dynamics
simulations are being carried out to examine the physical
basis for these observations.

Prediction of ligand binding sites on
proteins by artificial neural networks

Neural networks to predict water binding sites on proteins
are being developed in collaboration with P. Wolynes and
H. Bohr (Illinois).

Derivation of quantitative structure activity
relationships using information about
the three-dimensional structures of
protein-ligand complexes

Current methods to derive quantitative structure activity rela-
tionships (QSARs) generally use information only about the
properties and activities of a series of compounds. However,
in some cases, information is also available about the three-
dimensional structures of the receptor-ligand complexes.
Methods to derive QSARs exploiting this information are
under development.

Free energies of protein hydration and
protein-ligand interactions

New methods for the calculation of free energies of binding
of ligands to proteins and of hydration of protein cavities
using molecular dynamics simulations are being developed
and applied to cytochrome P450-cam.

Design of ligands for cytochrome P450-cam

Molecular modelling techniques are being used to design
inhibitors and new substrates of cytochrome P450-cam.
Some of these have been synthesized by E. Gill (Oxford)
and binding and activity assays are being carried out by
G. Hui Bon Hoa (Paris).
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Muscle proteins

One of the main themes of our research in the last two
years has been the study of two giant muscle proteins,
nebulin and titin, located in the thin and in the thick fil-
ament of striated muscles, respectively, where they are
thought to contribute to assembly and maintenance of the
sarcomere. Titin (3000 kDa) spans the distance between
the thick filament and the Z-line in each half sarcomere.
As an elastic component, it is thought to maintain the
thick filament in register and resist overstretching of the
sarcomere. Nebulin (600-800 kDa) is coextensive with the
thin filament in skeletal muscle and is supposed to dictate
the uniform thin filament length by providing a template for
actin polymerization. It has also been suggested that it is
involved in the length regulation of the thin filament as a
"molecular ruler". We have started a long-term project to
elucidate the structure and the function of these two proteins
in close collaboration with other groups in our Programme
(see also Kevin Leonard's report).

We have directed our efforts in the following directions:

Titin

The whole titin sequence has now being completed by
Siegfried Labeit at EMBL. It shows a very complex archi-
tecture. Most of the sequence is assembled by ca. 100
amino-acid repeat modules, designated type I and type II
which have been predicted to belong to the fibronectin
type III and to the immunoglobulin family respectively. A
protein kinase is present in the C-terminus of the protein,
near the M-Iine in the sarcomere. It is flanked by type II
modules and insertions which do not find homology in the
database. The type I domains also disappear in the region
located in the i-band. The sequence of a putative coiled
coil has been identified in the far N-terminus, near the
Z disk. The structure determination of some of the most
representative modules is interesting since it can be related
to specialized functions of different regions of this protein
and to its overall properties. Nuclear magnetic resonance
(NMR) is well suited for this study since the most interesting
modules have sizes well in the range of this technique.

Type ii
(C. Joseph, A. Politou & M. Pfuhl)

In 1993 a number of type II domains located in the i-band,
the a-band and the m-Iine have been expressed in E.coli
and their structure and stability were studied (Politou et
al., 1993). While the determination of the three-dimensional
structure of two of these modules is currently under way, our
results conclusively confirm that, according to the prediction,
they are folded in an immunoglobulin-like structure. A dif-
ferent stability seems to differentiate them according to the
region they have been selected from. This observation might
be relevant for instance to explain the elastic properties of
titin.

Coiled coil
(G. Musco)

A putative coiled coil was predicted near the titin N-terminus.
A 39 aa peptide was synthezised and its properties studied
by fluorescence, circular dichroism (CD), NMR and ultra-
centrifugation. The peptide tends clearly to form aggregates
which depend on the pH and the salt conditions. Under all
conditions it is helical. The exact stoichiometry is presently
under investigation together with the understanding of its
exact biological role in vivo.

Cam binding peptides
(M.A. Castiglione Morelli)

A short stretch C-terminal to the titin protein kinase has been
found to interact with calmodulin. The synthesis of a number
of overlapping peptides has allowed us to identify the pre-
cise region involved. The large number of positive charges,
the presence of large hydrophobic groups and the strong
tendency to fold into an a-helical structure are somehow
reminiscent of other calmodulin binding peptides. While the
study of the regulation of the titin protein kinase is under
investigation by Mathias Gautel, we have characterized the
structure of these peptides by NMR and their affinity to
calmodulin.
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Nebulin
(M. Pfuhl)

The 1.6 kb of nebulin cDNA sequence available in the
EMBL Data Library corresponds to only 8% of the complete
nebulin sequence. In collaboration with Siegfried Labeit the
partial sequence has been extended N-and C-terminally by
PCR techniques. This is indispensable to create a larger
database which may allow structural and biochemical char-
acterization. A 10 kb cDNA is currently available from
this work. From this cDNA, 5 kb from different regions of
the molecule have been sequenced. They have confirmed
previous observations based on a more limited sequence:
despite its size, nebulin appears to be composed mainly
of small repeats of approximately 35 amino-acids. Seven
repeats are further assembled in super-repeats. The
of single repeats and their boundary may therefore provide
valuable information from which the behaviour of the whole
molecule may be inferred. Two more observations can be
made on the basis of the sequence available so far. A short
consensus segment consisting of a PO at the N-terminus
and a SDxxYK in the middle of single repeats has been
identified. The amino-acid composition is unusually Iysine-
rich.

We have characterized the conformational and functional
properties of single repeats (Pfuhl et al., 1993). A number
of synthetic peptides spanning complete single repeats,
fragments and overlapping regions between repeats were
studied. Complete repeats were found to bind, although
with low affinity, to F-actin whereas a truncated one did
not. This is in good agreement with studies described by
other authors. They have shown that constructs comprising
two, five, six, eight and fifteen repeats bind to F-actin with

PLATE 46

Model of the interaction between nebulin single repeats and the
actin filament. Three actin monomers are shown.
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increasing affinity. One repeat is therefore the smallest unit
for nebulin/actin interaction.

CD and NMR spectra measured on the peptides in water
have indicated the presence of a transient helical conforma-
tion in all of them. The folded region is consistently located
around the conserved sequence SDxxYK. The helical con-
formation is strongly stabilized by anionic detergents and,
to a minor extent, by trifluoroethanol (TFE) while uncharged
or positively charged detergents have no effect. This is not
surprising because of the predominant number of positive
charges on nebulin. On the other hand, these results have
suggested the use of anionic detergents as a way to simu-
late the conformation of nebulin in its in vivo complex with
F-actin, which contains large clusters of exposed negative
charges. Because of its size, a direct structure determination
at atomic resolution of this complex would be impossible.
Three-dimensional structures were therefore calculated for
three representative peptides in sodium dodecyl sulfate
(SDS). Extrapolating the results obtained in this medium to
the nebulin conformation in the sarcomere, large portions of
the protein, if not all, would then consist of contiguous rods
of helices within the repeat boundaries as defined by the
conserved prolines. Around this residue, the conformation
of up to 8 residues should be extended.

A preliminary inspection of a plausible site on the actin
filament, as reconstructed from X-ray fibre diffraction mea-
surements, shows a cleft in the centre of the filament (Plate
46). A nebulin single repeat could be accommodated in this
groove and span the actin length. This model is entirely
consistent with several pieces of independent experimental
evidence. For example, it would explain the recently demon-
strated properties of nebulin to alter actin polymerization
properties.



Spectrin
(G. Trave & J. Pascual (C. Sander's group))

Spectrin, an actin binding protein present in almost all ani-
mal cells, is the main component of the cortical cytoskeleton.
It plays a connecting role between the cytoskeleton and
the membrane. Two homologous units are associated in an
antiparallel fashion. The oj(3 heterodimer associate as a
head-to-head tetramer. The architecture of spectrin is once
again modular. A large portion of the molecule is assembled
by 100-120 amino-acid repeats. Regions with specialized
functions, such as actin binding, are present along the
sequence. An SH3 motif and a putative calcium binding
region have also been identified. In collaboration with Matti
Saraste and Jaime Pascual (Chris Sander's group), we are
working on three spectrin modules: the EF hand, a SH3
motif with an anomalous insertion in the C-terminus, and the
contiguous repeat. Our aim is the three-dimensional struc-
ture determination of these domains by NMR and the study
of their mutual interactions. Presently, the most advanced
project concerns the EF hand motif. A detailed sequence
analysis has suggested not only that this region contains two
EF hands, but also that the contiguous C-terminus stretch
should fold into an independent globular domain containing
two anomalous EF hand motifs, which would have lost
calcium binding properties. The whole o-spectrin C-terminus
should thus have a structure similar to that of calmodulin.
According to this hypothesis, three constructs have been
expressed spanning the whole C-terminus domain and its
two putative subdomains (Trave et al., 1993). The three
corresponding proteins are well-folded and the NMR spectra
of the domain can be obtained additively from the two sub-
domains, implying little interaction between the two regions.
The N-terminus half binds specifically to calcium with affinity
in the 0.1-0.5 mM range. The C-terminus half does not bind
at all, as expected by the anomalous EF hand motifs. The
analysis of high quality multi-dimensional NMR spectra of
these peptides is currently under study.

Structure and stability of leucine
zippers of the HLH·LZ family
(C. Muhle-Goll (M. Nilges' group) & C. Joseph)

A leucine zipper motif (LZ) is characterized by a repeat
of leucines every seven residues within a sequence with
high helical periodicity. The structure of leucine zippers
is that of classical coiled coils. Several of these motifs
have been located in transcriptional activator proteins where
they play the role of dimerization domains. In the HLH-LZ
family of transcription activator proteins, for instance, the
helix-loop-helix (HLH) DNA binding domain is followed by
a leucine zipper motif. Its presence has been somehow
puzzling because the HLH domain is known to dimerize on
its own. Following our interest in the factors which contribute
to stabilize the structure of coiled coils, we have started
the characterization by CD and NMR of synthetic peptides
encompassing the LZ sequences of three members of the
HLH-LZ family, TFEB, Myc and Max. These proteins have
in fact quite different properties and dimerization speci-
ficity. While TFEB readily forms homodimers, Myc and Max
preferentially heterodimerize. This work is carried out in

collaboration with Toby Gibson (Kevin Leonard's group) and
Michael Nilges' group. Our results demonstrate that the
leucine zippers in HLH-LZ proteins function as autonomous
domains, their different stability reflecting different abilities
to associate into homo- or heterodimers.

KH domain
(G. Musco & G. Trave)

A ca. 50 amino-acid repeat named the KH motif was
identified last year in a wide variety of proteins whose
only common property is that they are associated with
RNA. Examples of proteins belonging to the KH family are
the hnRNP K protein, E.coli polynucleotide phosphorylase,
vigilin and FMR-1, which is implicated in the human genetic
disease fragile X syndrome. It has been suggested, but not
yet proved, that the KH motif could bind to single-stranded
RNA. From a secondary structure prediction based on mul-
tiple alignment, Toby Gibson suggested that the KH box
might fold into an oj(3 structure with a three-stranded sheet
interrupted by two contiguous helices. This prediction awaits
experimental proof. Determination of the three-dimensional
structure in the near future would greatly benefit biochemical
studies on whether and how the KH motif binds to RNA
and would inspire experiments to elucidate the functional
role of these proteins. Very recently, a peptide with the
sequence of one of the KH repeats from vigilin has been
expressed and purified in collaboration with Gunter Stier
(Dietrich Suck's group). The peptide also comprises two
extensions on both ends which have been predicted to
be helical and may be important for dimerization. Accord-
ing to NMR data, the peptide is well-folded and prelim-
inary data show the presence of both 0 and (3 struc-
ture. The peptide behaves on a gel filtration column as a
dimer. The three-dimensional structure is currently under
investigation.

Protein surface mapping
(S. Improta)

The knowledge of which residues in a protein are ex-
posed to the solvent or accessible to it, and which others
are buried, is important for structure determination, stud-
ies of intermolecular interactions, and protein dynamics. In
previous years, we have shown that mapping of protein
surfaces can be obtained by NMR studies using soluble
nitroxides (Esposito et al., 1992). In these experiments,
dipolar interactions between the unpaired electron spin of
the label and proximal protein hydrogens increase the re-
laxation rate of the protons. Since the resonance linewidth
is an inverse function of the transverse relaxation time
(T2), these resonances are consequently broadened or
disappear. We have shown that no specific interactions
between nitroxide and protein are present. This method
therefore provides a valuable approach to mapping pro-
tein surfaces. We are currently investigating two applica-
tions of this approach. The first is a detailed description
of the surface of stable intermediate of protein folding
(molten globules or MG). A detailed description of the
buried and exposed regions in the MG as compared to
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the native and unfolded states is essential for unveiling
which portions of the tertiary structure are preserved in
the folding/unfolding pathway, leading to a deeper under-
standing of this state. In collaboration with Dr. L. Zetta's
group (CNR, Milan), we have studied the molten glob-
ule state of a-lactalbumin and compared the information
we can obtain from solvent perturbation by paramagnetic
probes with that obtained by another experimental NMR
technique, photo-CIDNP. A comparison between these two
independent techniques has allowed us to map the exposed
and buried regions of the molten globule. This provides
a model for the MG state in which significant conforma-
tional freedom coexists with specifically preserved elements
of native-like structure. The second project is carried out
in collaboration with Dr. A.M. Lesk (Cambridge). There
has been considerable recent interest in methods for de-
termining the residues in a protein of unknown structure
that are on the surface, and for inferring from it infor-
mation about the secondary structure and folding pattern.
We have derived a method based on experimental data
from paramagnetic perturbation of protein NMR spectra of
several homologous proteins of known sequence, to de-
termine which positions in the sequence contain exposed
residues (Esposito et al., 1993). We are currently studying
its applicability.
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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 so-
lution. Due to recent developments such as three- and four-
dimensional NMR, structures of proteins up to 15 kDa are
now solved routinely, and the range of NMR spectroscopy
has been extended to a molecular weight of approximately
35 kDa. We are interested in two aspects of biomolecular
NMR: the development of NMR techniques for improving the
collection of structural parameters, and the determination of
protein and nucleic acid structures.

Further developments of NMR techniques are necessary to
automate the evaluation of the spectra, and to improve their
specificity and quality. It is intended to develop a program
for the automated assignment of multi-dimensional NMR
spectra, and to develop NMR techniques utilising pulsed
field gradients for the suppression of artefacts and to reduce
the measurement time.

The structures of phosphorylated and
unphosphorylated chicken cystatin in solution.
A protein with a variable segment.

Chicken cystatin is an inhibitor of thiolproteinases such as
papain, actinidin and the cathepsins B, Hand L. It occurs in
phosphorylated and unphosphorylated forms in.chicken egg
white. The structural role of the phosphorylation at Ser80
was investigated by the study of native phosphorylated
chicken cystatin and an unphosphorylated variant which
was over-expressed in E.coli. On the whole, the structural
effect of the phosphorylation is very small. Only the side
chain of His84 seems to adopt a different position, which is
not surprising when the role of phosphorylation is seen in
targeting. A surprising result, however, was the observation
that the solution and crystal structures (Bode et al., 1988)
showed considerable differences in the segment 71-92. In
particular, helix II present in the crystal was not present
in solution. Instead, an extra bulge of the j1-sheet was
observed, and some of the residues forming part of the
helix in the crystal structure were now located in the j1-
sheet (Plate 47). This difference shows an obvious structural
variability of this segment, which is also interesting from

the protein folding point of view. Part of the reason for
the difference is seen in the different pH of the solution
which was investigated by NMR (pH 5.6) and the solution
from which the crystals were prepared (pH 4.0). Further
investigations are under way.

PLATE 47

Superposition of the calculated set of NMR structures and the X-ray
structure of chicken cystatin
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Antagonists of Interleukin 4

Interleukin 4 is a typical cytokine which acts as a pleiotrophic
growth factor on B- and T-cells. In detail, its biological
activities are stimulation of proliferation and differentiation of
B-cells, immunoglobulin class switching of activated B-cells
to IgG1 and IgE, and expression of the IgE low affinity recep-
tor. Therefore Interleukin 4, and especially its antagonists,
are of particular interest in the therapy of cancer and allergic
diseases.

As a prerequisite for the understanding of its action at a
molecular level, it is necessary to obtain three-dimensional
structures for the native IL-4 and mutants with different
biological activities. The determination of the structures of
four-helix bundles such as IL-4, however, depends largely
on the availability of NOEs between lipophilic side chains
such as leucines and valines. In the past, 13C-labelling
to be applied to enable the interpretation of the NOESY
spectrum in the region were this information is located. If,
however, a number of variants should be investigated, this
becomes too expensive. For this reason, an approach based
on 15N-labelling and homonuclear three-dimensional NMR
has been developed to enable the study of such molecules
without 13C-labelling. Good results were obtained on the
IL-4 wild-type whose structure was determined first as a
basis for the investigation of the variants. The structures
of the variants Y124G and Y124D with antagonistic activity
allowed a number of conclusions concerning the interaction
of IL-4 with its receptor. As the structures turned out to be
virtually identical with the wild-type, a homodimeric model for
the IL-4 receptor (as reported by 3 different groups) seems
to be implausible. In contrast, it shows that the site around
Y124 is a major binding epitope for the second receptor
subunit, and that binding is determined by a considerable
hydrophobic area on the surface of the hormone.

Small membrane proteins by NMR

Currently, possibilities are being explored for the investiga-
tion of membrane proteins that may be solubilized in small
micelles while retaining their activity.

It now seems feasible to tackle such proteins by NMR due
to a number of recent technical developments such as the
development of multi-dimensional NMR in connection with
isotope labelling, protein deuteration, and the higher sensi-
tivity of the NMR spectrometers. In preliminary experiments,
suitable NOESY spectra of solubilized bacteriorhodopsin
have been obtained, showing NOEs due to protons of
the retinal in the inner membrane parts. Also, 15NJHand
12C_1H HMQC of bacteriorhodopsin and 13C_1H HMQC
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correlations of the reconstituted light harvesting complex of
photosystem II from peas were obtained.

It is intended to explore the methodology necessary for the
investigation of small membrane proteins and to investigate
the structure of the chromophore environment of bacterio-
rhodopsin.

EMBL labelling facility

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 pho-
toautotrophically growing organisms. They are suitable for
E.coli, but also for more demanding expression systems. At
the moment, there are approximately 20 regular customers.
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Refinement of NMR structures

Partially automated assignment of HOE spectra

The assignment of NMR spectra can generally be divided
into two parts: (1) Assignment of chemical shifts to protons,
and (2) Assignment of NOE crosspeaks to proton pairs.

The second part of the assignment problem (Le. resolving
ambiguities in the NOE data) can in principle only be solved
once the structure is known. We have developed a general
approach in which the NOE crosspeaks are assigned during
the structure calculations. The approach is based on a
minimization scheme employing simulated annealing, since
the standard "distance geometry" algorithms cannot be used
for this purpose.

Test calculations with a model data set derived from the
X-ray crystal structure of BPTI and varying degrees of
ambiguity in the spectra have shown that the method is
surprisingly stable. Plate 48 shows a model data set used to
test the method, displayed as a NOE contact plot, indicating
all possible contacts as grey squares, and all definite con-
tacts as black squares; and the NOE contact plot derived
from a structure calculated de novo with the method. This
final plot is virtually indistinguishable from the corresponding
plot derived from the X-ray crystal structure. In this particular
case with many ambiguous crosspeaks, roughly half of the
structures converged to the correct fold.

The main advantages of the method over the traditional
approach are the reduction of necessary human interven-

•
• ••

40 50

•
•-•

•
••

•..-

20 3010

.. ..
O -....r---.--.....-_ ___'

o

'- -CD ....c
E 50:J
c: •

• ••CD 40:J
'U-w ••
CD 30'-

•-...... 20 • •

10

50302010o

10

I-
CD.c
E 50
:J
c:
CD 40:J
:-2
CJ) 30CD
'-

20

residue number residue number
PLATE 48

Result of a calculation using the combined NOE assign-
ment/structure calculation method. A model data set that was used
to test the method, displayed as a NOE contact plot, is shown at the
top. All possible NOE contacts are indicated as grey squares, and

all definite contacts as black squares. A NOE contact plot derived
from a structure calculated de novo with the method is shown at
the bottom. This final plot is virtually indistinguishable from the
corresponding plot derived from the X-ray crystal structure.
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tion in the refinement and assignment process, and, more
importantly, a "sampling" of possible assignments of the
NOE crosspeaks. That more than one assignment might
exist for a given NOE spectrum has been shown recently
(Nilges, 1993). The usual assumption, however, is that only
one solution exists.

NMR analysis of a long molecular dynamics
trajectory of BPTI (T. Schneider (EMBL
Hamburg) &A. Brunger (Yale University))

The local dynamic behaviour of a macromolecule has a
strong effect on the observables from which the structure of
the molecule is deduced, most prominently on the NOE ef-
fect. To directly assess the effects of local protein dynamics
on the distance measurement via the NOE we have anal-
ysed a 6.6 nanosecond molecular dynamics trajectory of
BPTI. This study extends the time-scale of NMR parameters
analysed in molecular dynamics trajectories by roughly one
order of magnitude. The long simulation time was necessary
to extract motional parameters on a time-scale of several
hundred picoseconds in a reliable way.

Our conclusion about the effects of local motions in the time
range of several hundred picoseconds on the accuracy of
distance measurements by NMR is that for most distances
the usually made assumption of a rigid molecule is a good
approximation. However, there are distances for which this
approximation is violated. We have now started using the
model data generated from the trajectory as an "experimen-
tal" to test various ways to calculate structures from NMR
data.

A free R-factor for NMR refinement
(R. Saffrich & A. Brunger (Yale University))

One of the problems in NMR structure determination is the
assessment of the reliability of NMR structures. We have
shown that the free R-value, a quantity originally developed
to adress similar questions in X-ray crystallographic refine-
ment (Brunger, 1992) is also useful in NMR refinement.
Since the number of observables in NMR is much smaller
than in X-ray crystallography, and the experimental data of
the two methods are of very different information content,
this was by no means obvious at the beginning of the
study. In particular, we have shown that the free R-value
can be used as a guide to optimal refinement parameters.
Test calculations with noisy spectra predicted from a known
structure have shown that at the weight on the experimental
terms corresponding to the minimum of the free R-value
curve, the differences between the refined structure and the
correct structure are minimal (Brunger et al., 1993).

Parallel computing (R. Thiagarajan)

Many of the routine calculations for an NMR structure de-
termination are inherently parallel. Typically, many calcu-
lations are performed with the same NMR data to obtain
a measure for the size of the conformation space allowed
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by the data. We have therefore developed a coarse-grained
parallel version of the software package X-PLOR that makes
parallel computing on this most basic level possible. The
program uses pvm and can run on a heterogeneous cluster
of workstations.

The computationally most expensive part of a structure
calculation from NMR data is a direct refinement against
NOE spectra. We have done in parallel the routines in
X-PLOR that calculate the NOE spectra from a structure,
and the corresponding forces. A linear speed-up could be
obtained in first test calculations.

Investigation of interaction of molecules
by model building and NMR experiment

The structure of the sSDNA-protein complex of
gene 5 protein of phage m13 (R. Folmer,
P. Folkers &C. Hilbers (University of Nijmegen))

Structures of the dimeric protein were calculated from the
NOE data with a new calculation technique that allows
the use of ambiguous data (Nilges, 1993; Folkers et al.,
1993). The determined structures, the NOE data and further
experimental information taken from electron microscopy,
small-angle neutron scattering and NMR experiments were
the basis for the model building of the complex of the gene
V protein with single-stranded DNA. In vivo, the complex
consists of the complete genome of the phage and several
hundred protein molecules. The protein is known to bind
stoichiometrically to the single-stranded DNA, and has been
shown to be a rather flexible helix by electron microscopy
studies. The small-angle neutron diffraction data indicate
that the DNA is bound on the inside of the helix formed
by the proteins. We have taken care to make as few
additional assumptions as possible, and built the models
in an essentially automated way. Our final model is the
first that is in agreement with practically all experimental
information available on the complex. The model predicts
specific contacts between protein molecules in the complex,
which can now be tested by site-directed mutagenesis.

Conformations of leucine zippers of the bLZ class
(S. O'Donoghue, K. Junius & G. King (Sydney))

The determination of conformations of leucine zippers by
NMR poses special problems since, due to the symmetry
of the molecule, many inter-molecular NOE interactions
cannot be measured. For synthetic peptides, the costs of
asymmetric labelling that would make NOE measurements
between equivalent protons on the two monomers possible
are prohibitive. By a combination of calculational methods
(Nilges, 1993) with an analysis of relative contributions to
dimer NOEs guided by model building (O'Donoghue et
al., 1993) we have re-determined the dimer structure of
GCN4-LZ with the data of Saudek et al. (1991). The study
shows that the NMR data are sufficient to determine overall
features of the dimer like the pitch of the coiled-coil. We
are now in the process of determining the structure of the
leucine zipper of Jun-LZ.



Conformational studies of leucine zippers in
the bHLH-LZ class (C. Muhle-GolI, T. Gibson,
J. Lakey, D. Navon &A. Pastore.)

In collaboration with the group of Annalisa Pastore, we are
investigating the tertiary structure of peptides spanning the
putative leucine zipper region of several proteins in the
HLH-LZ class. The function of the second dimerization site
formed by the leucine zipper is still unclear. So far, we have
obtained results on the leucine zipper regions of Myc and
Tfeb.

Myc-LZ homodimerizes only at unphysiological pH, while the
optimal conditions for the homodimerization of Tfeb-LZ are
close to physiological. This correlates well with the biological
findings that Myc activates transcription as a heterodimer
with another HLH-LZ protein, Max, while Tfeb can act as a
homodimer. The findings show that the specificity is at least
partly mediated by the LZ region.
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Gene Expression Programme

Introduction

The explanation of complex biological phenomena like de-
velopment, differentiation, or the response to external and
internal stimuli lies in changes in the activity of gene prod-
ucts, being most often a result of alteration of the level of
expression of particular genes. Thus, a goal of an over-
whelming number of present-day biologists is to understand
how gene expression is regulated. It is self-evident that an
understanding of regulation can only be achieved when the
mechanism by which a phenomenon occurs is known. In
eukaryotes, the multiple steps of gene expression, including
transcription, RNA processing, transport of the RNA to the
cytoplasm and translation are only incompletely described.
Thus, a large part of the effort of the programme goes into
mechanistic studies of various steps along the pathway of
gene expression.

Rather than to provide a brief sketch of what everyone in the
Programme has done this year, I will try to pinpoint a few
of the areas of our research that, in my opinion,. are furthest
from being understood, and indicate some of the steps being
taken in these fields. A unifying theme for this introduction is
organization - how are processes organized in the nucleus
at both the molecular and macroscopic levels to obtain the
observed, and essential, specificity of recognition between
the many components of the apparatus responsible for gene
expression.

The first example is the organization of genes in chromatin.
Many, if not most, investigators working on transcriptional
regulation ignore this level of organization, treating chro-
matin as if it were either uniform or transparent or both.
Many investigations have shown that this is not the case but,
due to the lack of good experimental methods to analyse or,
even more, to manipulate chromatin structure, this aspect of
transcription has received less attention than it deserves.
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Groups in the Programme are working on this problem at
both ends of the scale of organization. One is involved in
the pursuit of an experimental protocol that will enable the
accurate reconstitution of DNA templates into chromatin in
vitro. Utilizing a variety of methods to compare directly in
vivo and in vitro chromatin structure on the same piece of
promoter DNA, they have achieved considerable success
on the way to their primary goal. Needless to say, this goal,
when reached, will open the way for manipulative in vitro
experiments that may define functions for many of the non-
uniform aspects of chromatin structure, like the presence
of non-histone chromatin proteins or histone modifications,
that have been described, but not functionally characterized,
in vivo. At the other end of the scale is the involvement
of large-scale gene organization, like that observed in the
homeobox-containing gene family e.g. the HOX gene clus-
ters of mouse. Here, there are good reasons to believe
that gene order on the chromosome may play a role in the
correct expression of the genes of each cluster with respect
to one another either in time or in space. If elements in
the DNA involved in this type of regulation can be defined,
initially by standard methods of in vivo chromatin analysis,
it is still not obvious how they might be manipulated to carry
out meaningful analysis. To this end, one of the groups
in the Programme is combining examination of one of the
HOX clusters with the development of methods, based on
the use of recombinase enzymes, to be able to manipulate
the long-range structure of DNA on chromosomes in a
controlled and reproducible way.

All RNAs in eukaryotic cells, with the exception of 58 riboso-
mal RNA in some species, are produced as precursors that
have to be processed to achieve their mature, functional
state. In the Programme, the processing of precursors of
ribosomal and messenger RNAs is under study. Both of



these events occur in large processing complexes. In the
case of the rRNAs, we are just beginning to understand
which components of the processing machinery recognize
some of the many sites of processing. The approach taken
in this work is guided by the better, but still imperfectly,
understood methods of recognition of pre-mRNAs by the
splicing factors involved in intron removal. In this case an
extremely high level of accuracy is required. If a splice
site only one nucleotide up- or downstream of the correct
position were chosen, this would usually result in the pro-
duction of a useless mRNA bearing a frameshift. Given that
many pre-mRNAs contain multiple introns, up to >50, the
percentage of inaccurate splicing must be kept very low.
One way to achieve this is to use different components of the
splicing complex to re-assess, or proofread, the initial choice
of splice site made. Work in the Programme this year has
shown that precisely this occurs when U6 snRNA interacts
with nucleotides close to 5' splice sites that form part of the
site of interaction of U1 snRNA, the first trans-acting splicing
factor involved in defining the 5' splice site of the intron.

An area of increasing interest is the organization of splicing
within the nucleus, and its spatial relationship to transcrip-
tion. One of the groups in the Programme is studying the

changes in overall nuclear organization, and in particular
the localization of splicing factors, in response to chang-
ing transcriptional states. In this way, they are providing
evidence for and against the roles of some of the several
nuclear structures reported to contain components of the
splicing machinery in RNA processing. These studies of
RNA processing are all intimately related to the question
of RNA export out of the nucleus. Observations made in the
Programme this year implicate different transport factors in
the export of specific classes of RNA from the nucleus, indi-
cating that different nuclear RNAs are packaged with unique
RNP proteins that mediate their recognition as substrates
for export. How this occurs is, of course, not understood,
but if we return to the rRNA processing studies, we see that
ribosomal RNA processing, modification and packaging with
ribosomal proteins into pre-ribosomes are a series of linked
events that are dependent on the same nucleolar compo-
nents. It may be that, in the way splicing is now providing
a model for detailed examination of rRNA processing steps,
that ribosome assembly will turn out to provide insights into
the problem of the packaging of processed mRNAs into
RNPs that are destined for export rather than intranuclear
destruction -the fate of the intron and 3' extended segments
removed from the mRNA by the processing reactions.
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U snRNA gene transcription

It has become clear that TBP, the TATA box-binding protein,
has a central role in eukaryotic transcription by all three
eukaryotic RNA polymerases (I, II and III). The snRNA
genes are transcribed either by pol II or pol III. In all species
examined, the promoters of these genes have unique fea-
tures. Using in vitro transcription extracts prepared from
human (HeLa) cultured cells in such a way as to optimize
pol II U snRNA promoter activity, we have been able to show
that the unique elements of this promoter are recognized by
a novel TBP complex not required for the transcription of
other pol I, II or III promoters tested. The pol III-transcribed
human U6 gene promoter also requires this TBP complex in
addition to the general pol III factor TFIIIB, which also has
TBP as a sub-unit, and, at least in vitro, an additional form
of TBP that binds to the TATA element of the U6 promoter.
Biochemical studies to unravel this complexity are still at an
early stage.

RNA and RNP transport

Our investigation into the role of monomethyl guanosine
cap structure-binding proteins in RNA transport out of the
nucleus has continued. Using Xenopus oocyte microinjec-
tion it has been possible to establish conditions in which
competition between various export substrates can be stud-
ied. In this way we could prove that factors that require the
cap structure for RNA recognition are not only essential for
the export of pol II-transcribed U snRNAs, but further are
the factors whose concentration is limiting for this export.
In the case of mRNAs, a more complex picture emerged.
Cap-binding factors in this case affect the rate of export,
but are not essential. Instead, other nuclear mRNA binding
factors are necessary, and probably sufficient, for mRNA
export. In this system, the poly A tail has little effect on
mRNA export from the nucleus.
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Further investigations showed that the pol III transcripts of
5S and tRNA genes also require unique separate factors for
their export. It will be of considerable interest to investigate
how the nuclear proteins involved in export discriminate be-
tween these different substrate RNAs, particularly between
U snRNAs and mRNAs.

Common snRNP proteins

The splicing snRNPs (U1, U2, U4/6 and U5) are all as-
sociated with a group of eight or nine common, or core,
proteins. On the basis of previous studies we had identified
the minimal requirements on the RNAs for interaction with
these proteins as a short, unstructured sequence of the
general type PuAU(n)GPu where n is usually 4 or 5. While
investigating the requirements of the import into the nucleus
of assembled U1 and U5 core snRNPs it became evident
that this picture was grossly oversimplified and that multiple
sequence and structural elements of U1 and U5 snRNAs
were involved together with the U-rich sequence referred to
above in creating two related but quite different binding sites
for the same set of proteins. We are currently examining the
protein-RNA contacts involved in generating the two core
snRNPs.

A novel form of eUkaryotic gene regulation

One of the favourite objects of our research in past years
has been a component of the U1 snRNP, a protein called
U1A. This year, in a study that involved extensive collabo-
ration with the groups of Walther van Venrooij in Nijmegen,
the Netherlands, and Walter Keller in Basle, Switzerland, we
have uncovered a further fascinating aspect of the function
of this protein. The clue that began this project was the
discovery that a segment of the 3' UTR of U1A cDNAs
from various vertebrate species was not only conserved, but



exhibited limited similarity with the loop of the U1 hairpin
structure to which U1A protein binds. Our studies estab-
lished that the U1A protein indeed binds to its own mRNA
and pre-mRNA in vitro. The secondary structure of the RNA
region through which binding occurs has been determined.
The functional consequence of the binding was elucidated
by a combination of in vitro and in vivo methods and shown
to be the inhibition of 3' end formation (Le. cleavage and
polyadenylation) of the U1A pre-mRNA. Thus, U1A protein
autoregulates its own production by a novel mechanism.
Detailed in vitro analyses have revealed that the basis of the
phenomenon is a direct inhibitory interaction between U1A
protein and poly A polymerase, the enzyme responsible for
the addition of the poly A tail.

Structure and function of snRNPs in
Saccharomyces cerevisiae (B. Seraphin,
S. Kandels-Lewis, Z. Lygerou & E. Pascolo)

We are trying to define the structure of yeast small nuclear
ribonucleoproteins (snRNPs). Although the RNA moieties of
yeast snRNPs have been extensively characterized, little is
known about the protein composition of these complexes.
It is also of interest to define the pathway by which the
protein and RNA components of snRNPs are assembled
in this organism. We have undertaken a genetic screen to
identify genes that encode structural snRNP polypeptides
and/or proteins required for snRNP assembly in vivo. Sev-
eral mutants have been identified and we are starting to
characterize some of them. This includes the cloning of
the wild-type alleles as well as defining functions for the
corresponding proteins. One of the genes analysed so far
is likely to encode a transcription factor required for snRNA
expression whereas a second one affects snRNP assembly
and blocks pre-mRNA processing.

The group of David Tollervey has used the library of mutants
that we have generated to identify genes involved in pre-
ribosomal RNA processing in yeast. They recovered a single
mutant whose phenotype was consistent with a defect in
two snRNPs: the RNase P and RNase MRP enzymes. We
have cloned the corresponding wild-type gene. It encodes
an essential protein of 100 kDa. By immunoprecipitation, we
have shown that this protein is associated in vivo with the
RNase P and RNase MRP RNAs. We are trying to unravel
the role of this protein in RNase P and MRP function.

We are also trying to define the functions of the spliceo-
somal snRNPs. We are concentrating on the role of
snRNPs in pre-mRNA recognition and splice-site selection.
We have demonstrated that the Saccharomyces cerevisiae
U1 snRNA interacts by base-pairing with the 5' exon se-
quences but not with the 3' splice site. This is surprising
because 3' splice site recognition by U1 snRNA has been
reported for Schizosaccharomyces pombe and the other
snRNA-pre-mRNA interactions described to date are evo-
lutionarily conserved. Although U1 snRNA base-pairs with
the 5' splice site, this interaction is not sufficient to specify
the phosphodiester bond to be cleaved at the 5' splice

site. We have demonstrated a new base-pairing interaction
between the pre-mRNA and the U6 snRNA. This interaction
is involved in 5' splice site choice. U6 snRNA recognizes
nucleotides at the 5' splice site which are independently
bound by U1 snRNA. Thus, U6 snRNA is probably involved
in a proofreading step that ensures the high accuracy of the
splicing reaction.
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Nuclear receptors are ligand inducible transcription factors,
that modulate the activity of promoters through cis-acting
sequences called hormone-response elements (HRE). The
superfamily includes receptors for steroid hormones, re-
ferred to as type I receptors, and for thyroid hormone
and vitamins, referred to as type II receptors, as well as
orphan receptors whose cognate ligands are as yet not
identified. Type I and II receptors show functionally distinct
properties: Firstly, type II receptors are able to bind to their
responsive elements in the absence of ligand, whereas
ligand is required to dissociate the type I receptor-hsp90
complex and hence indirectly governs DNA binding. Sec-
ondly, type II receptors bind and trans-activate through
responsive elements that are composed of half-sites ar-
ranged as direct repeats, as opposed to palindromically
arranged half-sites invariably separated by three. nucleotides
for type I receptors. Finally, type II receptors do not bind
to their respective binding site as homodimers but require
an auxiliary factor, RXR for high affinity binding. The inter-
action between type II receptors requires a region in the
C-terminal domain. Transcriptional regulation by type I and
II receptors is achieved through autonomous transcription
activation functions (AFs), a constitutive AF-1 located in
the N-terminal part of the receptor and a ligand-dependent
AF-2 located in the very C-terminal part. Despite intensive
studies, it has proven difficult to delineate the various func-
tions located in the C-terminal domain of the receptors,
that is, ligand binding, dimerization and trans-activation.
Furthermore, little is known about the mechanisms by which
the ligand-activated, DNA-bound receptors transmit their
trans-activating "signal" to the basal transcription machinery
and what factors are involved in mediating and receiving this
signal.
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Trans-activation by glucocorticoid
and androgen receptor in vitro

Glucocorticoid receptor (GR) and androgen receptor (AR)
belong to the type I receptors further comprising the re-
ceptors for progesterone (PR), mineralocorticoid (MR) and
estrogen (ER). In the current model of steroid hormone ac-
tion, ligand binding is thought to induce an allosteric change
facilitating dissociation of the receptor from a multi-protein
complex containing the heat shock protein 90 (hsp90) and
p59, an immuno-suppressant FK506 binding protein. Sub-
sequently, the receptor homodimerizes, binds to its cognate
HRE and activates transcription of the target gene.

To analyse the mechanism by which type I receptors ac-
tivate transcription, we established a cell-free transcription
system from HeLa cells and expressed GR or AR using
vaccinia virus. Recombinant GR and AR appeared to be
indistinguishable from authentic GR and AR with respect
to DNA and hormone binding. A very detailed biochem-
ical analysis was performed with vaccinia expressed GR
(vvGR). In the absence of hormone, vvGR is mainly found
in the cytoplasm in a complex with heat shock protein 90.
To establish the presence of p59 in the multi-protein com-
plex and to gain insight into the role of p59, we cloned
and expressed a cDNA encoding the mouse homologue
of p59. Co-immunoprecipitation experiments showed that
endogenous and vaccinia virus expressed p59 interact with
co-expressed GR and hsp90. Thus, wGR shows all the
biochemical properties attributed to authentic GR.

Given the biochemical properties of vvGR and vvAR, it was
surprising to find that these receptors enhance transcription



from a synthetic and the natural mouse mammary tumour
virus (MMTV) promoter in a ligand-independent manner
in our cell-free transcription system. Mutational analyses
showed that both the constitutive AF-1 as well as the
"ligand-dependent" AF-2 trans-activation domains of vvGR
contributed to the transcriptional activity in an additive man-
ner on a synthetic promoter and synergistically on the
MMTV promoter. These data are in apparent conflict with the
model explaining the effects of hormone versus antihormone
on the transcriptional activity of type I receptors. Beside
dissociation from the HSP90 containing complex, hormone
binding is considered to induce a conformational change in
the C-terminal domain potentiating its "ligand dependent"
trans-activation function. Our results are in agreement with
the fact that ligand is required to release GR from the
HSP90 containing complex. They, however, indicate that
bound ligand does not modulate directly the trans-activation
properties of the receptor.

One possible explanation could be that ligand binding affects
a property of the receptor that is required in a step leading
to transcriptional activation in vivo that was not reproduced
in our in vitro assay. Several studies, using the MMTV
promoter as a model, have shown that GR is involved
in altering the nucleosomes at glucocorticoid responsive
sites. We, therefore, surmise that the hormone-induced
conformational change could expose a domain required for
nucleosome displacement. The hypothesis that the hormone
binding domain is directly involved in this activity will be
tested in vitro using chromatin-reconstituted templates in
collaboration with the Becker group in the Programme.

Characterization of the "ligand-dependent"
trans-activation domain in vivo

Previous studies had suggested that most of the C-terminal
part of the receptor is involved in ligand-dependent trans-
activation in vivo and sequence comparison revealed that
this region contains a stretch of six amino-acids that show a
high degree of conservation between type I and II receptors.
Mutations in the motif diminish transcriptional activation, but
it remained unclear whether the mutations affect the ability
to bind ligand or trans-activate.

We have performed an extensive mutational analysis of the
putative AF-2 domain of chicken T3Ra and have shown that
this trans-activation domain also mediates transcriptional
interference (squelching) not only among type II receptors
but also with type I receptors and vice versa. Transcriptional
interference requires the cognate ligand, and mutations
in the conserved motif that reduce ligand-induced tran-
scriptional activation also impair transcriptional interference.
These experiments strongly suggest that AF-2 mediates
interactions with the same general transcription factor, or
a putative bridging factor, that is commonly used by all the
members of the nuclear receptor superfamily. When fused to
the Gal4 DNA-binding domain, the conserved motif does not
mediate either trans-activation or transcriptional interference
whereas a larger region containing most of the 35 amino
acids of the C-terminal of CT3Ra, including the conserved
motif, is able to trans-activate and squelch but in a Iigand-

independent manner. Our results support the idea that the
conserved motif is part of the ligand-inducible activation
function AF-2 and represents a surface for protein-protein
interaction.

RA-dependent trans-activation

We have previously reported that the TATA-binding protein,
TBP, and RXR/RAR cooperate in trans-activation of the
RAR,82 promoter in EC cells. The trans-activation "signal"
sent by the activated RAR/RXR complex appears to be
transmitted to the basal transcription factor, TFIID, via an
EC-cell specific factor that has previously been described
as an E1 A-like activity. We have further observed that yeast
TBP (yTBP) cannot cooperate with RAR/RXR in EC cells.
This finding was surprising because in vitro the TBP/E1A
interaction involves the core region of TBP that is highly
conserved between human and yeast. Using yTBP mutants
we could show that yeast TBP can mediate RA-dependent
trans-activation provided that adenovirus encoded E1 A (138
or 289R) is co-expressed. To establish the region of the
hTBP core that is necessary for E1 A-LA interaction a num-
ber of human/yeast TBP-spm3 chimeras were generated.

It has been reported that the so-called basic region of TBP
is essential and sufficient to interact with E1 A in vitro. It
was therefore surprising to find that the N-terminal part of
the core (called C1) and not the basic region was critical
to mediate trans-activation by the EC cell-specific E1A-LA.
Modelling of the hTBP based on the structure of Arabidopsis
thaliana TBP indicates that four of the six amino-acids in the
C1 region that differ between human and yeast TBP are on
the convex surface of the TBP molecule and thus accessible
for interactions with other proteins. Each of the six variant
amino-acids of the yTBP C1 a region were converted to the
corresponding human amino-acids to assess which of these
residues could restore the ability to mediate trans-activation
in conjunction with the E1 A-LA. A T14 ---*N reversion vir-
tually restored the ability to mediate RA-dependent trans-
activation in EC cells, whereas H27---*R and Ts---*Q partially
restored this ability. It therefore appears that while these
residues contribute individually to the trans-activation effect,
they are required in concert to potentiate full trans-activation
activity. We have therefore identified critical residues in the
core domain of TBP that map outside of, but in close spatial
proximity to the basic region and which define a surface
on TBP that is required for a functional interaction with the
E1 A-LA. In vitro, interactions between a number of diverse
gene-specific activators including c-rel, p53, E1A and VP16
and the core domain of TBP have been reported. These
involve residues in the basic region of the core domain.
Thus, a large number of proteins appear to bind directly
to TBP suggesting that, in vivo, the TBP-TAF-coactivator
complex must be constantly in flux. Several lines of evidence
suggest that the E1 A and consequently the E1 A-like factor
is an integral part of the TFIID complex. This may provide a
basis for the purification and cloning of the E1 A-like factor.
To assess the activity of a TFIID complex with and without
the E1A-like factor, it will be necessary to develop an in vitro
cell-free transcription system which is RAR/RXR-dependent
utilizing purified receptors and fractionated cell extracts.
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Biochemistry and cell biology of RNA processing
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Assistant: U. Ryder

For most eukaryotic genes, post-transcriptional RNA pro-
cessing is required to generate the correct functional prod-
ucts. In the case of RNA polymerase II transcripts, which
mostly correspond to protein coding mRNAs, this processing
of mRNA precursors (pre-mRNA) includes "splicing", Le. ex-
cision of intervening sequences (introns) and cleavage and
polyadenylation at the 3' terminus. During the past year we
have continued with biochemical studies of the pre-mRNA
splicing mechanism in mammalian cells and its regulation.
We have also continued with our parallel studies of the
intranuclear organisation of factors involved in pre-mRNA
splicing.

Biochemistry of splicing

Splicing involves assembly of the substrate into a
large complex, termed a spliceosome. Major sub-units of the
spliceosome are small nuclear ribonuclear protein particles
(snRNPs), in particular U1, U2, U4/6 and U5 snRNPs. Each
of these RNP particles contains either one or two small
RNAs (called U snRNAs) together with a specific set of
proteins. In conjunction with additional, non-snRNP protein
factors, snRNP particles bind to pre-mRNA at the respective
5' and 3' splice junctions, bring the 5' and 3' splice sites
together and may also catalyse excision of the intron. We
have studied how the catalytic steps of the splicing reaction
can be regulated by reversible ser/thr-specific protein phos-
phorylation. In collaboration with Dr. Philip Cohen (Dundee)
we have shown that three toxins which specifically inhibit the
protein phosphatase catalytic sub-units PP1 and PP2A, Le.
microcystin-LR, tautomycin and okadaic acid, each inhibit
both catalytic steps of splicing. However, none of the toxins
prevent the stable binding of splicing snRNPs to introns.
Splicing activity in toxin-treated extracts can be restored
by adding back purified PP1 or PP2A catalytic sub-units
or recombinant PP1 expressed in E.coli. The data also
indicate that PP1 and PP2A contribute differentially to the
two catalytic steps of splicing, with PP1 playing the major
role at step one and PP2A playing the major role at step
two. We have also identified an activity that will rapidly
activate splicing in extracts which have accumulated inactive

spliceosomes in the presence of microcystin. This activity
has been termed SAF 1 (spliceosome activating factor)
and we are currently pursuing its isolation and biochemical
characterization. More recently, we have found that addition
of purified or recombinant PP1 to a splicing extract also
inhibits splicing, but in this case spliceosome assembly is
blocked. Only U1 snRNP can still form a stable complex
with pre-mRNA after treatment with PP1. The PP1-mediated
inhibition is overcome by adding purified SR proteins to
the blocked extract. This indicates that SR proteins may be
targets for regulation by phosphorylation. They represent a
conserved family of essential protein splicing factors which
share a common motif of repeating serine-arginine dipep-
tides. Several members of the SR family have been shown
to promote alternative splicing in pre-mRNAs with alternative
splice sites. Interestingly, we find that PP1 differentially
inhibits the use of alternative splice sites mediated by SR
proteins. This indicates a role for protein phosphorylation in
regulating alternative splicing. Experiments are in progress
to define and analyse the mechanisms involved in these
regulatory events.

Analysis of mammalian RNA debranching enzyme
and chemical synthesis of branched RNAs

In collaboration with Brian Sproat and his colleagues in
the EMBL Biochemicallnstumentation Programme, we have
shown that short "branched" oligoribonucleotides, Le. RNAs
containing a 2'-5' phosphodiester bond, are hydrolysed at
the branch site by an enzyme in HeLa nuclear splicing ex-
tracts. This likely corresponds to the RNA debranching en-
zyme which cleaves the 2'-5' phosphodiester bond formed
in introns during the pre-mRNA splicing reaction. We have
extensively purified this enzyme from HeLa nuclear extracts,
using cleavage of chemically synthesized branched oligori-
bonucleotides as a convenient assay of enzyme activity. The
isolated enzyme specifically cleaves 2'-5' phosphodiester
bonds in both lariat introns and chemically synthesized
branched oligoribonucleotides. The cleavage reaction of
the purified enzyme is apparently independent of divalent
cations and proceeds in the presence of 10 mM EDTA.
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Analysis of synthetic oligoribonucleotides with the branch
formed at different nucleotides shows that only A branches
are efficiently cleaved. U and G branches are cleaved poorly
and C branches essentially are not cleaved. A more detailed
characterization of the structure and activity of the RNA
debranching enzyme is currently in progress.

Nuclear organisation of RNA processing factors

For the past several years we have been studying the
distribution of snRNPs and protein splicing factors in the
nuclei of mammalian cells. We have shown that each of
the five snRNPs involved in pre-mRNA splicing is widely
distributed throughout the nucleoplasm of mammalian cells,
excluding nucleoli. In addition, the snRNPs also show en-
hanced concentrations in at least two distinct nuclear struc-
tures that appear in fluorescence staining as bright, round
foci and irregular speckles, respectively. The round foci are
structures previously described by cytologists and electron
microscopists as "coiled bodies", while the irregular "speck-
les" correspond to clusters of interchromatin granules. We
have found that coiled bodies are dynamic structures that
undergo regulated assembly and disassembly both during
interphase and mitosis. The presence of snRNPs in coiled
bodies is disrupted by treatment of cells with drugs that in-
hibit transcription. In collaboration with Dr. Michael Antoniou
(London), we showed that the association of snRNPs with
coiled bodies in uninduced mouse erythroleukemia (MEL)
cells is also lost when MEL cells shut off transcription at the
end of the erythroid differentiation pathway. In both cases,
when transcription is off the splicing snRNPs concentrate
predominantly in large clusters of interchromatin granules.
We have collaborated with Dr. Ulf Pettersson (Uppsala) and
Dr. Barklie Clements (Glasgow) and their coworkers to study
the effect of adeno and herpes simplex virus infections on
nuclear snRNP organisation. In collaboration with Dr. Barklie
Clements, we found that the concentration of snRNPs in
interchromatin granule clusters at late stages of HSV-1
infection is under genetic control of the virus and specifically
requires the virallE63 gene. Although transcription is active
in such cells, it corresponds largely to expression of HSV-1
genes, where the late transcripts do not contain introns.
The various studies all indicate that snRNPs concentrate
in interchromatin granules when splicing is not active.

Additional studies under way to examine nuclear organi-
sation include the isolation and sequencing of cDNA and
genomic clones for human p80 coilin, a protein present in
coiled bodies. More recently, a putative Drosophila homo-
logue of coilin has also been isolated and is currently being
analysed. We have also studied another type of subnuclear
body that does not contain splicing factors. In collaboration
with Anne Dejean (Paris) we have found that this structure
is the site of accumulation of the PML protein and is altered
in cells from patients suffering from acute promyelocytic
leukemia (APL). These patients express a hybrid protein
corresponding to a PML-RARQ fusion, resulting from a chro-
mosomal translocation. This fusion protein concentrates in
the aberrant subnuclear structures formed in APL cells. In-
terestingly, we found that treatment of APL cells with retinoic
acid restores the subnuclear organisation to the normal
pattern seen in non-APL cells. We are currently continuing
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our studies on nuclear organisation with the aim of defining
metabolic roles for the separate subnuclear structures that
contain splicing factors and other nuclear antigens.
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Ribosome synthesis in Saccharomyces cerevisiae
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Assistant: E. Petfalski

The transcription of pre-ribosomal RNA (pre-rRNA) by RNA
polymerase I, and most post-transcriptional steps in ribo-
some synthesis take place in the nucleolus, a specialised
sub-nuclear structure. In recent years it has become clear
that the processing of pre-rRNA, and perhaps other steps
in ribosome synthesis, requires the action of a class of
ribonucleoproteins localized to the nucleolus. These are
the small nucleolar RNPs (snoRNPs), which are comprised
of small nucleolar RNAs (snoRNAs) and their associated
proteins. In the past year, much of our research has involved
the functional analysis of snoRNAs and snoRNP proteins.
In addition, we have started to re-examine the pathway of
pre-rRNA processing. This is better understood in yeast than
any other eukaryote but it has become evident that the full
complexity of the processing pathway has not been realized.
Without a clear identification of the sites at which they act,
we cannot hope for a detailed understanding of the functions
of the snoRNPs, or other trans-acting factors, in pre-rRNA
processing. This has been underlined by our success in the
past year in identifying both a novel processing site, and
components which cleave it.

Development of techniques for the functional
analysis of sequences in the pre-rRNA

One of the major problems slowing the analysis of eukary-
otic ribosome synthesis has been the lack of tractable sys-
tems for the functional analysis of signals in the pre-rRNA
and rRNA. In vitro systems which generate the mature
rRNAs have not so far been reported and genetic anal-
yses have been hampered by the fact that the rONA is
present in around 150 copies and is, moreover, essential
for viability. We have circumvented these problems by the
use of a conditional mutation affecting RNA polymerase I in
combination with a plasmid, pGAL::rDNA, which expresses
the rONA under the control of an RNA polymerase II, GAL
promoter. With this system, we are now in a position to anal-
yse, at the nucleotide level, the sites and signals required
in cis for pre-rRNA processing. These techniques should

also allow the detailed analysis of the effects of mutations
in the mature rRNA domains on ribosome assembly and
function.

Analysis of cis-acting mutations in the pre-rRNA

This system has been used for the analysis of mutations
in the U3-binding site at +470 in the external transcribed
spacer (ETS) (in collaboration with M. Beltrame, Milan). A
deletion of the 10 nucleotides complementary to U3 at +470
in cis, mimics all known effects of U3 depletion in trans,
strongly indicating that the sequences deleted include a
functionally important U3-binding site.

The role of cis-acting sequences within internal transcribed
spacer 1 (ITS1) has also been investigated. Cleavage at site
A2 in ITS1 separates the large and small subunit rRNAs and
requires the snoRNAs U3, U14 and snR30, and snoRNP
proteins NOP1, GAR1 and SOF1 (Plate 49). Depletion of
snR30, but no other snoRNP component tested, also results
in the accumulation of a pre-rRNA cleaved at a previously
unidentified site, designated A3, whose sequence is related
to that of A2. The 5' end of snR30 can potentially form
7 consecutive base pairs with the 3' flanking sequence of
A2, but not A3. Deletion of 6 nt. of 5' flanking sequence at A2
does not detectably affect the accuracy or efficiency of A2
cleavage. In contrast, deletion or substitution of nucleotides
complementary to snR30, in the 3' flanking sequence,
strongly reduces A2 cleavage. The residual cleavage is,
moreover, inaccurate at the nucleotide level. This suggests
that base pairing between the 5' end of snR30 and the
3' side of the A2 cleavage site plays a role in directing
a pre-rRNA processing complex to this site. To test this
model we are now analysing the effects of mutations in the
5' region of snR30 for their effects on the processing of
pre-rRNA molecules with the wild-type or mutant sequences
at A2. We are also attempting directly to identify sites
of snR30/pre-rRNA interaction by psoralen cross-linking in
vivo.
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PLATE 49

The pathway of pre-rRNA pro-
cessing in Saccharomyces cere-
visiae.

The rONA is transcribed into a
358 pre-rRNA which undergoes
snoRNP-dependent cleavages at
site AO in the 5' ET8 (generating the
338 pre-rRNA), site A1 at the 5' end
of the 188 rRNA (generating 328
pre-rRNA) and A2 in IT81 (generat-
ing the 208 and 278A pre-rRNAs).
A2 cleavage separates the pre-
rRNAs destined to form the small
and large ribosomal sub-units. The
208 pre-rRNA is cleaved endonu-
cleolytically to generate the 188
rRNA. The 278A pre-rRNA can be
processed by two alternative path-
ways. In the major pathway, 278A
is cleaved by RNase MRP at site A3
to generate the 278A' pre-rRNA. A3
acts as an entry site for an exonu-
clease activity which requires the
RAT1 p and XRN1 p proteins and de-
grades the pre-rRNA 5' to site
81 (8), generating the 5' end of the
short form of the 2788 pre-rRNA,
2788(8). This pre-rRNA is subse-
quently processed to the 5.88(8)
and 258 rRNAs. An alternative path-
way leads to cleavage at site 81 (L),
the 5' end of the 2788(L) pre-
rRNA, which is processed to yield
the 5.88(L) and 258 rRNAs.

A3

__A..... ---...

Cleavage AO IsnoRNPst 33S
--IL.. ....t---II::J--I-------.......

Cleavage A1 IsnoRNPst 32S__________t---II::J--I-------.....I-
'/Cleavage A2 IsnoRNPs

20S t 27SA
L...... ..... --Ir::J-I 1-

Alternative Pathways

27SA 27SAA2 81(S)A2 81(S) .. I-

Cleavage A3 RNase MRP
27SA1

-o::::::J--i .. Cleavage 81(L)

Exonuclease
A3->81(S) . 27S8(S) 27S8(L)..

RAT1 c:J--I [C]-I ..
18S 5.88(8) 25S 5.8S(L) 25S

CJ I lC:l I

As is the case for many eukaryotes, the 5' end of yeast
5.88 rRNA is heterogeneous; we designate the major, short
form as 5.88(8), and the minor form 7-8 nucleotides longer
as 5.88(L). These RNAs do not have a precursor/product
relationship, but result from the use of alternative processing
pathways. In the major pathway, site A3, is cleaved by
the RNase MRP complex (see below and Plate 49). This
cleavage does not require any other known snoRNP com-
ponent and its existence explains the continued synthesis
of the 258 and 5.88 rRNAs previously observed in snoRNP
mutants. A3 lies 76 nucleotides 5' to the end of 5.88(8) and
acts as an entry site for 5' exonuclease digestion which
generates the 5' end of 5.88(8). This pathway is inhibited
in strains mutant for XRN1 p (also designated RAR5, 8EP1,
KEM1, D8T2) and RAT1 p (also designated TAP1, HKE1),
both of which have been reported to have 5' exonucle-
ase activity in vitro (the effects of these mutations have been
analysed in collaboration with 8. Kearsey, Oxford). Forma-
tion of 5.88(L) is increased by mutations at A3 in cis or
in RAT1 p and XRN1 p in trans, and is kinetically faster than
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5.88(8) synthesis. The activities of these distinct processing
pathways are responsible for the 5' heterogeneity of yeast
5.88 rRNA. In a number of other eukaryotes tested, yeasts,
filamentous fungi, a higher plant, insect and vertebrates, we
found a similar level of heterogeneity, suggesting that these
alternative processing pathways have been conserved in
eukaryotic evolution.

Analysis of POP1

To identify trans-acting components required for A3 cleav-
age, a T8-lethal bank was screened for mutants which
under-accumulate 5.88(8) (in collaboration with Zoi Lygerou
& Bertrand 8eraphin, EMBL). One mutation, designated
pop1-1, leads to the under-accumulation 5.88(8) rRNA and
blocks A3 cleavage at the non-permissive temperature. The
pre-rRNA processing defect of pop1-1 strains is similar to
that reported for mutations in the RNA component of RNase
MRP. We have shown by primer extension analysis, that



RNase MRP mutants are also defective in cleavage at A3 in
vivo. RNase MRP was identified as cleaving the primer for
mitochondrial DNA replication in vitro, although its in vivo
role in this process has been questioned. A3 is the first
in vivo cleavage site for RNase MRP to be identified. We
are now testing the ability of RNase MRP to cleave A3 in
vitro (in collaboration with R. Karwan, Wien). In addition,
the pop1-1 mutation leads to a block in the processing of
pre-tRNA, which is identical to that reported for mutations
in the RNA component of RNase P. The RNA components
of both RNase MRP and RNase P are under-accumulated
in pop1-1 strains at non-permissive temperature, and im-
munoprecipitation demonstrates that POP1 p is a component
of both ribonucleoproteins. Immunological data from higher
eukaryotes has shown that RNase MRP and RNase P share
one or more protein components; POP1 p is the first such
protein to be cloned. The POP1 gene is essential for viability
and encodes a protein of 100.5 kDa predicted molecular
weight.

Analysis of snR31

One of the most surprising results to emerge from the
study of the yeast snoRNAs, is the number of non-essential
species. When the genes for 7 of the 11 snoRNAs previ-
ously characterized were disrupted there was no detectable
effect on cell growth. These RNAs are presumably not
without function, particularly as comparably large numbers
of snoRNAs are also present in higher eukaryotes. For
two snoRNAs, U3 and U14, homologous RNAs have been
identified from yeast and vertebrates; it may be that many
snoRNAs will show a 1:1 correspondence between yeast
and vertebrates. In the past year, we have characterized
a new yeast snoRNA, snR31 , which is 225 nt. in length.
snR31 has the tri-methyl guanosine cap structure typical of
small nuclear RNAs (snRNAs) and yeast snoRNAs, and is
associated with the nucleolar proteins NOP1 p and GAR1 p.
On sub-nuclear fractionation, snR31 behaves like other
snoRNAs, and is enriched in a nucleolar fraction. Disruption
of the SNR31 gene does not detectably impair growth in a
haploid strain. However, analyses of pre-rRNA processing
in wild-type and snr31- strains shows some accumulation
of the 35S primary transcript in the mutant, indicating a
mild impairment of the initial steps in pre-rRNA processing.
These results show that snR31 , although not necessary for

the maturation of does appear to be required for
optimum efficiency of the process; this may also be the case
for the other non-essential snoRNAs.

Analysis of NOP3p

NOP3p is an essential nuclear protein localized both in
the nucleoplasm and nucleolus. During the past year we
have discovered that NOP3p has clear homology to the
SR-protein family, which were identified from mammalian
cells as factors which alter the utilisation of alternative pre-
mRNA splice sites in vitro. We have shown that mutations in
NOP3 lead to the nuclear accumulation of polyA+ RNA, and
that NOP3p can be UV cross-linked to polyA+ RNA in vivo.
Initial experiments have indicated that mutations in NOP3
can stabilize mRNA transcripts in vivo (in collaboration
with F. Lacroute, Gif-sur-Yvette). We have, however, been
unable to detect any effects of mutations in NOP3 on basal
splicing efficiency, or on the use of alternative 5' splice sites,
in vivo.
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Cytoplasmic gene regulation
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Assistants: B. Goossen, S. Quick

An increasing number of examples document that gene
expression can be regulated in the cytoplasm of eukary-
otic cells at the level of mRNA stability, translation or the
subcellular localization of the transcript. Common to these
modes of post-transcriptional control is the quintessential
role played by specific interactions between cis-acting se-
quences contained in the mature mRNAs and regulatory
RNA-binding proteins. Based on the example of the inter-
action between iron-responsive elements (IREs) and iron
regulatory factor (IRF), we are involved in the elucidation
of mechanisms underlying translational and mRNA stability
control and the examination of their biological implications.
Methodologically, we combine biochemistry, molecular bio-

IRF=IRE-BP

Fe t-.
......---
Fe +

PLATE 51

IRF can switch between an IRE-binding protein (IRE-BP) form
and an aconitase form. (left) The IRE consists of an RNA-helix
interrupted by a cytosine residue five nucleotides 5' from a six-
membered loop typically containing the nucleotides CAGUGN. To
mediate translational repression, IRE elements have to be located
within 70 nucleotides from the 7 methyl-guanosine cap structure,
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logy and yeast genetics to investigate the above topics.

Iron-responsive elements and iron regulatory
factor in post-transcriptional regulation

IREs are mRNA elements "-130 nucleotides in length which
are defined by RNA sequence and secondary structure
characteristics (for a review, see Melefors, b. & Hentze,
M.W. (1993)). A highly conserved cytoplasmic protein, IRF,
binds to IREs and imparts iron-dependent regulation at the
level of translation (to ferritin and erythroid 5-aminolevulinate
synthase mRNAs via 5' UTR IREs) or mRNA stability (to
transferrin receptor mRNA via 3' UTR IREs) (Plate 50).

IRF=Aconitase

citrate-----
CHz-COO-
I

HO-C-COO-
I
CHz-COO-

HO-CH-COO-
I
CH-COO-
I
CHz-COO-

isocitrate

whereas the distance to the translational start codon is unimportant.
In iron loaded cells (right) a 4Fe-4S cluster is formed and converts
IRF into the cytoplasmic enzyme aconitase. The fourth iron in the
iron-sulfur cluster is bound by citrate. The disassembly of the cluster
to the apoprotein form under iron starvation conditions has yet to
be directly demonstrated.
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PLATE 50

Biological targets and implica-
tions of IRE/IRF regulation.

When iron levels are high, transfer-
rin receptor mRNA is unstable lead-
ing to a low iron uptake through the
transferrin pathway. High iron lev-
els allow the translation of ferritin
(which increases intracellular iron
storage), eALAS (which stimulates
haem synthesis) and mitochondrial
aconitase (which decreases citrate
levels). When iron levels are low,
IRF will bind to the IREs in these
transcripts. This increases the stabil-
ity of the transferrin receptor mRNA
leading to increased number of re-
ceptors and increased iron uptake.
Analogously, the binding of IRF to
ferritin, eALAS and mitochondrial
aconitase mRNAs leads to lowered
iron storage, decreased haem syn-
thesis and increased citrate levels,
respectively. Italics indicate that the
physiological consequences remain
to be directly established in vivo.
Note that translational control of
aconitase expression has not yet
been demonstrated in vivo.

IRE,
5' AAAA 3' 5' ---..---t Mitoch. aconitase AAAA 3'

-iron uptake , -iron uptake +
-iron storage + -iron storage

,
-haem synthesis + -haem synthesis ,
-citrate levels , -citrate levels +

Recombinant IRF is an RNA-binding protein
and an enzyme (S. Quick & B. Goossen)

Human IRF was expressed in vaccinia virus infected HeLa
cells and in E.coli. N-terminal histidine tags and the intro-
duction of a phosphorylation site for protein kinase A allowed
one step purification and specific in vitro labelling of soluble
protein. When in the apoprotein form, the purified recombi-
nant protein was shown to bind specifically to IREs and to
serve as a translational repressor, whereas reconstitution
of a 4Fe-4S cluster abolished IRE-binding and activated
aconitase activity. Thus, the presence or absence of an
Fe-S cluster determines the type of activity IRF displays
(Plate 51). At least in vitro, no eukaryotic co-factors are

required for the iron switch between RNA-binding and aconi-
tase activities.

Nitric oxide regUlates IRF in vivo
(K. Pantopoulos & B. Goossen;
in collaboration with G. Weiss, Innsbruck)

Nitric oxide (NO) is a short-lived molecule which has stim-
ulated considerable interest as a signal transducer and for
its dose-dependent cytotoxicity. The cytotoxic effects of NO
can, at least in part, be attributed to its chemical reac-
tivity towards iron-containing enzymes such as mitochon-
drial aconitase. Since IRF is a cytoplasmic aconitase (see
above), the effects of stimulation of cellular NO-synthases
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on IRF were investigated. We showed that NO increases
the IRE-binding activity of IRF and induces specific trans-
lational repression of IRE-bearing CAT indicator mRNAs in
transfected human erythroleukemia cells. Moreover, ferritin
mRNA translation was demonstrated to be regulated by NO
synthesis in J774 (murine macrophage) cells. Future work
will further define the biological effects of NO-mediated regu-
lation on IRE-controlled mRNAs, particularly those encoding
the transferrin receptor and erythroid 5-aminolevulinate syn-
thase. In addition, we will explore how the iron-dependent
and NO-mediated controls of IRF are interconnected.

Reconstitution of IRE/IRF-mediated translational
regulation in Saccharomyces cerevisiae
(B. Goossen & R. Stripecke; in collaboration
with J. McCarthy, Braunschweig)

Saccharomyces cerevisiae does not express an endoge-
nous IRF homologue. Therefore, it is well-suited as a het-
erologous host for studying the IRE/IRF system in vivo,
particularly in light of its genetic versatility. We have ex-
pressed IRF in Saccharomyces cerevisiae under control
of a galactose-inducible promoter. Transformants grown
in galactose-containing media exhibit high levels of IRE-
binding activity, whereas IRF cannot be detected in cells
grown in lactate media. When cells are grown in galactose
media, indicator plasmids harboring an IRE in the 5' UTR
are translationally repressed by IRF, whereas they are effi-
ciently translated in cells grown in lactate media or when the
IRE was substituted by a point mutated version unable to
be bound by IRF. Thus, we have reconstituted ferritin-type
translational control in Saccharomyces cerevisiae. Future
work will use this system to study translation initiation factors
that are affected by IRF. In addition, we will attempt to de-
fine conditions under which transferrin receptor-type mRNA
stability regulation can be reproduced in Saccharomyces
cerevisiae.

Studying the mechanism of IRF/IRE-mediated
translational repression in vitro (N.K. Gray)

IRE/IRF-mediated translational control can be studied in
vitro using IRE-bearing indicator transcripts, recombinant
hlRF and translation-competent extracts prepared from
wheat germ or rabbit reticulocytes. Employing radiolabelled
mRNA and sucrose gradient centrifugation, binding of IRF to
a cap-proximal IRE was shown to inhibit association of 80S
ribosomes with the mRNA. Refinement of the analytic tech-
niques revealed that the binding step of the 43S pre-initiation
complex to the 5' UTR of the mRNA was blocked by the
presence of IRE/IRF. This finding provides an important step
towards the definition of the molecular details underlying
this type of translational control. This experimental system
is now also used to investigate the mechanisms by which
other RNA/protein complexes control mRNA translation (see
below).

Translational regulation of mitochondrial
aconitase mRNA (N.K. Gray)

We have previously identified an IRE in the 5' UTR of mito-
chondrial aconitase mRNA (Dandekar et al.). The involve-
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ment of this element in mediating translational control was
examined using the in vitro translation system described
above. IRF was found to specifically repress mitochondrial
aconitase mRNA translation, suggesting that this transcript
is similarly controlled in vivo. The connections between cel-
lular iron regulation and aconitase activities (mitochondrial
and cytoplasmic) will be further investigated (Plates 50 and
51 ).

Regulation of erythroid 5-aminolevulinate
synthase mRNA (0. Melefors)

Most of the iron in the human body is utilized for haem
synthesis in red blood cells. The role of an IRE identi-
fied in the mRNA for a rate limiting enzyme in erythroid
haem synthesis, 5-aminolevulinate synthase (eALAS), was
further examined. The iron regulation of eALAS transla-
tion that was previously found in murine erythroleukemia
cell-lines was confirmed in murine bone marrow and pe-
ripheral blood reticulocyte preparations. These experiments
revealed additional levels of eALAS regulation which require
further characterization. In a separate line of investigations,
eALAS expression constructs with and without functional
IREs were introduced into an erythroid cell-line with a
"knock out" of the endogenous gene. These new cell-lines
should allow to define the role of the eALAS IRE more
precisely.

Affinity cloning of IRE-containing mRNAs
(J. Brock &S. Quick)

In addition to the known regulatory targets shown in
Plate 50, other mRNAs with important roles in iron
metabolism may be controlled by IRF. Using biotinylated re-
combinant IRF, an affinity matrix for IRE-containing mRNAs
was established with streptavidin-coated magnetic beads.
This affinity matrix specifically retains ferritin and transferrin
receptor mRNAs from total poly(A)-enriched HeLa cell RNA
preparations. Eluates from this column will be used for eDNA
cloning of novel IRF target genes.

Protein-binding to 5' UTR sites as a general
mechanism for translational regulation
(R. Stripecke; in collaboration with
J. McCarthy, Braunschweig)

IRF blocks translation initiation by binding to 5' UTR IREs
and blocking access of the 43S pre-initiation complex to the
mRNA (see above). Binding sites for the bacteriophage pro-
tein MS2 or the spliceosomal protein U1A were introduced
into a cap-proximal position of indicator constructs. Studies
in HeLa cells and Saccharomyces cerevisiae demonstrated
that proteins specifically repress translation when binding to
recognition sites localized in the 5' UTR of the mRNA. The
RNA/protein complexes do not affect the nucleo-cytoplasmic
transport or the stability of the mRNA. These experiments
established that RNA-binding proteins without physiological
functions in eukaryotic translation can act as translational
repressors, implying that the translational block is exerted
by a steric mechanism without requirement for specific pro-
tein/protein interactions.



A new strategy to study RNA/protein
interactions in vivo (E.G. Paraskeva)

Proteins binding to specific sites in the 5' UTR of mRNAs
repress the translation of downstream open reading frames
in Saccharomyces cerevisiae. This observation allows a
functional conversion of RNA/protein interactions into a
translational read-out system. Binding sites for IRF, U1A
and MS2 coat protein were cloned into the 5' UTR of aura
mRNA. Since expression of ura arrests cell growth in the
presence of 5-fluoro-orotic acid (5-FOA), only those cells in
which ura expression is repressed (by co-expression of the
specific binding protein) shoultt be able to grow on 5-FOA
containing media. We are planning to optimize this assay
to study various aspects of RNA/protein interactions and to
clone cDNAs encoding proteins that bind to specific RNA
sequences.

Regulation of translational frameshifting by
RNA/protein interactions (in collaboration
with H. Hauser, Braunschweig)

Virtually nothing is known about roles of RNA/protein inter-
actions in regulating translation elongation. In HIV-1 mRNA,
a heptanucleotide sequence followed by an RNA hairpin
mediates a translational frameshift between the gag and
the pol reading frames. The HIV-1 hairpin was replaced by
an IRE in indicator constructs and analysed in transfected
mammalian cell-lines. The IRE was found to stimulate site-
specific frameshifting quantitatively similar to the authentic
HIV-1 hairpin. Moreover, frameshifting was iron-regulated by
IRF in IRE-containing constructs: binding of IRF to the IRE
tripled the rate of frameshifting. These findings demonstrate
that frameshifting can be regulated by specific binding pro-
teins and encourage to search for proteins that bind to the
HIV-1 hairpin as well as for mRNAs that harbor IREs within
their open reading frames.

Modified oligoribonucleotides as antisense
probes to stUdy translation (H.E. Johansson)

Antisense 2'allyl-oligoribonucleotides ("oligos") directed
against various regions of three different mRNAs were
shown to be able to block cell-free translation of the target
transcript while leaving the other two unaffected. Oligos hy-
bridizing to any region of the 5'-UTR or within 15 nucleotides
of the AUG initiation codon inhibited translation without af-
fecting the integrity of the arrested mRNAs. Oligos that were
complementary to the rest of the open reading frame or the
3' UTR did not affect translation. Biotinylated oligos are used
to select translationally blocked mRNAs with streptavidin-
coated magnetic beads and to subsequently characterize
the composition of the arrested translation complexes. In
addition, the utility of these oligos as nuclease-resistant
primers for reverse transcription was demonstrated.

Effect of RNA polymerase II promoters on
{pre-)mRNA metabolism (in collaboration with
A. Kulozik, Ulm)

Nonsense mutations introduce premature translation stop
codons into the coding regions of mRNAs. The steady

state levels of mutated {j-globin mRNAs were found to be
,"",5-10-fold lower than wild-type levels when the mutation
affected the first or second (but not the third) exon. When
the {j-globin promoter was substituted by the herpes simplex
virus type 1 thymidine kinase gene promoter (but not the
cytomegalovirus immediate early promoter), the cytoplasmic
accumulation of mutated mRNAs was rescued to wild-type
levels. Thus, different RNA polymerase II promoters exert
differential effects on the post-transcriptional fate of the
maturing mRNAs. This property appears to be independent
of promoter strength and the kinetics of nucleo-cytoplasmic
transport. The possible involvement of determinants that
affect the nuclear topography of the transcription complex
will be further analysed.
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The structure of active promoters in chromatin
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PLATE 52
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are functionally important in vivo by S. Elgin, J. Lis and
their coworkers. These studies have provided the most
prominent example of a positioned nucleosome suggested
to be an integral part of a promoter (Thomas & Elgin,
1988). The nucleosome separates two regions of acces-
sibility in chromatin (Plate 52, upper panel), the proximal
of which harbors the TATA box, bindings sites (HSE) for
the transcriptional activator heat shock factor (HSF) and
repeated GAGA sequences known to be targets for the
GAGA factor. HSEs and GAGA boxes also occur upstream
of the nucleosome. Binding of the GAGA factor has been
implicated in generating accessible sites for the interaction
of HSF upon heat shock and in nucleosome positioning. To
test the proposed model and to move from a descriptive
to a more mechanistic analysis we have chosen the hsp26
promoter for in vitro chromatin reconstitution. The central
component of this reconstitution is a chromatin assembly
system derived from preblastoderm Drosophila embryos
(Becker & Wu, 1992) that creates long stretches of nucle-
osomes with physiological spacing. We introduce recom-
binant transcription factors to study their interactions with
reconstituted chromatin.

Due to its compacted state DNA in eukaryotic chromatin
is largely inaccessible to proteins that bring about tran-
scription. Local changes in the transparency of chromatin
for DNA binding factors constitute a level of transcriptional
regulation that is poorly understood at present. At the lower
levels of chromatin organization, the association of DNA with
nucleosomes and histone H1-mediated folding of nucleoso-
mal DNA, active chromatin is distinct from non-transcribed
chromatin with respect to the presence of certain non-
histone proteins, histone modifications and linker histones.
It is still a matter of speculation how local heterogeneity in
chromatin composition and fine structure is established and
maintained according to the expression profile of each indi-
vidual cell and how chromatin can be remodelled quickly in
response to an environmental cue. It is, however, becoming
clear that certain kinds of transcription factors are involved
in these phenomena. We are interested in the general prin-
ciples that govern promoter accessibility in chromatin and in
the interplay between transcription factors and nucleosomes
in the establishment of an active promoter. Nucleosomes
need not necessarily be completely absent from regulatory
sites but they must be positioned with reasonable preci-
sion in the vicinity of regulatory elements to be compat-
ible with the protein-DNA and protein-protein interactions
that characterize a promoter. It has been suggested that
in certain contexts precisely positioned nucleosomes are
elementary requirements for promoter function as they help
to establish the· topology required for interactions between
transcription factors (Thomas & Elgin, 1988; Schild et al.,
1993). Thus, while nucleosome positions at these sensitive
sites are likely to be determined by specific DNA binding
proteins, in turn may be important determinants for
the active configuration of a promoter in space. Questions
that relate to the structural basis of microheterogeneity in
chromatin and to the mechanism of chromatin remodelling
are difficult to address by in vivo experiments. We have
therefore approached these problems by reconstitution of
chromatin in a cell-free system.

GAGA GAGA
Iftzad:!'
HSE HSE
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Reconstitution of the Drosophila
hsp26 promoter in vitro

The hsp26 promoter has been characterized extensively
with respect to chromatin structure and DNA elements that

Binding sites for proteins interacting with the promoters of the
Drosophila hsp26 and hsp27 genes. The numbers refer to the
respective positions in base pairs upstream of the start site of
transcription (+1, arrow). The cigar-shaped object indicates the
positions of nucleosomes.
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The GAGA factor is an important
determinant of promoter structure

We have over-expressed the GAGA factor (Soeller et al.,
1993) in insect cells via baculovirus vectors. This factor is
able to interact with its target sites not only during nucle-
osome assembly but also after chromatin reconstitution is
completed. The binding to both proximal and distal GAGA
boxes results in the disruption of the regular nucleosomal
array, the creation of DNase I-hypersensitive patches and
the positioning of a nucleosome between the sites. Most re-
markably these interactions.. with nucleosomal DNA require
ATP hydrolysis and we are currently testing whether this
energy requirement reflects the activity of the GAGA factor
itself or of an as yet unidentified extract component.

A strategy for the structural and functional
analysis of reconstituted chromatin

The structural and functional analysis of chromatin tem-
plates reconstituted in crude extracts requires their pu-
rification from the assembly reaction. To overcome time-
consuming and artefact-prone purification on sucrose gradi-
ents we have modified the protocols for chromatin reconsti-
tution, in vitro transcription and footprinting of transcription
factors to be used on immobilized DNA templates. Long
linear DNA molecules (6-8 kb) are immobilized with one end
on streptavidin-coated paramagnetic particles. Chromatin
assembled on immobilized DNA resembles reconstituted
chromatin in solution but can be purified rapidly and effi-
ciently in a magnetic field and recovered in a very small
volume. The immobilization enables buffer changes, salt
washes and the establishment of ideal conditions for the
subsequent in vitro transcription analysis. Nucleosome as-
sembly with an extract from preblastoderm Drosophila em-
bryos results in a concomitant repression of transcriptional
activity. Using diagnostic salt extractions of immobilized
chromatin we established that nucleosome cores, but not
histone H1 when incorporated into chromatin with regular
spacing, are responsible for this repression. Current studies
test the ability of the recombinant GAGA factor as well as of
components endogenous to fly embryo extracts to overcome
this inhibition with the aim to establish firm structure-function
relationships.

The complexity of reconstituted chromatin .
and of the assembly reaction

The ability to purify reconstituted chromatin quickly has
revealed a plethora of non-histone proteins that associate
with chromatin in vitro. Using antisera against various known
chromatin proteins we are beginning to identify proteins
that are abundant in reconstituted chromatin. We have
also looked at the most prominent histone modification, the
acetylation of N-terminal tails of histones, in the extracts
and in chromatin. The assortment of non-histone molecules
and histone modifications are thought to contribute to the
characteristic features of individual chromatin sites. Another
remarkable feature of the cell-free nucleosome reconstitu-
tion in fly embryos extracts is the assembly of nucleosomes
with a defined spacing, a property that is characteristic of
natural chromatin but not reproduced with unphysiological
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systems. The correct spacing of nucleosomes may be an
important determinant of DNA accessibility and nucleosome
positioning. We can modulate the nucleosomal repeat length
by varying the ion conditions during assembly and by incor-
porating linker histones and HMG molecules into chromatin.
The descriptive analysis of reconstituted chromatin and the
development of procedures to modify certain aspects of
chromatin should eventually enable us to evaluate chro-

. matin features with respect to their functional significance.

The structure of the Drosophila
hsp27 promoter in vivo

Any meaningful attempt at reconstitution of chromatin struc-
ture in vitro must be inspired by the structure in vivo. In the
case of the hsp26 gene promoter we were guided by the
findings of Thomas and Elgin (1988) who, by genomic foot-
printing, had described the positioned nucleosome between
the GAGA boxes. To get an idea about how general such a
structure in the context of a promoter would be, we analysed
the promoter of the hsp27 gene for similar features by ge-
nomic footprinting. Sequence elements known to be impor-
tant for heat shock-inducible transcriptional activation were
found to include again HSEs and GAGA boxes (Plate 52,
lower panel). Unlike the hsp26 promoter, no binding sites
for transcription factors close to the TATA box have been
identified by functional assays. Using an improved version of
the ligation-mediated PCR technology and footprinting with
copper phenanthroline and DNase I in isolated embryo nu-
clei we have tentatively identified a positioned nucleosome
between the TATA box and the distal activator elements. The
analysis also revealed the binding of an as yet unidentified
protein ("X" in Plate 52) that binds to DNA between the
TATA box and the nucleosome. The position of this protein
in chromatin makes it a candidate for both a transcriptional
activator and a nucleosome positioning factor. We have
identified a similar binding activity in crude nucleosome
reconstitution extracts, a starting point for the identification
of protein X and the cloning of its gene.
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POU factors in murine development
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Genetic analysis of both vertebrate and invertebrate devel-
opment has contributed to the idea that a precise program of
maternal and embryonic gene expression is elaborated dur-
ing early development and underlies the orderly progression
of morphogenetic events. Two transcription factors, Oct-4
and Oct-6, are expressed in the preimplantation embryo and
their expression patterns suggest that they may be involved
in the regulation of events in early murine development. Our
aim is to understand at a molecular level the roles which
Oct-4 and Oct-6 play in the developmental processes of
the murine embryo. To do this we are analysing the following
aspects:

- Elements and regulatory proteins required for Oct-4
expression in the totipotent and pluripotent progenitor
cells of the early mouse embryo (I. Sylvester & V.1.
Veom)

- The role of Oct-4 and Oct-6 in the early mouse embryo
(C. Ovitt, S.1. Palmieri & V.1. Veom)

- Target genes of Oct-4 and Oct-6 (H. Hess)
- Involvement of coactivators (bridging factors) in tran-

scriptional activation by Oct-4 and Oct-6 (Scholer et
a/., 1991) (A. Brehm & K. HObner).

Regulatory elements required for Oct-4 expression
in embryonal carcinoma cells and in the pluripotent
progenitor cells of the early mouse embryo

As determined by in situ hybridization, Oct-4 expression
is developmentally regulated at several embryonic stages
(H.R. Scholer, 1991). Interestingly, the expression of Oct-4

human
mouse

RXR/
ARP
RAR

correlates with an undifferentiated cell type in the mouse
embryo. We are investigating the regulation of the Oct-
4 gene in an attempt to unravel the regulatory network
established during early murine embryogenesis. A powerful
tool for defining regulatory elements is the availability of
cell-lines that express Oct-4 and Oct-6, namely embryonic
stem (ES) and embryonal carcinoma (EC) cell-lines.

To define regulatory regions important for the expression of
the Oct-4 gene in EC cells we have used a combination
of binding and transient transfection assays. A region of
the proximal promoter highly conserved between mouse
and human Oct-4 reveals an overlapping set of regulatory
elements including a high affinity binding site for Sp1 and
three direct repeats of an AGGTCA-Iike sequence with
either +1 or 0 spacing (Plate 53). Our studies have revealed
that Oct-4 is subject to both positive and negative regu-
lation by different members of the steroid-thyroid hormone
receptor superfamily. Specifically, important roles for ELP,
ARP-1 (COUP-TFII) and RAR/RXR in Oct-4 expression
could be demonstrated. ELP binds in the Oct-4 promoter
to the TCAAGGCTA sequence and is the mouse homo-
logue of the transcription factor FTZ-F1 that is active in
early Drosophila embryos. Like Oct-4, ELP is expressed
in undifferentiated EC cells and down-regulated upon treat-
ment with retinoic acid. Co-expressed ELP was shown to
positively regulate transient Oct-4 expression. These fea-
tures make ELP a good candidate for a transcription fac-
tor that positively regulates Oct-4 gene expression during
murine development. The exact regulatory relationship of
these factors to each other in vivo remains to be deter-
mined.

PLATE 53

Genomic sequence comparison between human
and mouse Oct-4 proximal promoters. R1, R2
and R3 represent three direct repeats of an
AGGTCA-like sequence, indicated by arrows.
The overlapping putative binding sites are boxed
with the respective transcription factors named
above the boxes. References for ELP are in
Tsukiyama et a/., 1991, those for ARP-1 in
Ladias &Karathanasis, 1991.
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PLATE 54

differentiated cells or EC cells plus ARP-l

Silencer

addressing the question of whether Oct-4 acts early in the
hierarchy of regulatory genes required for the identity and
maintenance of the germline lineage. To understand the role
of Oct-4 in development, information about expression of the
protein is required. We have carried out a detailed immuno-
histological analysis of preimplantation stage embryos using
highly specific antibodies raised against Oct-4. With the help
of Nick Salmon from the Stelzer group embryos were anal-
ysed using confocal microscopy. Oct-4 is expressed at low
levels in unfertilized eggs, increases in level following fertil-
ization, and is then localized to the pronuclei. These events
also occur in the absence of fertilization, as parthenotes
show the same expression pattern. The protein is expressed
through all cleavage stages and in the compacted morula.
Concomitantly with differentiation of the trophectoderm lin-
eage, Oct-4 protein is rapidly down-regulated in these cells,
while expression remains high in the nuclei of the ICM.
The strict correlation of the presence of Oct-4 protein and
an undifferentiated cell type supports the idea that Oct-4
may play a role in maintaining the pluripotency of these
cells.
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Proposed model of Oct-4 gene regulation before and after differen-
tiation of EC cells.

inactive

In contrast to stimulation by ELP, co-expressed ARP-1 and
RAR negatively regulate transient Oct-4 gene expression.
Approximately 2 kb upstream of its proximal promoter Oct-4
contains an enhancer which is active in undifferentiated
but not in differentiated EC cells (Okazawa et al., 1991).
We have shown that the activity of the enhancer in EC
cells is mediated through the proximal promoter Sp1 site.
Interestingly, the enhancer becomes an active silencer in
differentiated cells or in undifferentiated cells into which
ARP-1 had been cotransfected. We consider a further study
of ARP-1 on Oct-4 gene expression to be important as it
might elucidate how a transcriptional enhancer is converted
into a silencer.

At the division from 8 to 16 cells, cells are first allocated
to two distinct populations as determined by differences
in polarity. At this stage both populations can give rise to
descendants in either ICM or trophectoderm. By the 32
cell stage, when Oct-4 is low in trophectodermal cells, the
outside cells will only give rise to the trophectoderm, while
the inside cells are still capable of contributing to the tro-
phectoderm. Thus, this analysis does not support the notion
that downregulation of Oct-4 protein is the primary cause
for the establishment of the trophectodermal lineage as
both events occur concomitantly. We think that the primary
cause for the establishment of the trophectodermal lineage
requires either transcription factors upstream of Oct-4, for
example ELP, or results from the position of the blastomeres
in the early embryo. During compaction of the early embryo,
which begins as early as the four-cell stage, a localized
distribution of cell surface microvilli and cytocortical com-
ponents to the outer blastomere surfaces occur (Pedersen,
1986). Thus, it might be cellular polarization in the outside
blastomeres which causes both establishment of the tro-
phectoderm and downregulation of Oct-4 in the early mouse
embryo.

Publications during the year

Using EC cells we have defined certain regulatory elements
and some of the factors interacting with the Oct-4 promoter.
With this knowledge we now try to address specific ques-
tions about their role in Oct-4 expression during early mouse
development.

Palmieri, S.L., Sylvester, I., Peter, W., Hess, H., Veom, V.1. &
Scholer, H.R. (1993). Downregulation of Oct-4 transcription
factor during mouse preimplantation coincides with estab-
lishment of the first differentiated cell lineage. Cell Bioi. Int.,
17, 811

Expression of Oct-4 protein in embryonic
stem cells and in the preimplantation embryo

Schmitt, J., Hess, H. & Stunnenberg, H.G. (1993). Affinity
purification of histidine-tagged proteins. Mol. Bioi. Rep., 18,
223-230

The assumption that the POU family member Unc-86 rep-
resents an important component of a mechanism linking
cell identity to cell lineage has led us to ask if Oct-4 and
Oct-6 may also be involved in lineage specificity. We are

Suzuki, N., Peter, W., Ciesiolka, T., Gruss, P. & Scholer,
H.R. (1993). Mouse Oct-1 contains a composite home-
odomain of human Oct-1 and Oct-2. Nucl. Acids Res., 21,
245-252
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Inducible gene expression

Group leader: F. Stewart

Fellows: R. Aasland, C. Logie, M. Nichols, L. Ringrose

Assistants: H. Thomas*, C. WOodroofe*

Environmental changes, developmental cues or hormones
are able to elicit signal transduction mechanisms that pro-
duce selective alterations in gene transcription. Defining
these mechanisms is essential not only to understand cellu-
lar responsiveness but also to determine the most practical
ways in which cells can be manipulated. Two broad classes
of signal transduction pathways leading to altered gene
transcription have been identified, namely that mediated by
the nuclear receptors which are activated by steroid and
steroid-like molecules and that mediated by second mes-
sengers, such as cyclic AMP. Our approach to the issues
of signal transduction and cellular manipulation focuses on
signalling mediated by the nuclear receptors.

Retinoic acid induction of HOX gene clusters
(R. Aasland & C. Woodroofe)

Retinoic acids (RAs) are thought to play a vital role in
the patterning of the vertebrate embryo and their ability
to induce transcription of HOX gene clusters is thought
to be a key aspect of this process. We are looking for
the mechanism by which RAs induce transcription of the
HOXA cluster. As described previously for the human HOX
clusters (Simeone et al.) , we have verified that either all-
trans or 9-cis RA treatment results in processive induction
of the mouse HOXA cluster in 3 embryonal carcinoma
cell-lines and also in mouse embryonal cells. The induction
is processive, starting at the 3' end of the cluster, and is
transcriptional since changes in mRNA levels are preceeded
by induction of transcription as assessed by nuclear run-
on assays. Consequently we have looked for RA induced
alterations in HOXA chromatin by DNase 1 hypersensitive
site analysis. We observe rapid RA induced changes in
chromatin 3 of the Hoxa-1 gene which precede transcription
of the Hoxa-1 gene. The promoter of this gene is marked
by hypersensitive sites before induction and transcription
appears to accompany a change in the structure of the
promoter DNase 1 cleavage pattern. These data indicate
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the presence of at least one RA responsive enhancer 3' of
the gene and the possibility that the promoter is repressed
by trans-acting factors before induction.

Heterodimerization of the Drosophila
ecdysone receptor (H. Thomas)

Ecdysone is the only well-characterized steroid hormone in
invertebrates. To study its mechanism of action, we looked
for ecdysone responsiveness in mammalian cell-lines by
transient cotransfection of the ecdysone receptor (EcR) and
reporter plasmids carrying ecdysone response elements
(EcREs). Initial failures to observe ecdysone responsive-
ness were due to (a) the fact that certain ecdysones,
including the authentic Drosophila hormone, {j-ecdysone,
do not appear to penetrate mammalian cells; and (b) only
certain cell-lines appeared capable of sustaining ecdysone
responsiveness. Upon examination of the latter point, we
observed that EcR required a heterodimer partner, such as
retinoid X receptor (RXR) or its Drosophila homologue, ultra-
spiracle (USP), for DNA binding activity. Cotransfer of EcR
and RXR or USP into a non-responsive cell-line resulted
in ecdysone responsiveness. In the case of EcR/RXR co-
transfection, trans-activation could also be stimulated by the
ligand for RXR, 9-cis RA, and coadministration of both an
ecdysone and 9-cis RA resulted in synergistic enhancement
of reporter gene expression. Furthermore we showed that
either muristerone, a ligand for EcR, or 9-cis RA, a ligand for
RXR, could stimulate band shift activity of the heterodimer.
This result shows that ligand can affect heterodimer DNA
binding activity and suggests that ligand may affect partner
choice. The results place EcR in the heterodimerizing class
of nuclear receptors. They also demonstrate that the pro-
tein/protein interaction between the heterodimerizing mem-
bers of the nuclear receptors is highly conserved, and not
merely restricted to retinoid responsiveness, and suggests
that analogous interactions will be found throughout verte-
brate and invertebrate lineages.



PLATE 55

Publication during the year

A synthetic inducible expression system
based on steroid hormones
(C. Logie, M. Nichols & L. Ringrose)

Many studies in mammalian systems have been limited
by the absence of good inducible expression strategies
and one of our prime objectives is to apply the experi-
ence acquired from the study of steroid hormones and
rapid transcriptional responses to this problem. It had been
previously shown (Webster et al.; Picard et al.) that fus-
ing steroid hormone binding domains (HBDs) to various
oncoproteins rendered oncogenic functions dependent on
the relevant steroid. In other words, the HBD domain re-
pressed the oncogenic activity of the protein to which it
was fused and steroid hormone relieved this repression.
We investigated whether a similar fusion between a site-
specific recombinase and HBDs would render recombinase
activity dependent on the relevant steroid. To this end, we
constructed fusion proteins between the FLP recombinase
of yeast and HBDs of either the glucocorticoid, estrogen
or androgen receptors. To assay recombinase activity, we
used mammalian cell-lines with stably integrated copies of
the neomycin resistance gene whose expression is driven
by the CMV enhancer (Plate 55). The neomycin structural
gene is surrounded by recombinase target sites so that
FLP recombinase can excise it. After recombination, the
CMV enhancer expresses the ,B-galactosidase gene, which
was previously inactive since it was located downstream of
the neomycin gene. Using transient or stable transfection
to introduce one of the fusion proteins, steroid hormone
regulated recombination, and hence ,B-galactosidase gene
expression, was observed. This finding has two broad im-
plications which outline the current focus of the group. First,
it describes an inducible genetic switch that can be used
as a strategy for inducible gene expression or inactivation.
Second, by converting transient ligand binding into per-
manent genetic changes, it describes a novel assay for
steroid hormones, antihormones and the function of hor-
mone binding domains. To pursue these implications, we are
screening a variety of steroids and analogues, have estab-
lished inducible recombination in Saccharomyces cerevisiae
and are working on a previously undescribed site-specific
recombinase from Kluveromyces waltii.
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Control of gene expression by DNA recombination mediated
by FLP recombinase/steroid ligand binding domain fusion pro-
teins.

Depicted is a segment of chromosomally integrated DNA that
contains a constitutively active promoter and two FLP recognition
targets (FRTs) which flank the neomycin resistance gene (neo). Be-
fore recombination (panel 1), neo is expressed but the downstream
,a-galactosidase (/acZ) gene is not expressed because the neo
gene with its processing signals .interrupt its open reading frame.
FLP recombinase is inactive because the steroid ligand binding do-
main (LBO) incorporates the fusion protein into the HSP90 complex.
Upon adding ligand (panel 2), the fusion protein is released from the
HSP90 complex and FLP can bind FRTs. Recombination between
the two FRTs takes place and the neo gene is excised as a circle
(panel 3). The lacZ gene is now expressed and the circle is lost,
either through degradation or dilution.

Thomas, H.E., Stunnenberg, H.G. & Stewart, A.F. (1993).
Heterodimerization of the Drosophila ecdysone receptor
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Physical Instrumentation Programme

Introduction

As mentioned in last year's report one new group was es-
tablished in the Physical Instrumentation Programme. This
group, under the leadership of Heinrich Harber, works on
scanning probe techniques. These techniques complement
the other activities of the Programme and are an excel-
lent basis for collaboration within the Programme and with
groups inside and outside EMBL. Heinrich Harber received
a joint appointment with the Cell Biology Programme to
strengthen the inter-Programme communication.

In collaboration with Anthony Hyman from the Cell Biology
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Programme and Jan DeMey from University Paris VI, Ernst
Stelzer organized his third EMBO course on "Two and
Three-Dimensional Light Microscopy".

The excellent services provided both by the mechanical
and electronic workshops have been appreciated for the
realisation of several projects carried out by the groups
of the Physical Instrumentation Programme. We would like
to thank them for their precious help and draw atten-
tion to the important role of such service activities in the
EMBL.



STEM and SEM application and electron microscope development

Group leader: M. Haider

Scientists: W. Tichelaar*, J. Zach

Fellows: G. Braunshausen, P. Koeck, E. Schwan, R. Wepf*

Visitors: M. Kroug<>, K. v. d. Mast*, G. Pilarczyk<>, H. Rose*, G. Schonhense*, K. Urban*

Assistants: D. Mills, P. Raynor, G. Schaefer*, S. Sheldon

Application of the scanning transmission
electron microscope

The development and application of the scanning transmis-
sion electron microscope (STEM) continues to concentrate
on those features that are unique to STEM. These are the
capability to provide high-resolution transmission electron
microscopy information, the multiple simultaneous imaging
capability, the high efficiency and linearity in dark field,
and the ease of on-line computer data acquisition with
its consequent facility for quantitative electron microscopy.
Thus, the STEM is particularly suited to the following ares
of application:

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

jects;

(3) high resolution labelling using small heavy metal clus-
ters;

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

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

Mass measurement

On one of our STEMs, the HB5 STEM, mass measurement
has been offered as a facility, as in the preceding years.
Tobacco mosaic virus (TMV) has been used as an internal
standard. A listing of the measurements performed in 1993
is given in Table 5.

Table 5

Mass measurements carried out in 1993

Object In collaboration with Results and conclusion

Tick born encephalitis T. Dokland & S.D. Fuller Mass: 23.5±1.8 MDa, indicating
virus an icosahedral packing with

triangulation number 4

Vaccinia virus B. Sodeik & G. Griffiths Mass: 3.9±O.27 GOa

Bovine phakinin/ A. Merdes & S.D. Georgatos Mass/length: bimodular distribution
filensin filaments (3.1) - 7.5±3.3 and 13.9±1.2 kDaIA;

would indicate two and four
times the number of monomers/
cross section that occurs in a
10 nm intermediate filament

Yeast retrotransposon H. Saibil & K. Palmer Mass: trimodular distribution that
Ty1 (p1-381) virus like (London), N. Graf, N. Burns indicates icosaedral packings with
particle A. Kingsman (Oxford) & triangulation numbers 3,4 and 7

S.D. Fuller
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PLATE 56

Z-contrast imaging of an unstained cryo-section of Lethocerus
indicus flight muscle double-labelled with anti-paramyosin - silver
(on the thick filaments, A-band) and with anti-a acinin - gold (on the
Z-disk). Both kinds of metal particles have a diameter of rvg nm.
The structure of the half sarcomere can just be discerned. Plates
(a) to (d) are derived from data of one exposure, acquired with
the concentric ring detector on the Cryo-STEM. Plate (a) is a dark
field image, Le. a plus has been assigned to the signals from all
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rings collecting electrons scattered outside the primary beam. A
minus has been assigned to an increasing number of the inner
ones of these rings in Plates (b) to (d). In Plate (b), the contrast
for the background is minimal; in Plate (c), silver and gold are
visible with opposite contrast; in Plate (d), the contrast for gold is
on average about zero, while the negative contrast for silver has
further increased.



Absolute mass determination

With the new multichannel-detector system, mounted onto
the Cryo-STEM, we were able to start the evaluation of
absolute mass determination. This standard-less mass-
measurement is possible due to the electron counting facility
and the division into 30 rings of this multichannel detector.
The first investigations were carried out by measuring the
known mass density of TMV and it could be shown that the
mass measurement is independent of the beam current and
is reproducible when the OF-detector acceptance angle is
chosen properly.

Novel imaging applied to immuno-Iabelling
(with the groups of K.R. Leonard & C. Boulin)

The STEM can be used for atomic number sensitive imag-
ing, Le. Z-contrast imaging. We elaborated on the utilisa-
tion of the element-dependence of the angular distribution
of the scattered electrons for that purpose. This kind of
Z-contrast imaging was realized with a detector consisting
of a set of concentric rings. This detector system had been
mounted onto the Cryo-STEM. In this way, we have been
able to discriminate between f"J9 nm colloidal silver and
gold, specifically distributed on thin sections (Plate 56). With
smaller markers this approach will be useful in discriminating
between closely spaced antigenic sites when steric hin-
drance occurs with double-labelling using probes of different
sizes.

Application of the low voltage scanning
electron microscope

The two major advantages of the low voltage scanning
electron microscope (LVSEM) for the observation of bulk
biological structures are as follows:

(a) the highly localized signal of secondary and backscat-
tered electrons at the point of the incident beam.

(b) a reduced beam damage of neighbouring areas at the
point of the incident beam.

The reason for these advantages is the lower, primary en-
ergy and hence the small penetration depth and the small
interaction volume of the electrons at low kV (0.4-1 kV)
respectively.

Since the charge deposited on insulators, such as biological
frozen hydrated specimens, is more localized within the
SE-electron escape depth, the SE-image of biological sam-
ples is more strongly influenced by charging artefact than
images of metals for example. We are therefore following
two strategies to overcome charging problems:

(1) establishing new imaging modes, such as TV-mode
and frame averaging or more versatile acquisition
modes.

(2) rendering the surface of freeze-fractured or freeze-
dried specimens conductive by coating them with a
very thin (1 nm) heavy metal film.

For this purpose we are modifying a high-vacuum cryo
preparation device in such a way that we are able to
coat frozen hydrated biological specimens with a thin
metal film and cryo-transfer the frozen samples onto the
cryostage of the LVSEM under vacuum. The device al-
lows us double-angle rotary shadowing (OARS) of freeze-
fractured or freeze-dried specimens under cryo protecting
conditions. We designed the device in such a way that it will
also allow us to prepare and transfer samples for Cryo-TEM
and Cryo-STEM investigations.

To vitrify large biological samples we have modified a con-
ventional propane-jet to increase the cooling rate and we
reach now cooling rates up to 20'000Klsec. allowing us
to freeze biological samples in the dimension up to about
20-30 J-Lm. These techniques will allow us to investigate
cytoskeleton and organelle organisation at macromolecular
level in cultured cells and tissue fractions.

Development of electron microscopes

The corrected high resolution low voltage
scanning electron microscope

For the first time in the world we could show an improve-
ment in the resolution of an electron microscope by means
of a spherical/chromatic multipole corrector (Plate 57). To
achieve this result, it was necessary to develop a new
electrostatic supply unit for our corrector. This unit helped
us to overcome magnetic hysteresis problems, which before
made a precise alignment of the corrector impossible. The
resolution limit achieved at the end of 1993 is about 3 nm at
an electron energy of 1 keV. To obtain a resolution close to
the theoretical limit of 1 nm, the alignment and correction of
spherical and chromatic aberration has to be refined further
by means of a fast and reliable alignment and aberration
measurement procedure.

The corrected 200 kV transmission
electron microscope

The sub Angstrom transmission electron microscope
(SATEM) project is now in the critical final stage of its first
tier. The aim of the project is to produce transmission elec-
tron microscope (TEM) pictures showing a well-transferred
spatial frequency band up to 1/0.08 nm, and to extend this
frequency band by adjusting the spherical aberration coeffi-
cient Cs . This final goal should be reached in a two-phase
strategical approach.

The first tier should demonstrate the feasibility of gen-
erating a negative spherical aberration by means of
hexapole-fields to compensate the spherical aberration of
the objective-lens, which is always positive. This negative
spherical aberration can be obtained by incorporating two
transfer-doublets and two hexapole-elements into the beam-
path after the objective-lens of a commercial 200 kV TEM.
Depending on the progress of this first phase, a second
tier is envisaged which aims to produce electron-optical
images of unprecedented high quality and to achieve a
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PLATE 57

5 nm gold balls on a carbon film, imaged (a) in the standard uncor-
rected SEM mode and (b) with chromatic and spherical correction.

The improvement in resolution in the corrected mode is clearly
visible.

(4) the finalisation of the high-precision stabilized current
supplies for all electron-optical components and its
control-panel, custom-built by the electronic workshop,
for the operation of this microscope in the near future.
The result of this development is that the current supply
rack (more than 48 current supplies) and control-panel
perform to specification and that the stability fulfils the
prerequisites on the way to a point resolution better
than 0.1 nm;
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faithful and credible point-to-point-resolution of better than
0.1 nm by transferring the successful Cs-corrector-unit into
the best commercial 200 kV TEM with field-emission-gun.
During both phases, the project is actively supported by
the Philips Electron Optics Research Laboratory, which
provides technical support for the test-microscope. The fi-
nancial resources for all equipment purchases, as well as
for two positions for technical and scientific personnel, are
funded by the Volkswagen Foundation. EMBL is merely
debited for the general mechanical and electronic workshop
support.

(1) the testing of the Cs-corrector-unit (constructed in
1992) in an electron-optical test-bench, designed and
constructed specifically for this task. The results of the
various tests show that the Cs-corrector-unit performed
as expected from the theoretical point of view in the
test-bench and it could also be shown that, with this
hexapole-corrector, a negative Cs can be produced
which is needed to compensate for the positive Cs of
the objective lens (Plate 58);

In 1993 we have been engaged in

(2) the modification of the standard TEM-column to allow
incorporation of the Cs-corrector-unit into the beam
path. The extension of the column did not show a de-
gradiation of the mechanical stability of the microscope;

(3) the creation of a versatile and very flexible software
package for the lens, multipole-element and beam
deflector control units, especially developed for this
project;

Measured increase of the radius of the electron beam, guided on
a cylinder-like shape around the optical axis for various excited
hexapole-fields within the corrector. The increase of the radius is
equivalent to a negative spherical aberration.

160



(5) the development, testing and commissioning of a
unique digital image-acquisition and analysis system,
whose stringent hardware and software requirements
superceded the power of any single commercially avail-
able product. The tests we carried out showed that the
image analysis system is measuring up to its design
task which is to provide speedy quantitative feedback
of the currently active imaging and alignment parame-
ters by means of on-line numerical diffractogram dis-
play and measurements of an image shift, for example.

Within the next few we will be facing the task of
generating the necessary stream-lined co-operation of all
instrumental components of the system. With this system we
will be able to demonstrate conclusively that the hexapole
design for the correction of spherical aberration in the
electron-optical imaging process performs according to its
theoretical prediction.

Publications during the year

B. Bohrmann, M. Haider &E. Kellenberger (1993). Concen-
tration evaluation of chromatin in unstained resin-embedded
sections by means of .Iow-dose ratio-contrast imaging in
STEM. Ultramicroscopy, 49, 235

M. Haider, (1993). Instrumental developments for electron
microscopes. 51st Annual Meeting of the Microscopy Soci-
ety of America, San Francisco Press, pp. 624

Luo, C., Hantula, J., Tichelaar, W. & Bamford, D.H. (1993).
Bacteriophage PRD1 proteins: cross-linking and scanning
'transmission electron microscopy analysis. Virology, 194,
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Microcomputing and data acquisition

Group leader: C. Boulin

Scientists and engineers: T. Bastian, F. D'Annunzio, A. Epstein, J. Khazaie, J.-C. Olivo

Visitors: P. Baumlin*, J. Deubler*, D. Leroy*, T. Virta*

Our activities have concentrated mostly on fast X-ray de-
tection and acquisition systems, the development of high-
speed computing elements and image processing. Some
of our resources have also been put into "service" activities,
mainly system software maintenance, extension or tuning of
previously developed user interfaces and helping in-house
and external groups.

Providing state-of-the-art front-end and data acquisition
electronics for fast time-resolved experiments conducted
with synchrotron radiation (SR) using multiwire proportional
chambers takes very high priority in our activities, both be-
cause of the present needs at the Hamburg Outstation and
the future requirements of the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble. This work is done in close
collaboration with the staff of the Grenoble and Hamburg
Outstations. This kind of collaboration has been very fruitful
in the past. Although wire-based GaAs detectors still provide
unique devices that can be tailored and optimized according
to the experimental requirements (linear, area, quadrant
detectors) we also started to think about future detector
technologies that should be made available to the biologists.
Several discussions have taken place with experts from the
high energy physics community where detection problems
are also of crucial importance. If one considers the state-of-
the-art, one can say that we will probably not be able to use
position-sensitive solid state detectors such as silicon pixel
arrays in the next two years on a routine basis. Such devices
should however become available if we invest some effort
on our part. A first positive step in that direction has been
made with our participation in a large network, concentrating
on gas detector and electronics technology, in the context
of the Human Capital and Mobility Programme.

The race for high performance computing is quite a hard one
and even if single processor speed is increased regularly,
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some other approaches are also possible, as for example
with advanced parallel processing. To solve some of the
problems quickly and efficiently it would also be wise to
consider some alternative architectures such as pipelined
or systolic processing. Searching for protein sequence ho-
mologies against databases is a very time-consuming pro-
cess if one wants to use highly sensitive methods such as
the one described by Pat Argos (Argos, 1989). The very
high volume of required floating-point computations asso-
ciated with the algorithm's possibilities for parallelisation
has caught our attention. This algorithm generates large
matrices of floating-point numbers and, as is usually the
case with matrix handling, is therefore a very good candidate
for implementation on parallel and pipelined architectures.
At the chip level digital signal processors (DSPs) as well
as software tools to ease their implementation have been
available for some time. These considerations have been
the basis for the design and the development of a set of
modular computing elements that can be configured flexibly
to provide dedicated solutions to some biocomputing prob-
lems.

The world of images has for a long time been an impor-
tant component of our daily life. This is also true in the
life sciences where new imaging methods such as video-
microscopy or scanning probe techniques are developing
quite rapidly. Therefore it is not surprising that the need
for the improvement of existing methods, as well as the
development of new approaches to process biological im-
ages, is becoming increasingly important. Our present work
has concentrated on the analysis and extraction of features
in serial sections to be able to produce three-dimensional
representations allowing localization of expression domains.
A new and original method to carry out automatic image
segmentation based on the wavelet transform has been
developed and implemented.



Data acquisition for synchrotron radiation

Linear wire-per-wire front-end electronics

A fast one-dimensional multiwire (1 mm spacing) X-ray gas
detector with built-in analogue and digital front-end elec-
tronics was designed during the year. A close and fruitful
collaboration with the Grenoble and Hamburg Outstations
gave birth to a prototype being completed in the EMBl
mechanical workshop in Heidelberg. The gas chamber will
be ready for testing by the end of the first quarter of
1994. It will be fitted with frpnt-end electronics developed
in our group and tested both on the bench and on a real
anode based read-out chamber with a spacing of 2 mm.
The first task was to find a commercially available highly
integrated electronic circuit. A newly-developed chip in-
tegrating 16 analogue charge preamplifiers together with
16 differential ECl discriminators on the same dice was
the clear winner. It has an unprecedented combination
of high sensitivity, high bandwidth and high number of
channels compared to its rivals that were tested in our
laboratory. The high sensitivity characteristic will counteract
the effect of the pulse height spectra downwards shift at
high counting rates. The preliminary results show that a
fast 200-channel front-end can be physically scaled down
to be embedded into a detector of normal size without
compromising on the overall performances. Thus, a count-
ing rate in excess of 1 Meventls per wire is expected.
These performances should appeal to experimentalists in
the field of time-resolved X-ray scattering both in Hamburg
and Grenoble.

Linear wire-per-wire digital acquisition

A multi-channel (up to 512) acquisition system has been
designed to' cope with the information flow produced by
the parallel read-out electronics associated with the linear
wire-per-wire detector. The key concept in the design was
modularity. We started therefore with the design and im-
plementation of the basic building block: a multi-channel
counter-histogramming sub-module. The main characteris-
tics of this part are: (a) 8 channels, (b) up to 10M-hits
per counting channel, (c) 32-bit wide histogramming on
a local fast static RAM, (d) up to 4096 collection frames
and (e) active and wait frame in the time scale of 2 J.ts
to hours. Provision has been made to allow simultaneous
data taking and fast read-out either to a host interface or
to a real-time graphics display. To achieve these spec-
ifications over a small area we have made use of the
most up-to-date technology for programmable chips (lCAs
and PAls). This module will also serve as the core of
the new version of the calibration channel unit required to
record ancillary data, which are required for later off-line
processing of the time-resolved experiments. To build the
complete data acquisition system for the linear wire-per-
wire detector we will assemble four such sub-modules per
Euro-board and put eight such cards in parallel. A global
controller will provide synchronization and fast access to
the data for transfer and archiving on the host computer.
This controller should be designed and built early next
year.

Fast time-to-digital encoding system

The delay line-based read-out method for multiwire propor-
tional gas filled detectors is very powerful and has two main
advantages, namely: (a) the limited front-end electronic re-
quirements and (b) the high resolution one can achieve.
However, to cope with high counting rates one has to go
for short delay line time constants to keep the dead time
per event as short as possible. Another part of the dead
time lies in the conversion time required to digitize the time
difference between the fast anode signal and the pulses that
are produced at both ends of the delay line associated with
the cathode planes. We have successfully used direct time
encoding methods for a decade by implementing various
commercially available modules (working in the ns range)
that were adapted to the requirements of the experiments.
Nevertheless, even with all parameters optimized, it is not
possible to reach more than 0.6 MHz with such systems.
This is clearly a limitation for time-resolved experiments
using area detectors. To improve the situation in the future
we have been looking at new application-specific integrated
circuits (ASICs) that have been developed for large physics
experiments. One such ASIC has recently become available
on the market (MSC-Gleichmann-NEC). This chip provides
very high resolution (around 270 ps) and has four parallel
measuring channels which makes it particularly interesting
for area detector applications. One drawback of this chip
is its relatively long read-out time (>400 ns) to get the
four time measured values. One way to overcome the slow
read-out is to use several of these chips in parallel and to
work in an event multiplexing scheme. We have therefore
recently built a prototype with a dual architecture and started
bench tests to characterize fully the performances of the
ASIC. Our plan is to design a four chip version including
the X-Y coordinate computation and the full rejection logic.
Such a system will allow us to work with a 150 ns delay
line, at a resolution of 512x512 pixels and a nearly zero
external dead-time. This measuring device should allow
overall counting rates exceeding the present possibilities by
a factor of 3.

Multiprocessor architectures

DSP hardware

The hardware development work on fast computing ele-
ments that can be configured in a flexible way has been
based on the dual-ported architecture of the Motorola
96002 DSP chip. The chip has peak performances of
200 MOPs and 60 Mflops when running at 40 MHz. A
motherboard was designed around one DSP as the basic
building block. The DSP's dual bus architecture is used
in such a way as to provide space for 3 plug-in boards.
The main characteristics of these boards are as follows:
(a) two local bus extensions allowing up to 64 Mbytes of
RAM, (b) two global extension ports to provide the addition
of coprocessors, dual-ported memories or data acquisition
hardware and (c) one slot for a standard bus interface. In
this first implementation we selected the VMEbus standard
as the link between the host UNIX workstation and the
DSP motherboards. This interface is designed around a
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PLATE 59

The modular DSP-based computing element is shown as a fully
assembled card on the bottom. The top card enables one to get a
more detailed idea of the design principles: the basic motherboard
is equipped with several rows of connectors that are used to plug
in dedicated modules. In this example we found from left to right
a VME bus interface for the communication with the host, a dual
buffer fast memory to ease transfer of data between two pipelined

elements and a DSP coprocessor. Under the coprocessor board
and the two-page memory we can accommodate two fast memory
extensions. This "mezzanine" construction technique makes full
use of the dual bus architecture of the DSP chip residing on the
motherboard and enables us to use these boards in a wide range
of applications and in .various parallel architectures by the addition
of the appropriate extension boards.

dual-ported 16 or 32 kbyte fast SRAM allowing full hardware
support for semaphore signalling between ports. Bidirec-
tional interrupt generation has been implemented to ease
and speed-up communications. To increase the floating
point power of the motherboard we also designed a plug-in
containing the same DSP chip. This module can be used
as a pipeline processor carrying out either pre- or post-
processing of data flowing through the motherboard's global
port. One important issue in pipeline architectures is the data
flow between consecutive steps of the pipeline. In our case
we have solved this problem with the design and implemen-
tation of a two-paged fast RAM (up to 16 Mbytes per page).
This memory module includes on-board access arbitration
and a status and control register to allow full synchronization
between pipelined processors. Plate 59 shows the various
components that have been designed, built and tested.
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DSP software development

The DSP-based sequence alignment project has entered its
end phase. The VME crate and the nine DSP motherboards
composing the system have been mounted and tested. Final
hardware completion is expected in early 1994. The VME
crate is currently connected to a Sun SparcStation IPC
through an Sbus/VME bus adapter which allows the latter
to supervise the processing system. At the same time,
software has been written to handle this multi-processor
system on a per processor basis. Implemented functions
include system initialization, the downloading of programs
into processors, reading and writing processor memory, run-
ning programs and generic communication facilities. The se-
quence alignment algorithm mentioned above has been im-
plemented in assembly language for best execution speed.



In the current set-up a comparison of two sequences of
length 300 and 16 windows will be achieved in less than
one and a half seconds. Work to integrate the system into
the existing environment is in progress.

Image processing

Reconstruction from serial sections

The study of the expression and distribution of genes during
early development of tissues is an important aspect of
developmental biology. It thus appears clear that information
about the global spatial arrangement of gene expression
domains may be very useful in interpreting the function of
these genes and their interaction. Until now, the relationship
between the spatial distributions of gene expression do-
mains has been assessed by "mental reconstruction" of the
collection of tens of serial cross-sections. In addition to being
quite subjective and to requiring great expertise, this method
is ill-suited for comparison purposes and case studies. To
provide a reliable model correlate exactly the distribution
of the gene transcripts with results obtained by functional
studies, a computer reconstruction strategy that allows one
to see, in three dimensions, the expression domains of
several such genes on the same embryo or sample has
been developed. To reconstruct the sample from the stack
of serial cross-sections, it is first necessary to align the sec-
tions and to place them in proper register. A segmentation
step is then applied to distinguish and define the anatomical
and functional regions within each image. After labelling the
different structures, the pre-processed stack of images is
passed on to a three-dimensional visualisation program for
the display of the reconstructed embryo or sample.

This strategy has been applied to analysing the localization
of the HOX-4 gene complex by three-dimensional recon-
struction of serial cross-sections (Olivo et al., 1993). It al-
lows the simultaneous visualisation of three Hox expression
domains on the same reconstructed embryo and the study
of the effect of a graft of chicken region on the de novo
expression of the genes of the HOX-4 complex. The precise
relationships between the transcript domains of the three
genes can thus be assessed in either the normal wing bud
or upon pattern modification.

The method was also used in P. Chambon's laboratory
(Strasbourg) to provide detailed information for describing
the anatomical defects in the Hoxa-1 mutant mouse (Mark et
al., 1993). In particular, it was assessed that the Hoxa-1-1-
rhombencephalon only bears five rhombomeric structures
instead of the normal seven.

Automatic segmentation

The goal of image segmentation is to produce the splitting
of an image into a set of connected regions, each defined by
a uniform property (e.g. intensity, texture). Segmentation by
threshold selection is based on the clustering of grey-levels
around peaks of the histogram to define homogeneous
grey-level areas. In this approach, peaks are first detected

and then valleys are defined at which thresholds are set to
form grey-level clusters. Thresholding assumes that images
present a number of components, each of a homogeneous
value, and that one can separate the components by a
proper choice of intensity thresholds. In multilevel thresh-
olding, the original image is transformed into a coarsely
quantified image where different uniform values are given
to the disconnected intervals defined by the multiple thresh-
olds. We have developed a segmentation algorithm based
on the use of the wavelet transform as a new tool of peak
analysis for threshold selection (Olivo, 1993). It is based on
the detection of the zero-crossings and the local extrema of
a wavelet transform which give a complete characterisation
-of the peaks in the histogram. These values are used for
the unsupervised selection of a sequence of thresholds
describing a coarse-to-fine analysis of histogram variation.
By these means, a multiscale analysis of the information
content of the histogram of an image is provided.

Software support activities

Instrumentation UNIX cluster

The decision to go for a separate UNIX cluster dedicated to
the Biochemical and Physical Instrumentation Programmes
proved to be a very good choice as it led to improved stability
and better user support and request matching. The cluster
is presently composed of 2 SparcStations IPC (image pro-
cessing system and DSP-based sequence alignment sys-
tem), 1 SparcStation 2/GX (Cryo-STEM data acquisition and
processing), 1 SparcStation IPX (data processing and soft-
ware development), 1 SparcSystem 4/330 (mail, print, file
services and software development), 2 SparcStations 10/41
(ultrasensitive low light level microscope data acquisition
and processing and Cryo-STEM data processing) and a
Tadpole system (HB5 data acquisition). There are currently
about 40 registered accounts. Cluster-wide·services include:
world-wide mailing system, independent laserwriter printer
access, Macintosh file server and EMBL-wide print ser-
vices for the Kodak colour printer. Due to group specific
demands such services were developed and later offered
on an EMBL-wide basis. Currently the operating system in
use is SunOS 4.1.2 and 4.1.3 (BSD 4.3 based UNIX) but
we expect to move the whole cluster to the newer SunOS
5.3 (System V Release 4 based UNIX) operating system
early in 1994. To the end users this will make no significant
difference, but for software development new facilities like
symmetrical multiprocessing (on multiprocessor machines),
multithreaded software, real time capabilities (useful for data
acquisition purposes) and better portability among other
System V Release 4 platforms will become available.

Slidewriter queue

The slidewriter server has been running for the past three
years. Through active collaboration with the photolabora-
tory, a frequently used and stable EMBL-wide service is
available (about two thousand requests this year). Its main
purpose is to allow VMS and UNIX users to send digital
image data to the photolab for slidewriter shooting. Over
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fifteen common file formats are currently understood by the
server and automatically converted to the Macintosh PICT
format. The user can choose to shoot the slide as black and
white or colour.

Cryo-STEM computing environment

The new Cryo-STEM computing environment which was in-
stalled in early 1992 reached maturity at the beginning of this
year. Further work was done on the charge coupled device
(CCD) detector: a new mode of acquisition was added to
the existing elemental mapPFd imaging and single spectrum
recording. In the new imaging mode larger contiguous data
sets from the acquired energy loss spectra are archived in-
stead of integrated values of regions for standard elemental
mapping. This new mode allows enhanced resolution for the
off-line analysis of the images.

Publications during the year

Boulin C. (1993). Instrumentation et biologie moleculaire a
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Light microscopy group

Group leader: E.H.K. Stelzer

Scientist: C. Storz

Fellows: S.W. Hell*, S. Lindek*

Visitors: C. Cremer, A. Fischer*, S. Lindek*, B. Rinke, A. Rosin*

Assistants: S. Albrecht¢, R. Pick, N. Salmon, R. Stricker

The light microscopy group has three major tasks: (1) in-
vestigating new methods and techniques relevant to light
microscopy, (2) supporting the usage of the instruments
built by the group and (3) building new instruments for the
biologists at EMBL.

The group has investigated 41r-confocal fluorescence mi-
croscopy, the use of two-photon absorption in microscopy
and has measured the forces relevant in photonic tweezers.
A new technique developed during the past year is confocal
{) microscopy. Our efforts in instrumentation resulted in the
completion of the multibeam photonic tweezers and the two-
photon spectrometer, the first pictures with the fast confocal
fluorescence microscope, the continued improvement of the
video microscope and the design of a {) microscope. Users
from outside as well as from the Cell Biology, Differentiation,
Biological Structures &Biocomputing and Gene Expression
Programmes used the confocal microscope and the video
microscope. Users of the confocal microscope have been
supported both at the machine, and in post-processing their
data. This support was supplemented by a two-day course
for both new and experienced users.

47r-confocal microscopy

The initial experiments with the 41r-confocal microscope at
EMBL were completed during this year. They showed that
the concept of using two lenses to coherently illuminate and
to coherently observe a volume common to both lenses
can be applied to decrease the observable volume. Axial
resolutions between 75 nm and 135 nm could be observed.
In particular 41r(A)-confocal fluorescence, 41r(A)-confocal
two-photon fluorescence and 41r(B)-confocal scattered light
microscopy could be demonstrated. However, two problems
with the technique have not yet been solved. First, the phase
of the incoming and outgoing beams is only controllable
when point objects are observed. Second, the axial side
lobes still contain about 50% of the confocally detected

energy. We have therefore been unable to record images
of biological objects, but the problems have fuelled the
evolution of a new and hopefully better technique. The 41r-
microscope has been dismantled and we intend to continue
with some of the investigations as soon as the confocal
{) fluorescence microscope becomes available.

Two-photon spectroscopy

The titanium-sapphire laser was used to induce two-photon
absorption in three different experimental set-ups: the fast
modular confocal fluorescence microscope, the 41r-confocal
fluorescence microscope and a two-photon fluorescence
spectrometer. We will continue to use the laser in this
fashion and have therefore arranged all three experiments
on the same optical bench.

The spectrometer consists of a cuvette holder, a motor-
ized monochromator, a photomultiplier and a computer
that records the fluorescence emission as a function of
the detection wavelength. The instrument was used to
record spectra of dyes that could be of importance in
two-photon confocal fluorescence microscopy. The spec-
tra were used to estimate the relative two-photon absorp-
tion efficiencies of these dyes. Interestingly, xanthenes
(e.g. FITC, rhodamine B) have a two-photon efficiency 5
times as high as coumarins. The one-photon efficiency
of the coumarines is 5 times as high as that of the
xanthenes. The xanthenes are therefore about 25 times
more efficient than expected and will almost certainly play
an important role in two-photon confocal fluorescence mi-
croscopy. A non-quadratic intensity dependence of the xan-
thenes which varies as a function of the excitation wave-
length was extensively investigated. It could be shown
that this is the result of a complicated absorption pro-
cess that involves several excited stages of the xan-
thenes and which is not observable in single-photon ab-
sorption.

167



PLATE 60

Principal idea of fluorescence iJ microscopy. The axis of illumination
and the axis of observation are tilted by iJ=7r/2 (top). This causes a
discrimination of the observation volume which leads to an almost
spherical point spread function in a confocal arrangement (bottom).

Combining the iJ arrangement with a 47r(A}-confocal arrangement
results in an effective discrimination of the side lobes. It should,
therefore, be possible to record images of biologial objects with a
47r(A)-confocal iJ fluorescence microscope.
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PLATE 61

Comparison of spectra of different dyes recorded with single-photon
excitation and two-photon excitation. The graph on the left shows
the spectra of coumarines and xanthenes that are excited by single
photons with a vacuum wavelength of 395 nm. The graph on the

right hand side shows the same dyes but excited by two photons
with a wavelength of 784 nm. Please note that the fluorescence
efficiencies are strikingly different.
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iJ microscopy

A completely new development is the microscope in which
the observation is orthogonal to the illumination axis. We
have chosen to call this a confocal {} fluorescence micro-
scope. The principal idea is to decrease the common volume
of the illumination and detection point spread functions and
therefore decrease the volume in which fluorescent light
is observable. The net effect is an increase of the axial
resolution by a factor of about 8 over conventional fluores-
cence microscopy. The combination of the {} microscope
with an illumination 41r(A)-collfocal microscope improves the
resolution by another factor of 2. An instrument that uses
three water immersion lenses has been designed and is
currently being built. It allows us to perform experiments
with {} and 41r-arrangements using single- and two-photon
excitation. A result of our previous research was that index-
mismatched optical systems suffer from aberrations that
result in a dramatic loss in resolution even with relatively
thin (20 J.Lm) samples. Our {} microscope, since it immerses
all lenses and the sample in water, is perfectly matched, has
a very high resolution due to the {} arrangement, and has
a working distance of 2 mm. The confocal {} fluorescence
microscope is therefore perfectly suited to the observation of
tissue sections and whole embryos. We therefore expect the
{} microscope to become an extremely useful instrument in
modern cell biology and developmental biology. The current
device is mainly intended for the observation of test spec-
imens that allow us to measure the point spread functions
of the various {} modes. The device will be upgraded for
biological applications during late autumn.

Multiple photonic tweezers

The development of an instrument that splits a single laser
line into several independently operable beams each of
which acts as a photonic tweezers started in late 1992
and was completed in autumn 1993. The multiple photonic
tweezers can be used to manipulate single objects such as
latex beads as well as complex structures such as micro-
tubules, cells or reconstituted systems consisting of several
different objects. This is possible because all ten photonic
tweezers can be handled individually. Groups of tweezers
can be defined and manipulated as a whole. An essen-
tial element of the instrument is the computer-controlled
diode-pumped neodymium-VAG laser. It can be operated
in a quasi-continuous or in a pulsed mode. The instru-
ment is therefore able to induce two-photon fluorescence
which allows us to observe fluorescently labelled samples.
Equally important is the capability of pulsed light with a
wavelength of 1064 nm to ablate certain structures, drill
holes into plasma membranes or cause filled wax beads to
disintegrate. We intend to continue the development of the
photonic tweezers since we regard them as an important
tool for the manipulation of biological material in two and in
three dimensions.

Video microscope

The software for the video microscope has been upgraded
throughout the whole year. The multiple photonic tweezers
have been added and can be controlled using the same

program. An important part is a Macintosh Quadra 800
which runs several programs for image processing. A small
package has been added to NIH Image through which
images recorded on the video disk recorder of the video
microscope can be easily grabbed. Users of the video
microscope were: Anthony Hyman, Carlos Dotti (Simons'
grpup), Ariel Blocker & Janice Burkhardt (Griffiths' group);
Denis Chretien (Fuller's group), Arne Rosin, Rebecca Heald
& S"ren Andersen (Karsenti's group). The main projects
were the analysis of the movement of vesicles along mi-
crotubules and the analysis of the growth of microtubules
in reconstituted in vitro systems. We expect that many of
these experiments will make use of the photonic tweezers.

Compact confocal microscope

The compact confocal microscope (CCM) was finished in
1991. It belongs to the Cell Biology Programme but is
used by all Programmes at EMBL and several groups from
outside. The light microscopy group provides service. The
following scientists at EMBL used the CCM (and wrote their
names into the log book!): Vesa Olkkonen, Klaus Fiedler,
Paul Dupree, Lukas Huber, Masayuki Murata & Christina
von Poser of Simons' group, Susan Remington, Andreas
Merdes & JOrgen Meier of Georgatos' group, Patricia Buck
(Fuller's group), Sigrid Reinsch & Jing Ping of Karsenti's
group, Anne LOtke, Oliver Ullrich, Harald Stenmark, Cecilia
Bucci & Carol Murphy of Zerial's group, Susan Palmieri &
Heike Hess of Schoeler's group, Sharon Tooze (Tooze's
group), .Karsten WeiB, Mike Antonio & Puri Fortes of La-
mond's group, Ariel Blocker & Sylvie Urbe of the Gru-
enberg/Griffiths' groups, Stephen Cohen (Cohen's group),
Colin Dingswall & Wilbert Boelens of Mattaj's group, Rolf
Zeller (Zeller), Martin Zeidler (Mlodzik's group), Donata Ori-
oli & ROdiger Klein of Klein's group, Fabienne Mauxion
& Ben Distel of Hoflack's group, Jolanda Bogucka-Glotzer
(Ephrussi's group). The following scientists from outside
used the CCM: Bernd Rinke (Cremer, Univ. Heidelberg),
Irene Wacker (MPI Med. Res.), Hans-Herrmann Gerdes
(Huttner, Univ. Heidelberg), Christian Henning (Univ. Ham-
burg). A number of outside visitors used the instrument
in collaboration with EMBL members. The most important
projects are concerned with the colocalization of different
proteins. Multi-fluorescence is therefore an important issue
of most experiments. An interesting change is that almost
50% of all user time is now spent observing whole embryos,
thick and thin embryo sections and tissue sections whereas
previously it has been required mainly for investigations
on single cells. This development opens up a whole area
of post-processing opportunities in three-dimensional image
processing. We also expect that this trend will be encour-
aged by the development of the {} microscope.

Three-dimensional image processing
and data visualization

The main tool for three-dimensional image processing has
been and will remain the software package AVS. The pro-
ducer has upgraded it several times and we have restricted
our efforts to the development of software that is either spe-
cific for confocal microscopy or for importing and exporting
three-dimensional data sets. The program is mainly used to
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generate rendered animations that are visualized directly or
exported as quicktime sequences. These are then imported
into other programs that allow us to produce movies. A
recent effort is the implementation of special filters that act
directly on three-dimensional data sets. AVS has also been
used to manipulate, visualize and create hardcopy of point
spread function data, thus supporting the development of
the {} microscope.

Very fast two-photon confocal
fluorescence microscope

The work on the very fast confocal fluorescence microscope
which began in 1990 was delayed because of the manufac-
ture of the three CCMs. This microscope now generates
about 8000 lines per second and is thus able to produce up
to 28 images per second on two channels simultaneously.
At such high sampling rates the number of photons per
picture element is very small and every available technique
was used to maximize the system signal-to-noise ratio.
This required the implementation of photon counting (rather
than integration), elimination of intersample dead-time, max-
imization of collection efficiency, reduction of dark noise and
the use of the best available optical and mechanical parts.
All the mechanical and electronic parts were finished this
year. The instrument has been used to verify the predictions
for the resolution of two-photon fluorescence microscopy. A
number of biological samples have been observed success-
fully and we expect the completion of serious experiments
during 1994. Some parts of the electronics were developed
in collaboration with Christian Boulin.

EMBO course

An EMBO practical course on "Two- and three-dimensional
light microscopy" was organized together with Anthony Hy-
man (Cell Biology Programme) and Jan R. DeMey (Univer-
site VI, Paris). This was the third course since 1989.

Publications during the year
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Scanning probe techniques

Group leader: J.K.H. Herber

Fellow: M. Maaloum*

Visitors: M. Langer*, S. Jeney*

Assistant: W. Offner*

Scanning probe techniques (SPT) comprise a number of
recently developed methods such as scanning tunnelling mi-
croscopy (STM) and scanning nearfield optical microscopy
(SNOM), or atomic force microscopy (AFM) and magnetic
force microscopy (MFM), with differences in the type of
interaction they use to determine a surface structure. These
methods represent not only new types of imaging instru-
ments, which is why they all are named "microscopy", but
more important they represent a new technology for mea-
suring and manipulating in the nanometer range in any envi-
ronment, opening up a complete new field of interdisciplinary
experimental science related to physics, chemistry and bio-
logy. Their common features are a measurable and strongly
distance-dependent parameter, a probe small enough for
the desired spatial resolution and a mechanism to scan over
a surface with the necessary stability.

At the moment there is still a gap between the predicted
and the real application of SPT in biology. This partially
reflects the .gap between the theoretical knowledge and
the experimental possibilities, as well as the need for new
preparation methods and experimental expertise in this very
young research field. Although there are well established
theories for microscopic and macroscopic objects, the inter-
mediate range presents. a problem since small ensembles
of atoms or molecules are too large for exact calculations
and too small for averaging concepts. The first steps to-
wards a theoretical understanding have been made for
micro-electronic devices and may help us to understand the
effects observable when very small tips interact with surface
structures. A further step, and the more important one for
biology, will be the understanding of interactions between
molecules, especially those in an aqueous environment.

The important parameters to be determined are the strength
and nature of the local interaction forces between probe and
molecular structures or, at high resolution, between probe
and atoms under investigation. However, with the present
scanning probe instruments, control of the applied forces
is not yet satisfactory under ambient conditions. Images
can be formed by topological variations or by conductance
differences in the case of the STM. In the case of the AFM
changes in the compressibility, electrical forces or concen-

tration variations leading to very local pressure changes can
form the dominating features in the images.

Although there are many problems to be solved, the instru-
ments can help us, in conjunction with other techniques
such as electron microscopy (EM), to get reliable results
for structures, especially for their surfaces, in their natural
environment. Therefore most time and energy in this first
year was spent setting up a conventional type of STM and
AFM, as well as preparing for a further development of
all types of scanning probe instruments towards biological
applications.

Although commercial STM and AFM are available, the more
flexible original concepts of the instruments were used
together with a more open type of electronics, allowing
quick changes according to the needs of the experiments.
The STM was built at the MPI for Medical Research in
Heidelberg and was transferred in June after the installation
of the laboratory was finished.

Scanning tunnelling microscopy

The STM has been used by Mounir Maaloum for studies
of microtubule structure. This is a project in cooperation
with Eric Karsenti (Cell Biology Programme) to obtain more
information on the polymerization of tubulin with the final
goal of studying its interaction with motor proteins. The
STM is of the "pocket-size" type equipped with tungsten tips
etched in KOH by alternating current. Microtubule samples
were prepared by centrifugation on to a small piece of
glass coated with a conducting, optically transparent, layer
of indium tinoxide (ITO, Sanyo).

Suitable preparation conditions for the observation of micro-
tubules by STM were first determined by optical immunoflu-
orescence microscopy. STM images were produced directly
after preparation of microtubules without further fixation. The
height of the microtubules measured by the Z-movement of
the tip in the feedback mode was 24 nm, which is close to
the value of 25 nm determined by EM, indicating that they
are still hydrated due to tightly bound water molecules. The
overall appearance, height and hydrated state of the micro-
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tubules suggests that they are still reasonably preserved.
Fully dehydrated microtubules left on the support for several
hours to days revealed many distortions in their structure,
and were flattened on the substrate.

Long rows of subunits with a periodicity of 3.8±0.3 nm
were clearly visible on STM images of microtubules. The
separation between the rows of subunits was 5±0.3 nm.
Each row was slightly shifted with respect to its neighbour
by approximately 0.9 nm, giving rise to transversal stripes
of subunits with a tilt angle of 80±2 degrees relative to
the longitudinal axis of the_microtubule. These images are
compatible with the left-handed three-start helix microtubule
model. Previous analysis of microtubule structure by EM
gave values of 4 nm for the separation of tubulin monomers
in protofilaments, 5 nm for the separation between protofil-
aments, and 10.5 degrees for the pitch angle. These values
fit well with those found by STM. Of ten STM images
of microtubules, nine showed a left-handed orientation for
the three-start helices, and one was right-handed. These
results show unambiguously that the three-start helices are
left-handed. The microtubule showing right-handed helices
probably corresponded to a view of the interior of a micro-
tubule wall. This can happen when microtubules open during
absorption on the substrate. Also, the presence of tubulin
sheets at the end of microtubules have been observed by
electron microscopy of negatively stained specimens. Such
sheets could certainly be observed from both sides by STM
and the height measurement of 8 nm in the case of a
right-hand structure also points to such an interpretation.

Close inspection of two STM images revealed a periodicity
of 7.6±0.3 nm in the contour levels of protofilaments. This
suggests that the a and {3 tubulin subunits are detected
differently by the STM probe, one appearing consistently
smaller or less dense than the other. It seems unlikely that
the observed difference in density could be attributed to a
size difference in the two subunits because their molecular
weights are very and their sequences are highly
homologous. The most likely explanation is that one of the
two subunits is oriented more towards the interior of the
microtubule. Indeed, this would result in a lower signal from
the tip in constant height mode passing over the surface of

. the microtubule. An alternative explanation would be that the
periodic change in contrast along the protofilament length is
produced by conductance variations due to differences in
the surface charge distribution depending on the molecu-
lar composition. In this case the fine structure would not
represent a true topography but it would demonstrate that
the STM is also able to give information about molecular
composition.

If the difference in contour level does indeed correspond to
the two subunits (a and (3, without knowing which is which),
the images obtained suggest that the observed microtubules
correspond to a three-start helix with a B-Iattice; Le. the
nearest neighbour of each subunit is its homologue (a-a,
(3-{3 in two adjacent rows). However, we still do not have
enough images to exclude that a mixed lattice could be
present, at least for microtubules made of pure tubulin (Plate
62).

} Three-start
helices

Protofilaments

ttt•
"Seam"

+o

"A-type" lattice "B-type" lattice "Mixed" lattice

PLATE 62

Schematic representation of three types of possible lattice orga-
nization for the tubulin molecules in microtubules. The "A-type"
lattice shows an alternation of heterologue monomers (a-f3-a ...) on
the three-start helices. The "B-type" lattice shows an alternation of
homologue monomers (0.-0.-0. ... , or f3-f3-f3 ... ,). For a 13 protofilament

number microtubule, the lattice will be interrupted by at least one
"seam" corresponding to the "A-lattice". For a 14 protofilament, both
type of lattice will be discontinuous. The "mixed" lattice corresponds
to a mixture of the two preceding ones.
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(a)

PLATE 63

(a) STM image of part of a microtubule made with 5 pA
tunnelling current at 0.4 V tip potential.

(b) contour level STM image giving the digitized height signal
from the calibrated scan piezo device.

(b)

PLATE 64

Image of a dehydrated microtubule taken one day after preparation.

PLATE 65

(a) EM image of the bacteriophage T5.
(b) STM image of a part of the tail of such a bacteriophage.
(c) Schematic representation of a similar bacteriophage tail taken

from Leonard et a/. (1973).

(a) (b) (c)
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This study demonstrates that STM can give direct informa-
tion on the structure and organization of macromolecular
assemblies and can complement the classical methods of
electron microscopy and X-ray scattering. In the case of
microtubule structures this paves the way to further inves-
tigations on the polymerization process and structure of
microtubules growing under more physiological conditions.
Together with the use of AFM the interaction of microtubules
with motor proteins and MAPs could be examined at the
molecular level.

Similar good results can .be achieved on preparations of
tails of the bacteriophage T5. Preliminary experiments in
cooperation with Vincent Guenebaut (Biological Structures
and Biocomputing Programme) show that such well ordered
protein structures are suitable objects for STM studies.

Atomic force microscopy

The AFM was built in the second half of 1993 with the
help of the EMBL workshop and Hans Wittmann, who made
the drawings. In first tests it worked quite satisfactorily and
after the electronics are completed by Wolfgang Offner it
will be used first by Sylvia Jeney to make complementary
measurements of microtubule structures.

In parallel, Mathias Langer began to work on the develop-
ment of a new type of AFM for investigations of tissues. This
project is a cooperation with the University of TObingen with
the aim of measuring the electrical response on mechanical
excitation of the hair cells of the inner ear.

Another cooperation with the IBM Physics Group in Munich
will be continued together with the Cell Biology Programme
at EMBL. Within this project a special AFM has been de-
veloped which has made the first reproducible images of

the outer membrane of a living cell, held by a pipette in
its normal growth medium. In this way the cell can be kept
alive for days while imaging. This has made studies of in
vivo activities and kinematics possible, in addition to the
application of other cell physiological measuring techniques.
With this step in the development of scanning probe instru-

. ments, the capability of optical microscopy to investigate the
dynamics of biological processes of cell membranes under
physiological conditions can be extended into the nanometer
range. At the moment, structures as small as about 10 nm
can be resolved. This gives access to processes such as
the binding of labelled antibodies, endo- and exocytosis,
pore formation, and the dynamics of surface structures in
general. Because the integrated tip of the cantilever applies
force to the investigated cell membrane, the mechanical
properties of cell surface structures are also involved in the
imaging process. Thus topographic and elastic properties
of the sample are mixed. If these two aspects in the AFM
images can be separated it would provide additional infor-
mation about cell membranes and their dynamics in various
situations during the life of the cell. For this, independent
data are needed, such as topographic data from electron
microscopy or from modulation techniques by AFM.

With such a special design of a force microscope, where
the cell is fixed on a patch clamp pipette, it would be
possible to investigate not only whole cells but also cell
membrane patches fixed on top of these pipettes. This
makes a combination between patch clamp measurements
on ion channels of membranes and force microscope stud-
ies possible. The most interesting point at the moment would
be measurements on so-called stretch channels present
in the membrane which control an ion flow through the
membrane according to forces acting on the membrane.
In this case the force microscope can be used to apply
calibrated forces in the piconewton range while measuring
in parallel the ion currents through the membrane.

Light

Application Pipette
(double barrel)

Cell

Solution ----t\...
Flow ----V"

Lever
Glass Plate

From Laser
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PLATE 66

Patch Clamp
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Scanner

Objective

Electrode
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Scheme of the combined AFM and patch-clamp apparatus.



PLATE 67

(a) AFM image of the tip of a borosilicate glass
patch-clamp pipette pulled to a diameter of
2 Jim.

(b) Pipette with an "inside-out" patch showing
the effect of reducing the pressure inside
the pipette so that the central part of the
membrane is sucked inward.

175



Equipment where an AFM is integrated into a patch-clamp
device was developed during the last year in cooperation
with the MPI for Medical Research in Heidelberg. Within this
project a new type of patch-clamp apparatus was developed
which is much more stable, satisfying the needs of AFM
applications. The chamber, where a constant flow of buffer
solution guarantees the right conditions for the experiments,
consists of two glass plates at the top and the bottom
maintaining the water inside by surface tension. In this
way the flow cell is freely accessible from two sides. The
chamber is mounted on an xyz stage together with the
optical detection of the AFLt1 lever movement and a double
barrel application pipette. The latter was included so that
the apparatus can also be used for normal patch-clamp
measurements. The patch-clamp pipette itself is mounted
on a piezo tube scanner in a fixed position with respect
to the objective of an inverse optical microscope neces-
sary to control the approach to the cell and to the AFM
lever.

In initial experiments the structure of the patch-clamp
pipettes made of different types of glass was studied
in the solutions normally used. No evidence was found
that thermal polishing could improve the structure at the
end of the pipettes to make a so called giga-seal more
likely. Extremely good contact between glass and mem-
brane is necessary to prevent leak currents which can
make measurements of about one picoampere impossible
if the normal membrane resistivity sinks below one giga-
ohm.
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First AFM experiments with a patch on the pipette show
clearly the tip with the patch inside. Changes in the patch
with the changing pressure in the patch pipette can be
monitored and the reaction of the patch to the change of the
electric potential between the inside and outside of the patch
can be observed. Resolutions down to 10-20 nm could be
achieved on the stabilizing structures of the membrane and
on the rim of the pipette showing reproducible details with
dynamics that can be activated by application of pressure.
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Biochemical Instrumentation Programme

Introduction

The Programme has concentrated on the development and
optimization of new methods for sequence analysis and
synthesis of DNA and proteins, and on the innovative design
of biochemical instruments in this field. In addition to the
technology research, services for the scientists at EMBL are
provided. These include DNA and peptide synthesis, DNA
and protein sequencing, molecular weight determination and
characterization of macromolecules by mass spectrometry,
gel and film scanning and sorting with FACS. Access is
provided to systems developed and constructed by the
Programme for automated microinjection in cells and low
light evaluation of cells by image processing. The groups are
in close contact with other Programmes, as well as with the
mechanical and electronic workshops and the construction
bureau at EMBL.

The work on development of mass spectrometry has pro-
gressed with very promising results. We are coming closer
to our aim of developing these techniques for faster protein
and DNA characterization, in particular for protein sequenc-
ing. Analysis of protein modifications and determination of
molecular weight on two systems was introduced, and the

service was fully operational during 1993. In collaboration
with the Gene Expression Programme we continued studies
of the RNA debranching enzyme, involving the synthesis of
small branched oligoribonucleotides and their analogues. It
was shown that electrospray mass spectroscopy is a pow-
erful method for checking the authenticity of the synthesized
branched oligoribonucleotides.

High resolution DNA sequencing systems (up to 1000
bases) were designed and commercialized. Together with
our labelling techniques and directed primer strategy it
allows low redundancy, high accuracy and cost efficient
determination of the sequence. We were invited to take part
in reviews of major genome projects in the USA, Europe
and Japan.

Two EMBO courses on "Microinjection and Electrotransfec-
tion of Cells" and on "Advanced Methods in DNA Sequenc-
ing" were organized at EMBL during the year. A practical
FEBS course on "Advanced Methods in Molecular Biology"
was organized at the Charles University in Prague.
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Development of microanalytical techniques

Group leader: W. Ansorge

Scientists, Engineers: H. Erfle, N. Hewitt*, R. Pepperkok*, R. Saffrich*, C. Schwager, G. Smith,
J. Stegemann, A.-M. Voie*, H,..Voss, J. Zimmermann

Fellows: T. Dietrich, D. Grothues, S. Herr, A. Schilke*, C. Sensen*, S. Wiemann

Visitors: J. Albrecht*, D. Alexandraki*, A. Banrevi*, V. Benes*, J. Celis*, S. Coates*, H. Delius*, B. Dujon*,
B. Dworniczak*, X. Estivill*, M.-P. Gaub*, H. Hagedorn*, C. Holm Hansen*, W. Just*, D. KObler*, S. Kirsch*,
T. Kristensen*, D. LePaslier*, R. Maiwald*, T. Murray*, F. Neipel*, G. Neuhaus*, P. Oudet*, W. Pyerin*,
M.R. Rad*, G. Rappold*, H. Schackert*, A. Smith*, C. Teodoru*, I. Todorov*, M. Tzermia*, M. Uhlen*,
R. Ventzki*, C. Vlcek*, U. Wirkner*, M. Wright*

Automated DNA sequencing station
with fluorescent labels

The development of hardware, software, biochemical
methodology, robotics and automation of the EMBL auto-
mated DNA sequencing system was continued. Progress
has been made in the development of the on-line automated
DNA sequencing technology with a throughput of 50-100
kilobases of sequence per device per day, which represents
about a ten-fold improvement over the standard techniques.
This system is being developed with a grant from the Euro-
pean Union. Together with the groups of J. Celis (Aarhus)
and X. Estivill (Barcelona) it is being tested in the sequenc-
ing of human cDNAs and analysis of microsatellite regions.

A new high density array detector system was developed
and used in routine sequencing. It can handle curved sam-
ple tracks not migrating through the gel in a straight line.
In addition, an improved array detector was built with two
rows of diodes closely spaced, allowing the coupling of the
two excitation laser beams through only one light-coupler.
This system allows us to double the number of samples
run on one gel. A device with 40 and more samples run
simultaneously is being developed. The miniaturization of
detectors and of the sample tracks geometry is continuing.

The protocols used in the routine DNA sequencing work in
our laboratory have been collected in a manual. This manual
is updated for each EMBO course and made available to
numerous external laboratories.

Automated low-redundancy DNA
sequencing by primer walking

A strategy for low-redundancy automated sequencing di-
rected by primer walking, based upon EMBL technology,
was devised and tested in routine projects. T7 DNA poly-
merase is used together with computer-selected walking
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primers and fluorescein-dATP as internal label to sequence
large plasmids or cosmids directly on the standard EMBL
sequencer and its commercial version A.L.F. (Pharmacia).
The error rate in the unedited raw data is well below 1% up
to 500 bases (up to 1000 bases with the longer gel system),
allowing efficient sequencing in large scale projects with
low (2-3 times) redundancy. A cosmid insert (subcloned in
plasmids) was sequenced with this direct approach with an
overall redundancy of 2.7 in the course of the European
Community Saccharomyces cerevisiae genome sequenc-
ing project. Neighbouring plasmid subclones were linked
by direct cosmid sequencing. In contrast, a typical overall
sequence redundancy in a random shotgun sequencing
approach is 8-10 or higher. Walking primers are synthesized
on the EMBL multiple segmental DNA synthesizer at low
cost. The accuracy of the directed approach is improved
by simultaneous walking on both strands by designing two
primers in opposite directions in the same starting region.
One primer is used to confirm sequence data on the oppo-
site strand, and the other primer to obtain new sequence
data. The longer the sequence reading length achieved per
sample, the higher the efficiency of this approach.

Systems with 1000 bases resolution

After a resolution of 1000 bases was achieved on an EMBL
automated laboratory sequencing device, its standard com-
mercial version A.L.F. DNA sequencer (Pharmacia) was
also modified to allow routine separation of up to 1000
bases per clone. The raw data accuracy was above 99.7%,
resulting in an overall error rate below 0.01% for the final
sequence after sequencing both DNA strands. The modifi-
cations include 60 cm thermostatic and notched glass plates
of high planarity, new upper lid accommodating the longer
gels, and some changes to the thermostat tubing and wiring
of the electrode buffer chambers. Sequencing reactions
were performed with either fluorescent labelled primers or
fluorescein dATP as internal label. The increased reading



length allowed us to lower the number of sequencing re-
actions, walking primers and gels by approximately 50%
compared to the standard sequencing device with 30 cm
glass plates. The extended reading length makes it possi-
ble to correctly determine long repetitive DNA sequences
of up to 700-800 bases. Such repetitive sequences are
present in many organisms and pose a great difficulty for
any sequencing strategy. The modified device increases the
reading accuracy, efficiency and simplifies the assembly of
raw data even when repetitive sequences are present.

Multiple DNA synthesizer, ·primers for sequencing

The multiple segmental DNA synthesizer, developed at
EMBL by the groups of Brian Sproat and Wilhelm Ansorge,
was used routinely in the production of walking primers
for the S.cerevisiae sequencing project. The cycle time
to extend the 10 primers by one base is about 7.5 min-
utes, cost per base is about 0.5 $. Protocols for reliable
selection and synthesis of oligonucleotide primers are the
bases for development of fast automated strategy, for small
as well as large sequencing projects. Software packages
were adapted to this aim, achieving about 95% efficiency
with custom designed primers. The device for simultaneous
synthesis of 10 oligonucleotides with low consumption of
chemicals will be produced commercially by Bertin, Paris. A
small number of devices will be distributed by EMBL as a
pre-series to interested laboratories.

Simultaneous DNA sequencing on both
strands with two dyes

A sequencer with double throughput was built during the
year, running two clones simultaneously (each labelled with
one dye) in the same lanes on the gel. It allows for the
first time the on-line simultaneous sequencing of two com-
plementary strands of a double-stranded template, in only
one sequencing reaction with two different primers each
labelled with a different fluorescent dye. The two reaction
products are loaded together, excited in two laser beams
and detected at two different positions in the gel. At present
fluoresceine and rhodamine labels are used. Both internally
labelled and primer end-labelled reactions, as well as their
combinations, may be run on the device. The newly devel-
oped technique is routinely applied in analysing human poly-
morphic microsatellite and full length cDNA clones as part
of the EC BlaMED 1 program. Since the sequences of both
strands of the template are determined simultaneously, the
costs of labour, DNA template preparation and sequencing
reactions, as well as of gel casting, are reduced by a factor
of two. This principle may be expanded to three or even
more dyes, increasing further the on-line throughput and
approaching the potential capacity of the multiplex off-line
method.

Improvement of the CA-repeat map
of human chromosome 21

To improve the genetic map of the human chromosome 21
(HC21) using CA-repeat microsatellites, about 150 clones

were sequenced and 30 new CA-repeats isolated from a
phage library (LA21 NS01) have been identified in a col-
laborative project with the group of X. Estivill, Barcelona.
Subsequently they were localized to specific regions of
HC21 by somatic cell hybrids and the CEPH VAC panel,
spreading over the long arm of HC21. Their lengths range

8 to 26 dinucleotides, some of them being complex
repeats. Fifteen of them have been completely analysed
in the CEPH reference families, and their genotypes are
being included in the genetic map of the human chromo-
some 21.

'DNA sequencing projects

Besides providing a sequencing service to EMBL scientists,
we are involved in projects and collaborations with several
groups on sequencing genes or cDNAs of great interest.

We participate in the sequencing of the yeast S.cerevisiae
chromosome XI (project organized by B. Dujon, Paris, se-
quence finished, analysis in press for publication) and chro-
mosome XV, a continuation of the genome project organized
and funded by the European Union. Part of the sequence
is determined in collaboration with the group of V. Paces,
Prague. The sequence (670 kb) of chromosome XI is the
second complete sequence of an entire eukaryotic chromo-
some to be published. The results obtained so far in this
project already surpass the expectations and justify the ini-
tiative of the European Union. New sequencing technologies
and strategies are tested in this project.

In collaboration with W. Pyerin, Heidelberg, the structure of
the gene encoding human casein kinase II (subunit a) was
studied. A genomic clone containing 18.9 kilobases of the
gene was isolated and characterized. The clone contains
eight exons, the introns contain eight complete and eight
incomplete Alu repeats. Some of the Alu sequences are
arranged in tandems of two or three, which seem to originate
from insertions of younger Alu sequences into the poly(A)
region of previously integrated Alu sequences, as indicated
by flanking direct repeats.

In collaboration with the groups of J. Celis (Aarhus) and
X. Estivill (Barcelona), and with support from the European
Union, we are applying the EMBL technology to sequencing
human cDNAs and analysis of microsatellite regions. In
particular, highly polymorphic CA-repeats are being isolated
and characterized with the aim of improving the genetic
map of human chromosome 21. We are collaborating with
C. Herfarth and H. Schackert, Heidelberg, in the analysis
and early diagnosis of colon carcinomas. '

DNA sequencing service

Over 125 staff members were regular users of the ser-
vice. Sequencing of single-stranded, plasmid, cosmid and
ADNA is carried out on the EMBL automated fluorescent
system and its commercial version, A.L.F. (Pharmacia). The
sequence information is transferred via electronic mail to
the user's file on the VAX computer. The service provides
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vector DNA, host strains and advise in cloning/sequencing
strategies. If requested we prepare the DNA. Together with
the group of Brian Sproat we provide service for custom
design and synthesis of walking primers.

Over 2200 clones were processed, with average reading on
standard devices increasing from 370 to 450 bases, in some
cases the readings were as high as 720 bases. The overall
success rate has increased to 85%. The introduction of
the internal label fluorescent dATP technique in the service
resulted in significant improvement in reproducibility and in
reading length. In addition, tbis technique allowed us to offer
sequencing of samples USil1g unlabelled walking primers. In
the future we hope to offer sequencing of cosmids.

Automated robotic workstation,
cycle sequencing protocols

Sequencing reactions for DNA sequencing service are rou-
tinely performed on the robotic workstation using software
and protocols which are improving continuously. The proto-
col used for double-stranded sequencing is the only existing
fully automated protocol. The down time of the workstation
is low and it helps significantly to increase the reproducibility
and reliability of the plasmid sequencing. The plasmid DNA
preparation method is being automated and now works
with one included centrifugation step. It will mean a great
simplification for the sequencing service activities.

Another gel loading robot has been constructed, integrated
directly into the EMBL automated sequencer and is used
routinely.

Cycle sequencing protocols using standard Taq DNA poly-
merase allow sequencing from small amounts of DNA.
Readings in cycle sequencing were limited to less than 500
bases because of non-uniform peak intensities, insufficient
labelling of longer fragments, missing or false terminated
reaction products and decreased resolution. A protocol us-
ing the new Sequiterm thermostable DNA polymerase was
developed resulting in improved peak uniformity, strong
label and resolution (reading length around 1000 bases),
not attainable up to now with the standard thermostable
DNA polymerases. This technique will be valuable in direct
sequencing of large vectors.

Software developments - GENESKIPPER

A software environment for DNA sequence assembly and
analysis was developed, applicable both to small and large
sequencing projects. The program GENESKIPPER includes
three main parts: fragment assembly, sequence analysis,
and walking primer design. The editor allows display of
trace data and has tools for finding ambiguous regions. The
program performs restriction digest, pattern search, open
reading frame search and codon usage analysis. It searches
automatically for walking primers, taking into account the
primer's melting temperature, binding ability, dimer and hair-
pin formation and secondary bindings within the already
known sequence as well as in the vector sequence. One
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of the major advantages of the software is the direct link
between the different program parts. It is developed under
MS-Windows, portable to MS-Windows NT. This operating
system allows the running of the program on low price PCs
as well as on high performance systems and workstations.
The major advantage is that it can be operated on the control
computer of the automated sequencer during a sequencing
run. There is a great interest in this program package
among the laboratories involved on a world-wide basis in
sequencing projects, as well as in its further continuous
improvement and development, and the EMBL is distributing
it for a small fee.

Gel and film scanning

The molecular dynamics phosphor imager and the ultroscan
laser densitometer (Pharmacia LKB) are used by the EMBL
staff for scanning autoradiograms and coomassie and silver
stained gels. Maintenance, development and user training
and advice are provided. During the year we upgraded
programs for gel image files, condensation of image files
for storage size reduction and conversion of image files to
other file formats.

Microinjection and electro-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 Programme. Maintenance, training,
help with biochemical assays, evaluation of results and
user advice is provided. The system was extensively used,
on average about 4 days a week. There were about 19
users of the system, e.g. from the groups of lain Mattaj
(studying the export of RNA from the nucleus to the cy-
toplasm), Sara Courtneidge (study of the interactions and
activation of the Src family of protein tyrosine kinases and
their involvement in signal transduction), Angus Lamond
(characterization of snRNP-rich organelles in cell nuclei),
Lennart Philipson (studies on the role of some genes in cell
growth processes). Other users were from groups of Kai
Simons, Eric Karsenti, Gareth Griffiths, Spyros Georgatos
and John Tooze. With the group of Guilio Draetta microinjec-
tion experiments were performed to investigate the function
of cyclins and cdc2-related protein kinases during the cell
cycle.

External collaborative projects were carried out with W. Just
(Heidelberg) on electro-transfection and microinjection of
DNA, microinjection of organelles, W. Pyerin (Heidel-
berg) on microinjection and electro-transfection of antisense
oligonucleotides and antibodies against casein kinase II.
In collaboration with I. Todorov (visitor from Bulgaria) cell
cycle studies with antibodies against a newly cloned human
nuclear protein were continued. With M. Elleder (Prague)
we carried out tests with injections of bodies of ceroid
lipofuscinosis into mammalian cells to investigate the defec-
tive metabolism of the storage material. With H. Schackert
(Heidelberg) we injected plasmid DNA into cancer cells,
making it possible to study the effect of the therapeutic agent
5-fluoruracile.



A new bevelling method for treatment of the injection cap-
illary tip was introduced which should be very useful in
lowering the blockage rate of the tip when injecting highly
aggregating samples. A new test method for testing the size
of the capillary tip diameter was set up. Optical tweezers
and a laser microbeam system for micromanipulation of
cells, organelles, macromolecules and particles was set
up late in 1993. It is accessible to users from other Pro-
grammes.

The protocols used in the routine microinjection work in our
laboratory have been collected in a manual. This manual
is updated for each EMBO course and made available to
numerous external laboratories.

Low light level microscopy and micro-imaging

The standard system with a SIT camera, allowing fast and
accurate automated quantitation of weakly labelled fluores-
cent specimens also by ratio imaging, was used extensively.
More than 500 cells can be automatically analysed in less
than 10 minutes. Variations in protein concentrations higher
than 10% are reliably detected in single living or fixed
cells. The method has been applied to evaluation of results
in automated microinjection experiments. Users were e.g.
groups of Guilio oraetta, Angus Lamond, lain Mattaj and
Lennart Philipson. It was applied to the study of dynamics
of the cytoplasmic to nuclear transport of casein kinase II
protein in response to growth factors.

In collaboration with the group of Christian Boulin we de-
veloped a fully automated highly sensitive system, using
a cooled slow scan CCD camera. Software .libraries were
developed and implemented in the Khoros image analysis
software environment. The hardware, image acquisition and
all movable parts are controlled by a Sun workstation. The
advantage of the system, compared to the ones presently in
existence, 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 ex-
tensive storage of corresponding images. Users of the sys-
tem were e.g. groups of Angus Lamond, Thomas Graf, Sara
Courtneidge. At present the system allows the detection of
less than 100 photons in living or fixed cells and will be
adapted to the method of fluorescence quantitation by ratio
imaging. The system will be extended to three-dimensional
imaging applications, its speed increased by an order of
magnitude.

Flow cytometry facility

The flow cytometry facility was used by 21 users in 1993
by members of the following groups: Thomas Graf, Gareth
Griffiths, Guilio Draetta, Sara Courtneidge, Lennart Philip-
son, lain Mattaj, Ed Hurt, Peter Becker, Henk Stunnenberg,
Francis Stewart.

The FACScan was used 470 times and the EPICS 55 times.
This constitutes 75% of the time available for the FACScan
and 30% for the EPICS.

The FACScan is a complete unit suitable for running a
large number of routine samples for cell surface marker
immunofluorescence and for cell cycle. New applications
included the dual measurement of proliferation and cell
cycle in cells infected with temperature-sensitive mutant
viruses, and the characterization of a population of cells

along the thrombocyte lineage as determined
by immunofluorescence. The major problem with this device
was the inability to store a large number of data files. The
purchase of a new workstation will alleviate this problem
as well as improve the quality of printouts available for
seminars and publications.

The EPICS sorter was used for a number of novel ap-
plications such as quantification of phagocytosis (Gareth
Griffiths) and measurement of apoptosis (Thomas Graf) ,
as well as to enrich cell populations in bulk preparations
or single cell cloning on the basis of immunofluorescence
(Thomas Graf, Henk Stunnenberg) or {J-galactosidase ex-
pression (Peter Becker). Standard sorting techniques were
applied to enrich cells on the basis of immunofluores-
cence.

New applications will include the isolation of organelles
using fluorescent lipid probes.

Courses organized during the year

An EMBO course on "Microinjection and Electrotransfection
of Cells" was organized at the EMBL in June.

New protocols and the DNA sequencing facility were pre-
sented in the EMBO course on "DNA Sequencing: Ad-
vanced Approaches and Automated Methods" which the
Programme organized at the EMBL in November.

A practical FEBS course on "Advanced Techniques in
DNA Sequencing and Microinjection" was organized at the
Charles University, School of Medicine, Prague, in Septem-
ber.

A course on "Techniques in Molecular Biology" was orga-
nized by the Programme for the pre-doctoral students at
EMBL in December.
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Wirkner, U., Voss, H., Lichter, P., Ansorge, W. &Pyerin, W.
(1994). Genomics, 19,257-265

Patents granted in 1993

Automated system for microinjection in cells. EMBL
(W. Ansorge) & ZEISS. European Patent Nr. 0 292 899 B1.

Process and apparatus for PJJrification of M13-phage DNA.
EMBL. European Patent Nr. 0 371 067 B1.
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Nucleic acid chemistry

Group leader: 8.S. Sproat

Scientists: 8. 8eijer, M. Douglas

Fellows: M. Gr0tli*, R. GU"imitGarcia

Visitors: F. Colonna*, F. Rosenbauer*

Assistants: V. Adam, S. O'Loughlin, T. Rupp

Branched oligoribonucleotides

The collaboration with the group of Angus Lamond in
studying the RNA debranching enzyme and involving the
synthesis of small branched oligoribonucleotides and their
analogues has progressed well. Small branched oligori-
bonucleotides are required to assay for the activity of
the debranching enzyme which is involved in hydrolysing
the 2' -5' phosphodiester linkage of the excised intron
lariat produced during RNA splicing. Purification of the
enzyme will be greatly assisted by preparing an affinity
column bearing a non-hydrolysable branched oligoribonu-
cleotide. We have already shown that chemically synthe-
sized 5'-UGGUUA is an excellent substrate for the
debranching enzyme, and to check the nucleobase require-
ments at the branch point we synthesized and purified the
analogues of the above sequence bearing U, G and C at
the branch point instead of A. It was shown that the ana-
logues with a branching U or G were also substrates for the
debranching enzyme, albeit with reduced cleavage kinetics
compared to the oligomer with a branch point A. Interestingly
the analogue with a branch point C was not cleaved, it was
however a competitive inhibitor of the enzyme. We have
synthesized a somewhat longer version of the branched
oligoribonucleotide with a branch point C, protected at
the 3'-ends against exonuclease degradation and bearing
a 5'-phosphorothioate to enable attachment to a suitable
support for affinity purification of the debranching enzyme.
Reversed 2'-O-methylribonucleoside monomers have also
been synthesized so that we can analyse important interac-
tions between the enzyme and the riboses of the substrate
near the cleavage point. In collaboration with the group
of Matthias Mann we have shown that electrospray mass
spectroscopy is an excellent way to check the authenticity
of the branched oligoribonucleotides prepared by chemical
synthesis. In the future we hope to be able to synthesize
branched oligoribonucleotides with sequences of different
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lengths and base composition attached to the branch point
ribonucleoside and work is currently in progress.

Oligo(2'-O-alkyl)ribonucleotides

These analogues are useful for the affinity chromatography
of RNA-protein complexes (on-going collaboration with the
group of Angus Lamond) and the hybridisation arrest of
translation of mRNA (collaboration with Matthias Hentze
group at EMBL and Jean-Jacques Toulme in Bordeaux)
and for the synthesis of hammerhead ribozyme analogues
suitable for cleaving mRNA.

We have continued studies on several interesting new
analogues in this series. The 2'-0-cyanomethyl and 2'-0-
propargyl analogues presented us with rather more chem-
ical problems than we had initially anticipated. to
the need to use phosphotriester chemistry to synthesize
the 01igo(2'-O-propargyl)ribonucleotides we eventually de-
cided to use a somewhat simplified uridine monomer bear-
ing the 4-0-(2,6-dichlorophenyl) protection used to protect
the uracil function during the alkylation of the 2'-hydroxyl
group with propargyl bromide. In the case of the guanosine
monomer we found the 6-0-(4-nitrophenylethyl) group to be
most suitable for the lactam protection. We were eventually
able to synthesize a short 01igo(2'-0- propargyluridine) and
could demonstrate the authenticity of the purified product by
mass spectroscopy.

We expect that the cyanomethyl group could be useful
for further developments in the synthetic hammerhead ri-
bozyme technology, since it is capable of coordinating tran-
sition metal ions. Unfortunately the cyanomethyl function is
not stable to the ammonia conditions required to remove
the standard protecting groups used in phosphoramidite
chemistry. Thus we were obliged to resort to a combination



of allyl protection for the internucleotide linkage and allyl-
oxycarbonyl protection for the exocyclic amino groups of
the nucleobases. This enables deprotection with palladium
chemistry under neutral conditions. At the present time
we have synthesized the appropriate adenosine, cytidine
and uridine monomers and the guanosine monomer is still
proving problematic. The cyanomethyl group is particularly
interesting since it can be reduced to aminoethyl or hydro-
lysed to the amide or carboxylate.

The relatively complicated syntheses and very high
price of the commercially av-ailable 2'-O-allylribonucleotide
monomers forced us to rethink the synthetic strategies in-
volved in their manufacture. The allylation method used is
relatively mild so we tried to find simpler ways to protect
the nucleobases during the ribose alkylation. We decided
to retain the very useful 3' ,5'-O-(tetraisopropyldisiloxane-
1,3-diyl) protection of the ribose to block any undesired
3'-O-allylation and enable easy large scale chromatographic
purification of the products using non polar solvents such as
hexane. Uridine was converted into the appropriate N3-tert-
butylbenzoyl protected monomer in 44% overall yield. In the
case of 2'-O-allylcytidine and 2'-O-allyladenosine the use
of amidine protecting groups for the exocyclic amino groups
enabled the synthesis of the desired monomers in 41% and
55% respectively in only 6 steps from cytidine and adeno-
sine, thus avoiding the use of 6-chloropurine riboside. More-
over a 2'-O-allylinosine monomer could be obtained in 23%
yield in 8 steps from inosine using the pivaloyloxymethyl
group to protect the lactam moiety of the hypoxanthine ring
during the allylation. As expected, guanosine caused us the
most problems, the old synthesis being a 13 step procedure
starting with 2-amino-6-chloropurine riboside. Eventually we
were able to elaborate a 10 step synthetic procedure from
guanosine with an overall yield of about 38%. The key
feature of the new route is the transient protection of the
lactam moiety of 3' ,5'-O-(tetraisopropyldisiloxane-1 ,3-diyl)-
N2-isobutyrylguanosine by reaction with glyoxal followed
by tert-butyldimethylsilylation of the resultant diol system
prior to allylation of the 2'-hydroxyl group. The lactam
protection is released simultaneously with cleavage of the
disiloxane bridge. The lactam protected guanosine could
be an extremely useful intermediate for the synthesis of
a variety of other analogues. The protection system was
indeed stable to alkylation of the ribose with ethyl bromoac-
etate in the presence of 2-tert-butylimino-2-diethylamino-
1,3-dimethylperhydro-1 ,3,2-diazaphosphorin in anhydrous
acetonitrile. The 2'-O-(ethoxycarbonyl)methyl group is use-
ful since it can be readily reduced to the alcohol enabling
the synthesis of 2'-O-(2-thioethyl)ribonucleosides which can
be readily tagged with a variety of useful reporter groups.

Analogues of aminoacyl-adenylates

The groups of Stephen Cusack in Grenoble and Tom
Steitz in Yale are interested in solving the crystal struc-
tures of several aminoacyl-tRNA synthetases and as part
of a collaboration we have synthesized stable analogues
of aminoacyl-adenylates, viz. 5'-O-[N -(L-seryl)sulphamoyl]-
adenosine and 5'-O-[N -(L-glutaminyl)sulphamoyl]adeno-
sine respectively. The seryl-adenylate analogue is a potent

inhibitor of seryl-tRNA synthetase (a class 2 synthetase)
and the crystal structure of the synthetase with the ana-
logue bound has been solved in Grenoble revealing the
amino acid binding site. Crystals of the glutaminyl-tRNA
synthetase (a class 1 synthetase) have been soaked in
the appropriate adenylate analogue and we are eagerly
awaiting results from Yale. In addition to those analogues
mentioned above we have also prepared the glycine, leucine
and valine analogues for Stephen Cusack and we are
currently trying to prepare the cysteine analogue. Dieter
S611 (Yale) is also interested in utilising such aminoacyl-
adenylate analogues in studies for getting mutants of gln-,
glu- and trp- tRNA synthetases to get an idea about the
mechanism of this class of enzymes, and for this pur-
pose we have synthesized the corresponding 5'-O-[N-(L-
aminoacyl)sulphamoyl]adenosines as part of a collabora-
tion.

Oligonucleotide synthesis service

The service demands have increased yet again after we had
reached a plateau over the past two years. A total of 4200
oligonucleotides were synthesized during the year. Many
of the oligomers were modified as phosphorothioates, for
use in antisense experiments in the presence of nucleases,
or were tagged with reporter groups such as fluorescein
and biotin. In some cases phosphorothioates could not be
used for antisense experiments e.g. in oocytes or Xenopus
embryos due to degradation by 3'-exonucleases and cyto-
toxicity, and in those cases we have synthesized other ana-
logues, viz. methoxyethylphosphoramidates to circumvent
these problems. The routine service work is presently car-
ried out on three 3-column synthesizers and two 4-column
synthesizers. Next year we plan to install one of the multiple
synthesizers in the service facility, for the routine synthesis
of very small quantities of short oligodeoxyribonucleotides.
This will enable users to obtain cheap PCR and sequencing
primers.

In addition, several hundred walking primers were syn-
thesized on the two multiple oligonucleotide synthesizers
constructed in collaboration with the group of Wilhelm An-
sorge. These devices have been further optimized both
cosmetically and in performance, enabling the production
of the large numbers of low cost, short oligodeoxyribonu-
cleotide primers required for large scale directed sequenc-
ing projects. We hope to use a custom designed mem-
brane support to replace the controlled pore glass support
presently used, thus improving the handling and loading of
the device. Preliminary experiments showed very promising
results.

We have started working on the synthesis of oligoribonu-
cleotides on a 25 j.tmol scale in collaboration with Applied
Biosystems, to identify and solve the associated problems.
The use of ion-exchange HPLC and simple desalting pro-
cedures for the purification of synthetic oligoribonucleotides
has been evaluated. Synthesis on this scale will generate
enough material for structural studies of oligonucleotides
and their analogues by X-ray crystallography or NMR. Sev-
eral projects are planned for the coming year.
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Protein and peptide group
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The main interest of the protein and peptide group is the
characterization of the primary structure of proteins. We
develop methods to this end and simultaneously offer three
services to EMBL: (1) biological mass spectrometry, (2)
micro sequencing and (3) peptide synthesis. 1993 has been
our first year of full operation and much energy was still
spent in organizing and setting up.

Biological mass spectrometry

The group now has three mass spectrometers two of which
are also used in our service activities. Electrospray and laser
desorption ionize peptides, proteins or other biomolecules
from liquid or solid substrates and render them accessible to
mass spectrometric investigation (see last year's Research
Report). We have made major advances in both these
methods during the year.

SubP 50amol ReproOtherSolution; 250 shots; Thu, Nov 25, 1993, 03:23:45

Laser desorption mass spectrometry

In this technique a short laser puis is aimed at a co-
precipitate of a light absorbing matrix and the analyte solu-
tion. The resulting analyte ions are accelerated in a vacuum
system and their arrival time at a detector is measured. In
spite of being very sensitive, the technique has not had the
widespread acceptance of Electrospray mass spectrometry.
The main reason for this was its moderate mass accuracy,
Le. measured peptides masses could be a few daltons
off. We have now developed a method to make a sub
micrometer and extremely flat layer of fine crystallites of
the light absorbing matrix. Instead of co-crystallizing it we
then let the containing solution evaporate on top of the thin
layer. The new technique has resulted in spectacular ad-
vances in all performance characteristics of laser desorption
mass spectrometry (LDMS). Mass accuracy is improved by
about a factor of 10 and resolution has at least doubled.
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PLATE 68

LDMS spectrum of the peptide sub-
stance P. 50 attomoles were put
into the mass spectrometer. The in-
sert shows an expanded view of the
molecular ion region. Peaks sepa-
rated by one dalton are due to nat-
urally occurring isotopes (C13).
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We have modified our mass spectrometer to be able to
sequence peptides (collaboration with Kaufmann & Spen-
gler, Dusseldorf). Currently several peptides have been
sequenced at the picomole and sub picomole level and the
technique has yielded useful information on some service
projects. Sequencing peptides in unseparated mixtures has
also been successful. Maybe most significantly, it seems to
be possible to solve the structure of sugars and other sub-
stances for which there are no satisfactory working chemical
alternatives.

At the same time sensitivity, which had already been high
could be increased roughly by a factor of one hundred. Thus
it was possible to measure a good signal of 50 attomoles
(70 femtograms) of substance P, a clean peptide standard
(Plate 68). This sensitivity cannot yet be attained in routine
practice; nevertheless the spectrum gives an impression of
the tremendous potential of mass spectrometry in protein
and peptide analysis. The new preparation technique has
been incorporated in the peptide service and has turned out
to be very robust.

1
inner orifice

Set-up of the micro electrospray source.

Electrospray mass spectrometry

The main·development this year was the "micro electro-
spray" source conceived by Matthias Wilm. This device
replaces the normal electrospray source by a miniaturized
one with a needle diameter much smaller than the typical
100 J.tm (see Plate 69). As a consequence of miniaturiza-
tion flow rates are now typically less than 25 nanoliters
per minute leading to droplets with diameters of less than
200 nanometers. Ionization efficiency is greatly increased.

Database searching by mass spectrometric
and sequence information

We have now completed the software tools to search pro-
teins in protein databases by a set of peptide masses.
The technique is highly specific (especially with the mass
accuracy possible with the thin film technique) and should
allow identification of proteins in the databases at very low
amounts. In a further development we have found that the
accurate mass of a peptide together with just two or three
of its amino-acids (obtained by Edman degradation or by
MS/MS) are usually enough to uniquely locate a protein
in the database. These findings have implications for the
human genome project and associated cDNA projects.

Mass spectrometry: what's in it for you?

We have been increasingly successful in correlating infor-
mation from Edman degradation and mass information. This
should lead to a lower error rate, because of the indepen-
dent verification of the sequence, and to longer sequences.

It has also become easier to free droplets from residual
solvent molecules thus making well-resolved spectra of
large heterogeneous proteins possible (Plate 70). Time-
consuming experiments (Le. 15 min.) can be performed
on a small amount of sample solution because of the low
flow rate. Plate 71 shows sequence information from less
than 100 femtomole of a tryptic peptide. In keeping with our
philosophy the micro electrospray was immediately incor-
porated into the service activities of the group where it has
been working routinely since the middle of the year.

MS was used for quality control of all synthetic peptides
as well as to guide the synthesis. The same has become
possible for the synthesis of unusual RNAs (collaboration
with Brian Sproat).

mass spectrometer
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In electrospray mass spectrometry (ESMS) a liquid contain-
ing the analyte molecules is dispersed into small charged
droplets which then emit the peptide or protein ions of
interest. Those ions are sucked into a vacuum system and
are mass analysed there. In the case of small species,
Le. peptides, their structure can be analysed by colliding
them with rest gas in a collision chamber (MS/MS). We
have obtained an upgraded collision chamber with greatly
increased efficiency making sequencing by electrospray a
realistic proposition even at small amounts (see below).
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Sequence: N T D G S T D YGIL Q INS R PLATE 71

(M+2H)2+ MS/MS spectrum obtained with the Micro ES
source. About 30 femtomoles were loaded.
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In structural biology MS can and should now be used to
validate the primary structure of proteins before further
experiments. A good mass and peptide map will reveal
problems early. Recombinant proteins in general can easily
be mass measured and peptide mapped to find sequence
errors.

Phosphorylations can be revealed as a mass difference of
80 Da of a peptide compared to the sequence. Furthermore,
the peptide in question can be partially sequenced by MS
to reveal the location of the phosphorylation (as done in
collaboration with Henk Stunnenberg). MS is a general
method to detect other post-translational modifications, such
as glycosylations, sulphations and the many others awaiting
discovery in a particular biological context.

In ESMS spectra some memory of the three-dimensional
structure of the protein is preserved. In collaboration with
Matti Saraste this feature was used to confirm that the CUA
site in an engineered quinole oxidase was occupied by two
coppers.

Protein analysis by microsequencing
and amino-acid analysis

The protein sequencing service has been operating since
July 1990. This year we looked at statistics derived from
the samples worked on so far. The total number of projects
was 355 and each project comprised one or more proteins.
General statistics are difficult to give and can be misleading
because not only are all the proteins different but the quality
of their preparation is different too. For example, the time
needed for N-terminal sequencing depends on whether or
not the sample needs to be desalted and purified; similarly
the number of peptides available for internal sequencing and
their length depend strongly on the total amount of protein.
Nevertheless, some numbers could be extracted from the
samples we have worked on so far.

Sequence analysis after chemical or enzymatical fragmen-
tation was performed on 126 proteins. 24% of these were for
confirmation, a further 50 % provided sequence information
for e.g. cloning and the remaining 26% did not yield any
results. The latter category consisted mainly of proteins of
which the sample amount was too small and the resulting
sequence information insufficient for cloning experiments
or of proteins which were resistant to digestion, Le. mem-
brane proteins. In analysing these samples we performed
17'i enzymatical or chemical digestions using all standard
cleavage methods. 83 digestions (49%) were performed in
the gel matrix on coomassie blue stained spots, 56 (33%)
on membrane-bound proteins and 32 (18%) in solution.
The first technique (in situ digest) is becoming increasingly
popular especially for samples available in small amounts.

In 40% of the 1414 runs the sample was directly applied
to the sequencer. 69% of these samples were in solution
and 31% were membrane-bound. The majority of the sam-
ples was sequenced after a pre-treatment like digestion or
desalting.

For some 200 samples we were able to compare the protein
amount found with that estimated by the user. On average
288 pmole were claimed but only 38 pmole were present,
Le. a factor of eight less. Other sequencing facilities have
also reported consistent over-estimation of sample amount
by users.

Samples were processed in an average of 2.6 weeks.
N terminal samples were generally processed within one
week while internal sequencing and amino-acid analysis
needed six weeks. The long time for amino-acid analysis
was mainly due to hardware problems, particularly this year.

241 proteins were analysed this year: 126 amino-acid, 78 N-
terminal sequencing and 37 internal sequencing analyses.
The corresponding figures for 1992 were: 88 amino-acid, 43
N-terminal and 44 internal sequencing analyses, in total 175
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analyses. Taking into account the switch over of a number
of former sequencing projects to the newly established MS
service, these figures show that the need for protein analysis
has substantially increased.

At the end of the year a new policy was adopted to improve
the problems of protein samples with low amounts. Two
categories have now been established: (a) service samples,
Le. samples with 100 pmoles or more for internal sequenc-
ing and 20 pmoles or more for N-terminal sequencing;
(b) research samples, Le. samples with protein amounts
below those mentioned ur1der (a). Category (a) samples
are processed as routine sequencing tasks, which can be
expected to be performed quickly (less than three weeks
in general) and to yield an adequate sequence length of
at least 15 residues. The requirements for the research
samples of category (b) and chances of success need to
be discussed in detail with the sequencing service.

Peptide synthesis

Peptides syntheses are now routinely performed with an
ABI 431A peptides synthesizer and an automated multiple
peptides synthesizer ABIMED AMS 422. Reactions such
as synthesis of multiple antigenic peptide (MAP) support,
cyclization and disulfide bond formation are still performed
manually in solution. During 1993, a total of 286 peptides
were delivered with an increasing number of phosphopep-
tides and MAPs. The UV monitoring system installed on
the ABI 431A has proven to be a very good indicator
of the difficulty of the coupling steps. Combined with the
use of polyethylene glycol polystyrene support (PEG-PS),
UV monitoring appeared also to be significantly helpful in the
synthesis of large peptides. The KH box, a 56 amino-acid
residue peptide has been successfully synthesized in this
way. The fully automated semi preparative HPLC separation
system, developed last year, has also proven to be very
efficient for the purification of peptides up to 30-40 residues.
The waiting time for users has been reduced. Delivery
of purified peptides now takes about two weeks. Further
developments in the phosphorylation method have improved

190

the synthesis of phosphoserine and phosphothreonine con-
taining peptides. Peptide PLB (11-19), part of phospho-
lamban, an integral membrane protein of the sarcoplasmic
reticulum, has been synthesized with reasonably good yield.
Selective and double phosphorylation is also possible now.
A peptide containing both a serine and threonine residue
has been phosphorylated on each and both residues re-
spectively. Finally, routine mass spectrometry analyses are
now performed. MS has proved to be a very useful and
accurate method for the characterization of peptides and
side-products from the synthesis. It is actually regularly used
for two main purposes:

- For the identification and a purity check of the final
purified peptide;

- As a guide in new chemical developments.

It allows us to optimize more quickly the chemical protocol
of particular reactions.

Publications during the year

Emans, N., Gorvel, J.P., Walter, C., Gerke, V., Kellner, R.,
Griffiths, G. & Gruenberg, J. (1993). Annexin II is a major
component of fusogenic endosomal vesicles. J. Cell Bioi.,
120, 1357-1369

Kelly, M., Lappalainen, P., Talbo, G., Haltia, T., van der
Oost, J. & Saraste, M. (1993). Two cysteines, two histidines,
and one methionine are ligands of a binuclear purple copper
center. J. Bioi. Chern., 268,16781-16787

Mann, M., H0jrup, P. & Roepstorff, P. (1993). Use of mass
spectrometric molecular weight information to identify pro-
teins in sequence databases biology. Mass Speetr., 22,
338-345

Morand, K., Talbo, G. & Mann, M. (1993). Oxidation of
peptides during electrospray ionization. Rap. Comm. Mass
Spec., 7, 738-743
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Computer group

Group leader: R. Omond

Scientists &Assistants: M. Hage, B. Kunkel, P. Rice, E. Schechinger, W. Winkler

Visitor: J.Hattula*

The Computer Group is responsible for running the main
computing facilities at the EMBL.

The VMScluster facility

As part of the agreement with Digital which saw the addition
of the large VAX 9000-420 in 1992, we took delivery of the
mid-range DEC 7000 AXP in July, five months earlier than
the contract specified. In addition we were able to negotiate
at no extra cost the installation of a second processor in
the system, giving the present configuration of 2 scalar
processors, each clocked at 182 MHz, and 256 Mbytes
of memory. The DEC 7000-620 was integrated with no
problems into the existing VMScluster. The performance of
the machine is excellent and has taken a large part of the
batch processing workload off other machines, in particular
the VAX 9000-420.

In terms of reliability and availability of service, the VM-
Scluster has again proved to be exceptionally good. Had
it not been for the installation of a new main transformer
in the EMBL's electricity system, with the resultant brief
interruptions to the power supply in the laboratory, we would
have been able to claim 100% availability of VMS service
over the whole of 1993.

The Administration computing facility

A similar claim to the above may be made with regards to the
Administration computing facility, which should be regarded
as a critical resource within the EMBL.

The Unix workstation environment

The most significant improvement in our main Unix envi-
ronment was the addition of 128 Mbytes of memory to the
Silicon Graphics 480/VGX, the central node, giving a total
of 256 Mbytes of memory. This has greatly reduced the
amount of "swapping" that was previously taking place, thus
improving the utilisation of the 8 processors. Nevertheless
we are still observing close to 100% CPU usage over many
months.
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Throughout the year there were many purchases of indi-
vidual workstations, mostly from Silicon Graphics, but also
several Digital Alpha machines. There are now more than
80 Unix workstations at the EMBL.

DECmpp 12000 (MasPar MP-1)

The MasPar MP-1 system has been a great disappointment
and a great success at the same time. The disappointment
has been the reluctance of. software developers at the
EMBL, with the exception of one group, to invest the neces-
sary effort to adjust to the different programming paradigm
required to fully take advantage of the SIMD model of the
MasPar.

The success has undoubtedly been the Blitz service men-
tioned already in last year's report. Throughout 1993 the
MasPar processed more than 25,000 Blitz requests for
protein searches. We hope to be able to announce the
capability of searching DNA databases in the beginning of
1994. Despite this number of requests, it should be pointed
out that this represents less than 10% usage of the MasPar.
Clearly the DNA searching capability will cause considerably
more load on the machine, but we feel that the present
configuration will be sufficient to allow us to continue to offer
the Blitz service with similar excellent turnround time.

Supercomputer negotiations

Throughout the last two years we have been actively en-
gaged in negotiations aimed at purchasing a true supercom-
puter facility at the EMBL. The Computer Group has played
a coordinating role in the discussions both internal within the
EMBL and external with the supercomputer manufacturers.
After much thought a decision was made at the end of
1993 to start concrete negotiations with Silicon Graphics
to purchase a 16-node Power Challenge machine, based
on the shared memory model of parallel processing. The
theoretical peak performance of the system is rated at some
4.8 Gflops, and we are due to take delivery of the machine
in the first quarter of 1994.



External network connectivity

As mentioned in last year's report, we started the year
with our external network connection over a 64 Kbit leased
line to the ECRC (European Computer Industry Research
Centre) in Munich, which has a direct connection to the
EBONE node in Amsterdam. While we were very pleased
with the results of this phase, it was felt that this would
not represent a "quantum leap" in terms of throughput.
It would also have caused a doubling in our network-
ing budget. On the basis of our predictions that we will
soon achieve an average throughput on the Internet of
more than 1 Gigabyte (1000 Megabytes) per day, we
needed to propose a different solution. To this end, we
connected the EMBL's Ethernet to the neighbouring Max-
Planck Institute's Ethernet making use of the fiber-optic
cable which was used many years ago to connect the main
laboratory to the building now functioning as the EMBL
creche, and which was used in those days to provide addi-
tional office space for the then Biocomputing Programme.
Both institutes, the EMBL and the Max-Planck Institute,
have agreed to share the costs of a 2 Mbit connection
to the German national research network, the WiN (Wis-
senschaftsnetz). This is due to be installed very early in
1994 and we have high hopes that this will represent
the quantum leap in terms of throughput which we feel
is very necessary for the EMBL to continue to play an
important role in world-wide networking. It should also be
pointed out that this solution will cost the same as the
direct 64 Kbit direct connection to the ECRC would have
cost.

As an indication of our bandwidth requirements, we have
been observing a typical throughput of more than 400
Mbytes per day. Indeed we have observed peaks where
we have had almost 700 Mbytes in one day, which, as
back-of-the-envelope calculations will show, is some 64
Kbits/second over the whole day, equivalent to 100% sat-
uration of our network connection. It is also interesting to
observe that the ratio of outgoing to incoming traffic is of
the order of 2 or 3 to 1. This points out that the EMBL is
very much a "provider" of network services rather than a
"consumer".

Network services

Despite the figures mentioned above, it is safe to say
that the EMBL has become one of the major sites in the
world for network-related services for the molecular bio-
logy community. Over and above the traditional services
mentioned in last year's report ("anonymous FTP", Net-
serv, Blitz, FASTA, Quicksearch, etc.), we also offer, in
collaboration with the EMBL Data Library group, Gopher
and World-Wide-Web (WWW) servers. Both of these are
designed to ease the difficulty and reduce the sheer be-
wilderment associated with trying to navigate through the
enormous number of services available on the Internet. It
is exciting to observe the proliferation of these types of
services, especially within the molecular biology commu-
nity.

The Apple Macintosh personal computer environment

There are now more than 200 Macintosh personal comput-
ers within the EMBL. Almost all newly purchased machines
come with direct Ethernet connection capabilities. What has
happened as a result of this has been that such machines
are becoming genuine nodes on the Internet, with the ability
to'access all of the above mentioned services. Indeed, many
users are able to avoid entirely having to deal with the
traditional VMS and Unix systems, both of which cannot
begin to compare with the Macintosh in terms of ease of
use. This is progress!

EGCG sequence analysis software

EGCG is a package of 65 programs which extend the
programs in the current GCG package and add many en-
tirely new functions. Many of the programs were previously
available as "GCGEMBL" in the unsupported program set
distributed by GCG. As the programs are no longer entirely
written at EMBL, we have changed the name of the pack-
age. The "E" stands for "Extended" GCG.

There are 26 new programs in the latest VMS release:
ALLTRANS translates a set of aligned DNA sequences
into aligned protein sequences. BASEPAIRPLOT Plots the
frequency of any dinucleotide pair in a sequence. BFASTA
and BTFASTA are versions of the (T)FASTA program using
the BLOSUM62 comparison matrix. DBSTATS reports se-
quence database statistics. GELFIGURE produces a graph-
ical report of a contig in a Fragment Assembly project,
including restriction map, open reading frames and fragment
alignment. KABATTOGCG converts the KABAT database
to GCG format. MAPSELECT selects restriction enzymes
by name or by ability to cut a specified sequence, and
creates a new ENZYME.DAT file for use by other pro-
grams. MELT calculates the melting temperature and %GC
of a sequence. MELTPLOT plots the melting curve for a
nucleic acid sequence. NEWFEATURES is an interactive
editor for entering and modifying the feature table, and for
minor editing of the sequence itself. The program is able to
understand most feature table syntax, including joins across
entries and additional qualifiers, and is now the standard tool
for sequence annotation in the EMBL Data Library. NORE-
TURN removes trailing carriage returns and line feeds from
sequence files. PALINDROME searches for perfect inverted
repeats. PEPALLWINDOW plots hydrophobicity for one or
more multiple sequence alignments. PEPCOIL identifies
potential coiled-coil regions in proteins. PLOTALIGN plots
conserved properties at each position in a multiple sequence
alignment. SEQDBTOGCG converts the SEQDB protein
sequence database to GCG format. TOEMBL extracts an
EMBL entry in EMBL format. TOGENBANK extracts a Gen-
Bank entry in GenBank format. TOPIRALL converts a set of
sequences of subsequences into a single file in PIR format.
TOTEXT converts a sequence to plain text. TPROFILEGAP
is GCG's ProfileGap with optional 6-frame translation of
a DNA sequence. TPROFILESEARCH is GCG's Profile-
Search with the ability to search any size of database, and
optional 6-frame translation of DNA databases. TPROFILE-
SEGMENTS processes the output file from TProfileSearch.
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TSEGMENTS processes TWordSearch output. TWORD-
SEARCH in GCG's WordSearch with a 6-frame translation
of the database. PRETIVBOX plots a sequence alignment
with similar residues shaded according to their degree of
similarity.

In addition, command line control has been added to all the
GCG programs that did not provide full support. This work
was done by summer student Jaakko Hattula from Tam-
pere University of Technology in Finland. These programs
are EAssemble, ECodonFrequency, ECompTable, ECon-
sensus, ECorrespond, ECr.ypt, EDiverge, EExtractPeptide,
EFingerPrint, EFromStaden, EGetSeq, EPublish, ERepeat,
EReverse, EStatPlot, ETerminator, EToStaden, ETranslate,
EWindow. The GCG manual gives more details about these
programs.

The previous release of the EGCG programs has been
converted to run with most Unix versions of GCG. They are
available by anonymous FTP and will again be distributed
with the GCG package.

The EGCG programs were also ported from VAx/VMS to
ALPHA OpenVMS, supported by DEC under a University
Porting Agreement. The EGCG programs can be installed
as a single copy on a mixed VAx/ALPHA cluster. Separate
directories are used for the system-specific files (object files
and image files). This makes maintenance easier although
the GCG package itself is still in separate versions for VAX
and Alpha VMS.
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Escherichia coli database

In collaboration with Manfred Krger (Justus-Liebig Univer-
sity, GieBen) and with Catherine Rice (EMBL Data Library),
the E.coli database of known sequence data has been
maintained and improved. The database now contains over
57% of the total sequence of the E.coli chromosome. A new
format for this has been agreed. This includes the
integration of the complete E.coli genetic map, accession
numbers for DNA and protein sequences, full cross refer-
ences to many other relevant databases (including EMBL,
SWISS-PROT, 2D-gels and the physical map database
. maintained by Kenn Rudd at NCBI), an annotated genomic
sequence database, and integration with physiological and
biochemical databases.

Publications during the year

Gibson, T.J., Rice, P.M., Thompson, J.D. & Heringa, J.
(1993). KH domains within the FMR1 sequence suggest
that Fragile X Syndrome stems from a defect in RNA
metabolism. Trends in Biochem. Sci., 18,331-333

Kroger, M., Wahl, R. & Rice, P. (1993). Compilation of DNA
sequences of Escherichia coli (update 1993). Nucl. Acids
Res., 21, 2793-3000

Musacchio, A., Gibson, T., Rice, P., Thompson, J. &
Saraste, M. (1993). The PH domain: a common piece in
the structural patchwork of signalling proteins. Trends in
Biochem. Sci., 18,343-348
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Data library group

Group leader: G. Cameron

Scientists & Engineers: H. Bilofsky*, B. Boeckmann, T. Black, D. Emmert, R. Fuchs, D. Hazledine, P. Herde,
D. Higgins, R. Huie*, R. Kania, C. Rice, P. Sibbald, J. Smith, M. Sommerfeldt, P. Stoehr, G. StoBer,
A. Teynor, R. White*

Visitors: A. Bairoch*, J. Davis*, D. Sanders*

Assistants: H. Abassi<>, R. Apweiler<>, G. Astvatsaturyants, J. Burton*, C. Christodoulou*<>, S. Day*<> , S. Dotti<> ,
N. England<>, E. Follmer-Hausle<>, P. Gillespie*, P. Goodliffe*<>, D. Hayhow*, R. Hayhow*, R. Hemberger<>,
K. Isherwood*, V. Junker, D. Karki*, R. Linke*, R. Madigan*, M. Magrane*, T. Mahfood<>, L. Malmberg*, C. Martin*,
S. Moulton, C. O'Donovan*, I. O'Sullivan, M. Pannone*<>, S.A. Stewart*, C. Tsindikidou<>, M.A. Tuli*, T. Wilson*<>

If 1992 was the year in which CD-ROM came of age as a
delivery medium for the Data Library, 1993 was the year
of the network, with the addition of the ability to carry out
fast, sensitive searches against whole databases using our
BLITZ server. Perhaps the most exciting development of
the year was the EMBL Council's decision to locate the
new Outstation of the EMBL - The European Bioinformatics
Institute - at Hinxton in the UK.

The data collections

Nucleotide sequence data - The database grew by 42%
to almost 160 million base pairs in the course of the year.

160

140

120

m100
tnco

80
C)
CD
:! 60

40

20

This makes the entire collection, 20% of which is human
data, about five per cent of the size of the human genome.
Growth rates so far would predict a twenty fold increase by
the end of the century. Plate 72 summarizes this growth.

Protein sequence data - The SWISS-PROT database
grew to about 11.4 million amino-acids in the course of
the year (Plate 73) and SWISS-PROT data between re-
leases were made network-accessible for the first time in
the form of weekly updates. In the course of the year the
protein sequences entered from the patent literature were
scrutinized for possible inclusion in SWISS-PROT - with
surprising results. Only two out of 1000 patent sequence
entries contained novel information useful to SWISS-PROT.
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PLATE 74

CLUSTAL V

International collaboration

Mouse

Drosophila

C.elegans
Arabidopsis

Other

Species in the nucleotide sequence database

The emphasis of the genome projects is gradually dominat-
ing the databases, with more than half the data coming from
the ten most heavily sequenced species (Plate 74). New-
comers to this top ten in the last year are Caenorhabditis
elegans, Arabidopsis thaliana and HIV type 1.

Research and development

The collaboration with NCBI in the USA and DDBJ in
Japan continued, with the International Adviseis meeting
in Mishima in April and the annual working meeting in
Bethesda in June. The main topics of the latter were:

- flatfile stability
- data clean up
- feature table changes
- hold-until-published data
- joint development of a successor to Authorln
- possible use of NCBI backbone data to avoid journal

scanning
- general data exchange procedures
- the role of the NCBI ASN.1 format
- standardizing taxonomic references
- ensuring the integrity of identifiers

The sensitivity of the popular Clustal V multiple alignment
program has been dramatically enhanced in collaboration
with Toby Gibson and Julie Thompson and a new version
(CLUSTAL W) will soon be released. The main improve-
ments are:

- use of a new sequence weighting algorithm to allow for
sampling bias in the data set;

TABLE 6

Data from Sequencing Projects

Entries base
pairs

Genexpress Genethon 6046 1864194

C.elegans nematode project 661 1043132

French Arabidopsis cDNA 2049 669109
project GDR

UK Human Genome Mapping 1877 399848
project

S.cerevisiae yeast project 4 327298

Genexpress Munich 623 177195

The constant flow of new sequence data from large-scale
sequencing projects continued in 1993. EST sequence data
from the UK Human Genome Mapping Project was incor-
porated, and direct upload mechanisms have been imple-
mented for the HIV sequencing project at the University of
Amsterdam. Table 6 summarizes the contribution from such
projects.

Data access

Data from genome sequencing projects

Data management

A serious disk problem during the year coupled with prob-
lems with back-up media revealed some significant weak-
nesses in our back-up procedures and caused an upsetting
gap in service. This resulted in a complete rethink of our
back-up strategies which will prevent any recurrence.

While we continue to ship magnetic media and CD copies
of our databases, the main enhancements in 1993 were
in network access systems. The new BLITZ network server
exploits the power of our MasPar massively machine
to run the widely used Smith and Waterman "best·· local
similarity" method against all of SWISS-PROT. The server,
which is available free of charge to anyone on the network,
is maintained in collaboration with the EMBL computer
group and John Collins of Edinburgh University, whose
MPsrch software carries out the searches. Already, since
its announcement early in the year it has run in excess of
20,000 searches.

Other collections - The Data Library continues to distribute
a wide range of databases, and an exciting new project
started in 1993 was the EU funded IGDB project to establish
a European Integrated Database of Immunological Interest.
This database will be created over the next two years
in collaboration with ICRF (UK), LIGM (France) and the
University of Cologne (Fed. Rep. Germany) and will hold
detailed sequence annotation, sequence alignments and
mapping information for immunoglobulin, T-cell receptor and
HLA genes from human and mouse.
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- dynamic selection of different amino-acid similarity
weight matrices, depending on the evolutionary dis-
tances between the sequences being aligned at different
stages;

- dynamic adjustment of gap penalties depending on the
number of gaps already in the alignment at different
positions;

- residue specific gap penalties.

Such multiple sequence alignment was among the subjects
of an EMBO practical course on molecular evolution in June.
The course introduced 20.research molecular biologists
to the techniques of sequence analysis and was a great
success.

EMBL-Search

The CD-ROM retrieval system EMBL-Search for Macintosh
computers has been improved to allow navigation between
the EMBL, SWISS-PROT, PROSITE, ENZYME and EPD
databases.

In collaboration with the EMBL Computer Group we
have enabled EMBL workers to query the databases
on the CD-ROM across the AppleTalkiEthernet network
with the EMBL-Search software, using a central database
server.

MacP12

In collaboration with A. LOttke, Cologne, a new Macintosh
program was developed for flexible plotting of protein prop-
erty profiles.

STEP/Express

A project with the Forschungszentrum Informatik, Karlsruhe,
analysed the usefulness of the international standards STEP
and Express for the object-oriented modelling of molecu-
lar biological data. Of particular interest was the ability to
express constraints of and relationships between biological
objects as well as the applicability of the STEP/Express
system to data transfer on EMBnet.

MSU

A new utility (currently for UNIX and VMS) was published
which simplifies the use of electronic mail servers for se-
quence analysis by helping users prepare requests to more
than 20 international servers. The program can be cus-
tomized and extended using a text editor.

Other research projects

A subgroup of Peter Sibbald and Patrick Herde along with
several collaborators and visitors has pursued a number of
other interesting research topics including:
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- A prototypical implementation of an object-oriented data
base for sequence data, to be completed soon.

- An analysis of the Kabat database whose main finding,
based on an analysis of CDR3 lengths, is that , and
8 T cell receptors are more similar to immunoglobulins
than to Q and {3 T cell receptors. This suggests that,
and 8 cells may have fundamentally different recognition
properties than Q and {3 cells.

- The PALM (Helgesen & Sibbald) work toward a consis-
tent language for sequence patterns.

- Re-evaluation sequence weighting of the methods in
terms of continuous sequence space. A correct weight-
ing method prevents the biasing of results with skewed
data. Recommendations are made about the efficacy of
known methods.

Support for the Data Library

Towards the end of the year a contract with the EU for a
further two years support for the Data Library was finalized
·in collaboration with the Martinsried Institute for Protein
Sequences (MIPS).

The European Bioinformatics Institute

At the beginning of the year the EMBL Council decided to lo-
cate the new EMBL Outstation, the European Bioinformatics
Institute, in Hinxton, near Cambridge in the UK.

After evaluation of credible offers from the Federal Republic
of Germany, Sweden and the U.K., the decision on the
U.K. location was reached at the Council meeting of 9
March. Strong commitment from the UK Government and
scientific community resulted in a proposal from the Medical
Research Council in partnership with the Wellcome Trust
rapidly to provide excellent facilities in an ideal scientific
context.

Within two years the EBI will employ about 70 scientific and
technical staff in a custom-designed building on the Genome
Campus at Hinxton Park, south of Cambridge. The site
already houses the Sanger Centre, directed by Dr. John Sul-
ston, which specializes in genome-scale sequencing, and
will also host the UK Medical Research Council's Human
Genome Mapping Resource Centre directed by Dr.· Keith
Gibson.

In developing the mission of the EBI the Director-General
has taken input from an ad hoc Advisory Committee con-
vened for this purpose. Current plans in light of the delib-
erations of this committee envisage a two programme Out-
station with a service and a research programme. Graham
Cameron will lead the service programme, and the other
senior staff will be sought early in 1994.

The transition to the new Outstation has already begun,
with two EMBL staff occupying offices generously provided
by the Sanger Centre. Temporary accommodation for an
unexpanded Data Library will be provided by the MRC to
allow the existing operation to relocate in Summer 1994,
with the final building scheduled for completion in Spring
1995.
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The group of the outgoing director

Group leader: L. Philipson*

Scientist: V. Sorrentino

Fellows: M.V. Barone, G. D. Kletsas*, G. Marziali*, A. Nori*, L. Ottini, A.F. Peverali, T. Ramqvist

Visitors: D. Ron*, M. Scrobogna*

Assistant: A. Charlesworth

Lennart Philipson left Heidelberg at the end of March 1993,
but the staff scientist and several fellows continued their
studies for most of the year.

The group has studied specific events occurring in mam-
malian cells at growth arrest, terminal differentiation and
senescence with specific emphasis on growth inhibitory
factors and other signals for growth suppression. Several
years ago, we identified by subtractive cDNA cloning several
genes that are down-regulated when the cells are stimulated
to re-enter the growth cycle. The expression of these growth
arrest specific (gas) genes is repressed by serum stimula-
tion or specific growth factors. We are continuing to establish
the structure and function of the gas genes and to ascertain
whether they have a role in controlling cell proliferation.

Both the mouse and the human gas 1 genes have been
cloned as full length cDNAs and the genomic clones have
been characterized through a collaboration between C.
Schneider (ICGEB, Trieste) and Heidelberg. The gas 1
mRNA which is transcriptionally down-regulated upon serum
stimulation does not contain any introns. It codes for a
membrane protein accumulating at the cell surface at growth
arrest with rapid down-regulation during growth both with
regards to mRNA and protein expression. Attempts to re-
veal the transcriptional control elements in the human and
mouse gas 1 genes first revealed that the human and the
mouse gene share a highly conserved region of 550 base
pairs in the promoter region. Deletion analysis followed by
stable transfection established that this region is required
for a serum-regulated response of a luciferase reporter
gene. One promoter fragment was identified that bound
prominent growth and arrest specific complexes in gel re-
tardation assays. This fragment by itself in multiple copies
was, however, not sufficient to give growth arrest regulation
suggesting that more than one element is required.

Furthermore, the gas 1 cDNA when under control of a
promoter active in growing cells, seems to arrest growth
both in normal 3T3 cells as well as in 3T3 cells transformed
with several oncogenes derived from retroviruses. On the
other hand 3T3 cells transformed with the SV40 virus large
T antigen do not respond to ectopic expression of the
gas 1 gene. The human gas 1 cDNA shows 82 percent
homology with the mouse cDNA and also arrests growth in
several tumour cell-lines except for those transformed with
the adenovirus E1 region and those lacking retinoblastoma
protein products. The human gene, which also lacks introns
maps to chromosome 9q21.3-22.1 containing a fragile site.

Ryanodine receptors are a family of channels which regulate
the intracellular levels of calcium. We became interested
in ryanodine receptors after having cloned the cDNA of a
new ryanodine receptor gene (RYR3) whose expression
is regulated by TGF{3 in some cell-lines. This channel is
interesting since it shows a wide pattern of expression,
at variance with the two other ryanodine receptors (RYR1
and RYR2) expressed in skeletal and cardiac muscle, re-
spectively. Thus this channel has the potential to regulate
calcium homeostasis in several cell types, in a way so
far demonstrated only for the inositol-tri-phosphate (InsP3)-
receptor (InsP3-R). The importance of ryanodine receptors
in calcium homeostasis is further supported by evidence
suggesting that cyclic ADP-ribosio (cADPR) may act as a
specific agonist for this channel, similar to the role of InsP3
for InsP3-R.

Ryanodine receptors/calcium channel activity has been ob-
served in C.elegans and Drosophila. Interestingly piscines,
amphibians and avians express two RYRs in skeletal mus-
cle, at variance with mammals that express only one RYR at
high levels. To characterize molecularly the two ryanodine
receptors expressed in avian skeletal muscle we cloned the
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ryanodine receptors expressed in chicken skeletal muscle.
Sequence analysis identified them as the chicken homo-
logues of mammalian RYR1 and RYR3. The data indicate
that in mammals skeletal muscle regulation seems to be
governed only by calcium released predominantly through
one ryanodine receptor (RYR1) while in birds two RYRs
(RYR1 ands RYR3) appear to be required.

During this year the entire cDNA of mink RYR3 has been
cloned and sequenced. The entire RYR3 from chicken has
also been cloned and sequenced. Availability of sequences
from the two species ha.s provided a starting basis for
identification of regulatory regions in this large molecule.
The RYR3 has been localized to the region 15q14-q15 of
the human genome. The pattern of expression of ryanodine
receptors has been studied by both RNase Mapping and in
situ hybridization in mouse.

Our studies on the helix-loop-helix transcription factors and
their role in inhibition of DNA synthesis and induction of
differentiation have continued. Transfection and microinjec-
tion experiments have shown that the E12, E47 and MyoD1
coding for HLH motives can inhibit cell growth. The inhibition
of cell growth is thus not linked to muscle differentiation.
The Id genes whose product can form heterodimers with
these HLH proteins can, as revealed by co-microinjection
or co-transfection, counteract the growth inhibition. Further-
more, antisense oligonucleotides to the three Id mRNAs
expressed in NIH3T3-cells can inhibit growth induction of
arrested cells suggesting that HLH proteins govern cell cycle
control.

A more careful analysis of mutants of the E47 cDNA has
demonstrated that three regions in this gene can inhibit cell
growth. One corresponds to the HLH-basic (HB) motive,
and the other two are located in the N-terminal region
corresponding to the two transcription activating domains in
the E47 protein. Only the inhibition of DNA synthesis by the
HB domain and the wild-type protein can be counteracted
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by the Id gene following co-injection suggesting that the
N-terminal domain is combining with another type of factor
in the cell that might be involved in growth arrest. Since the
Id genes are induced upon growth stimulation it is tempting
to propose that genes similar to the HLH transcription factors
are directly involved in growth arrest.

This report concludes our studies on growth regulation at
EMBL and we all' would like to express our gratitude for
the support, interaction and intellectually stimulating envi-
ronment.
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Cell biology of exo- and endocytosis

Group leader: J. Tooze

Scientist: S.A. Tooze*

Fellow: A. Dittie*

Visitors: H. Kern*, S. Urbe*

Assistants: M. Hollinshead, B. Stahl*

Until November 1993 the group continued its studies of var-
ious aspects of the exocytic pathway in two neuroendocrine
cell lines, PC12 and AtT20, and in rat exocrine pancreas.
The group has now been disbanded. John Tooze, Sharon
Tooze, Andrea Dittie and Sylvie Urbe have or will shortly
move to the Imperial Cancer Research Fund Laboratories
in London.

Brefelden A induced changes to Golgi compartments

In collaboration with Horst Kern (Marburg) we have contin-
ued studies of the regulated exocytic pathway in exocrine
pancreas, investigating the effects of various concentrations
of Brefelden A (BFA) on the morphology of the exocytic
compartments, in particular the intermediate compartment
and the Golgi apparatus, and on the rate of zymogen
secretion. For this work we used pancreatic lobules from
rats whose pancreatic secretion had been stimulated in vivo
with FOY350. In FOY350 stimulated lobules the polarized
Golgi stacks of the exocrine pancreas were seen in thin
sections in the electron microscope to have the charac-
teristic morphology with condensing vacules forming at the
trans-cisternae. Immunocytochemical labelling showed that
in these stimulated exocrine cells TGN38, an intergral Golgi
membrane protein normally concentrated in the trans-Golgi
sacks, was present in all of the Golgi cisternae; TGN38 was
not restricted to the trans-cisternae although the level of
labelling was highest there. In the Golgi apparatus of un-
stimulated exocrine cells the distribution of TGN38 labelling
was the same as in the stimulated cells. For these immuno-
cytochemical studies we fixed the cells in periodate-Iysine-
paraformaldehyde, which may explain why we found TGN38
throughout the Golgi cisternae because after paraformalde-
hyde fixation, TGN38 labelling was essentially restricted
trans-cisternae. These data lead us to question whether
TGN38 is a true trans-Golgi marker, although it is undoubt-
edly at a higher concentration in trans-cisternae than other
cisternae.

Antibody against P58, a marker protein of the intermedi-
ate compartment, labelled heavily, in both stimulated and
unstimulated exocrine pancreatic cells, a tubular-vesicular
smooth-membraned compartment between the rough en-
doplasmic reticulum and the Golgi apparatus. However, in
both sorts of cells P58 labelling was detected, albeit at a
lower level, over the rough endoplasmic reticulum (RER).
This protein appears to be con.centrated in the intermediate
compartment but is not exclusive to it.

At low concentrations of BFA (up to 5 mg/ml) Golgi stacks
were disrupted and replaced by numerous small uniform
vesicles juxtaposed to an enlarged smooth-membraned
tubular-vesicular compartment. Immunocytochemical la-
belling showed that the small: vesicles contained TGN38,
whereas the RER and tubular-vesicular compartment were
P58 positive. Similar small vesicles were observed in the
cell-line AtT20 incubated with low concentrations of BFA.
To satisfactorily visualize the small, Golgi-derived vesicles
after immunocytochemical labelling we developed a simple
positive staining method for thawed cryosections, involving
the osmification of the. ultrathin sections and subsequent
staining with uranyl acetate and lead citrate followed by em-
bedding in methylcellulose. Biochemical data showed that
the secretion of newly synthesized proteins was completely
blocked at this low concentration of BFA, when the drug was
removed in chase experiments secretion resumed rapidly,
indicating that the secretory machinery had been disrupted
but not relocated. At high concentrations of BFA (10 mg/ml)
the antibody to TGN38 labelled only the extensive RER cis-
ternae. At these concentrations of BFA prominent, globular,
smooth-membraned, tubular-vesicular compartments were
located within the apical region of the cells, these were
enriched for P58 and were osmicated when the lobules incu-
bated with osmium tetroxide. In addition, a new morpholog-
ical compartment, comprising globular-fibrillar aggregates
was seen closely associated with these membranes. These
aggregates labelled with antibodies to clathrin and in epon
sections could be seen to be clathrin cages. Biochemical

203



PLATE 75

Golgi morphology after incubations with different concentrations
BFA. (A) is an electron micrograph of the Golgi region in FOY
stimulated pancreas, Golgi remnant vesicles are formed at con-
centrations up to 5.0 mg/ml BFA, two distinct reorganized com-
partments are visible. Inset shows labelling of the small uniform
vesicles with the antibody TGN38. (B) shows the localization of
antibodies to clathrin on thawed cryosections of pancreatic lobules

incubated with 10 j.tg/ml BFA. Areas of globular aggregates juxta-
posed to the smooth membraned compartment are covered with
antibody gold conjugates. Inset illustrates at higher power picture
these labelled globular aggregates. (C) shows the typical conven-
. tional electron micrograph of this region at 10 j.tg/ml BFA. Inset
clearly demonstrates that the globular aggregates consist of clathrin
cages.
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data showed that secretion was totally blocked, and when
the BFA was removed in chase experiments the lag period
before secretion resumed was much longer than with doses
of BFA not exceeding 5 mg/ml, indicating that the whole
Golgi complex had relocated to the RER and required much
longer to reassemble and allow the resumption of secretion.

Regulated secretion is required for the controlled release of
hormones and bioactive peptides from endocrine, neuroen-
docrine and exocrine cells. Prior to release, the molecules
are stored in secretory granules (SGs). SGs bud from the
trans-Golgi network (TGN) py a process which involves
the selective aggregation of the soluble secretory granule
specific content proteins, and selective segregation of the
membrane proteins (for review see Tooze, 1993). Budding
of the SG from the TGN has been reconstituted in vitro
(Tooze, 1990) and has been shown to involve heterotrimeric
GTP-binding proteins (Barr, 1992). The newly formed SG,
an immature secretory granule (ISG), is the first vesicular
product formed from the TGN. Biochemical data in PC12
cells suggest that during maturation ISGs fuse to form a
mature SG (MSG) (Tooze, 1991). Morphological data have
demonstrated that the ISGs have an irregular limiting mem-
brane, which is also coated in patches with clathrin (Orci,
1984; Tooze, 1986). The function of the clathrin coat on the
ISG is not known: it may be involved in either remodelling of
the ISG membrane during maturation or membrane retrieval
from the ISG to the TGN. Ultimately, if an appropriate
external stimulus is applied to the cell, the ISG or MSG
will undergo fusion with plasma membrane to release the
soluble SG content.

We have continued our collaboration with Prof. W. Huttner
(University of Heidelberg) focused on the mechanisms of
sorting events in the TGN. The aggregation in the TGN of
the soluble regulated secretory proteins is influenced by pH
and calcium ·concentration (Tooze, 1993), and may be mod-
ulated by the granins. The granin family of proteins (Huttner,
1991) are found widely distributed in the secretory granules
of endocrine and neuroendocrine cells. To investigate the
role of chromogranin B (CgB) in the TGN we have used the
membrane permeable reducing reagent, dithiothreitol (OTT),
to disrupt a highly conserved disulfide bond in chromogranin
B (Chanat, 1993). We found that when PC12 cells are
briefly incubated with OTT, the newly synthesized CgB is
secreted from the cells rapidly: it is not sorted into or stored
in SGs. The effect of the OTT on CgB also appears to occur
when the newly synthesized CgB is in the Golgi complex.
In contrast, another member of the family, secretogranin II
(Sgll), is not secreted, but sorted and stored normally. Sgll,
however, does not have the disulfide loop present in CgB.
These experiments provide important information about the
sorting and folding of regulated secretory proteins in the
TGN and are being continued by Huttner's group.

The major effort of the group has been focused on the ISG.
Significant progress has been made in the development of a
reconstitution assay to elucidate the function of the clathrin
coat on the ISG. This assay, which involves ISGs prepared
from PC12 cells and coat proteins from bovine brain cytosol
should provide us with a means of identifying the nature
and function of the clathrin coat on the ISG. We are also

developing a cell-free assay to reconstitute the ISG-ISG
fusion. The efficiency of ISG-ISG fusion is monitored by the
percent of Sgll cleavaged by prohormone convertase (PC)
enzymes. PC enzymes process pro-hormones at dibasic
and monobasic residues to yield the mature hormones (for
review see Steiner, 1991). Current work in the laboratory
has also, therefore, been concerned with determining the
cleavage sites in Sgll which are processed by the PC
enzymes.

Finally, in collaboration with other scientists at EMBL (Rob
Parton and Gareth Griffiths) we have investigated the distri-
bution of Rab11, a small GTP-binding protein. Rab proteins
are believed to be involved in the intracellular targeting of
vesicles (see reports of Zerial and Griffiths). Using PC12
cells labelled with sulfate we have found that the membrane
of both constitutive secretory vesicles and SGs have Rab11
associated with their cytoplasmic side (Urbe, 1993). This
finding raises interesting questions about the role of Rab11
on these post-Golgi secretory vesicles, both constitutive and
regulated, and the targeting of these vesicles to the plasma
membrane.
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Mechanisms and catalysis of protein folding and disulphide bond formation

Group leader: T. Creighton

Scientists: N.J. Darby, J. Kemmink
...

Fellows: T. Kortemme*, P. Morin*, A. Zapun

Visitors: J. Hope*, J. Nelson*

Assistants: L. Cooper*, E. Penka*, M. van Straaten

The primary goals are to elucidate the physical basis of pro-
tein conformational stability and the mechanism of folding
of the polypeptide chain during and after its biosynthesis,
including the effects of biological catalysts.

The disulphide-coupled folding pathway of
bovine pancreatic trypsin inhibitor

The detailed analysis of the conformational properties of
all the disulphide intermediates of bovine pancreatic trypsin
inhibitor (BPTI), in collaboration with C.P.M. van Mierlo at
the MRC Laboratory of Molecular Biology, was completed
with the 1H-NMR assignments of analogues of the two major
two-disulphide intermediates that each have one non-native
disulphide bond. Their conformations explain their kinetic
roles in the folding pathway.

The analogues of the disulphide intermediates, with some
cysteine residues replaced by serines, permitted dissection
of the BPTI pathway, by limiting the disulphide bonds that
can be formed. These results confirmed the BPTI pathway
that had been inferred previously and are incompatible with
a revision of the pathway proposed by others.

The folding pathway of the precursor proBPTI in micro-
somes was shown to be similar to that of native BPTI
in vitro, but was catalyzed by microsomal protein disul-
phide isomerase (PDI). The N- and C-terminal extensions
of proBPTI play no apparent role in folding and have no
known functions. Proteolytic processing of folded proBPTI
is being studied by F. Ascoli and colleagues (Univ. d. Studi,
Rome).

Two homologues of BPTI from black mamba venom had
been shown previously to have the same folded con-
formation as BPTI, although of lower stability, and simi-
lar disulphide-linked folding pathways. The conformational
properties of some of these disulphide intermediates are
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being characterized by 1H-NMR in collaboration with M.
Hollecker (Centre de Biophysique Moleculaire, Orleans).

Local conformations in reduced BPTI

Reduced BPTI, with no disulphide bonds, is very unfolded,
but exhibits by 1H-NMR a number of local interactions in-
volving aromatic side chains in electrostatic or hydrophobic
interactions. These were characterized in detail in over-
lapping peptides comprising the entire sequence of BPTI.
Their roles in folding could be determined because the
conformations and 1H-NMR properties of all the disulphide
intermediates in the BPTI pathway are known. Two interac-
tions involving tyrosine residues stabilize the various inter-
mediates and thereby facilitate folding, whereas two others
are disrupted by the folding process. All the interactions
have only slight net stability in the reduced protein. Methods
for modelling flexible peptides with numerous conformations
are being developed in collaboration with R.M. Scheek
(Groningen University) (Plate 76).

The molten globule state of a-lactalbumin

Previous characterization of the molten globule state of a
three-disulphide form of a-lactalbumin was extended by
characterizing the entire pathway of disulphide-coupled un-
folding and refolding of this protein. The occurrence of the
molten globule conformation at different stages of folding
confirmed that it does not stabilize the native disulphide
bonds, and vice versa, and that no disulphide bonds sta-
bilize the molten globule to a substantial extent. The dis-
ordered nature of the molten globule of the rearranged
three-disulphide species was confirmed by showing that all
eight cysteine residues were not paired in disulphide bonds
in the many disulphide isomers present, although to varying
extents. The results were not compatible with any simple
model of the molten globule conformation.



PLATE 76

Multiple conformations of
residues 10 to 15 in a peptide
from the N-terminus of BPTI
in which there is an interac-
tion between the side chain
of Tyr10 and the backbone
of Gly 12. The interaction is
probably an electrostatic one
between the aromatic ring of
Tyr10 and the amide -NH- of
Gly12. The observed Nuclear
Overhauser Effect data are
not compatible with a single
conformation, but are with the
ensemble of structures illus-
trated.

Manipulating the Ca2+ concentration made it possible to
isolate and characterize a species of a-lactalbumin with
two native disulphide bonds and the Ca2+ binding site. This
species appeared to have about half the polypeptide chain
in a folded, native-like conformation, with the remainder
disordered but compact. This has been confirmed by re-
moving proteolytically the disordered segments, to leave a
more folded Ca2+binding core with the two disulphide bonds.
This is one of the few examples of a stable partly-folded
protein structure and illustrates the power of the disulphide
approach to protein folding.

The various conformational states possible with different
disulphide bonds of a-lactalbumin have made them of use
to characterize, in collaboration with others, the role of
conformation in the interaction of proteins with chaperones
and with proteasomes and to understand thermodynamic
aspects of protein structure.

Catalysts of protein disulphide bond formation

POI has long been known to catalyze disulphide bond for-
mation, breakage, and rearrangement in disulphide-coupled
folding. A major effort to understand the mechanism by
which it functions has been initiated. The mechanism of
action of POI on a simple model system of a peptide with
two cysteine residues has shown the mixed-disulphide of
POI with the peptide and with glutathione, rather than the
intramolecular POI disulphide bond, to play major roles.
The thioredoxin-Iike domains of POI have been produced by
genetic engineering and are being characterized structurally
and functionally.

The much simpler catalyst from prokaryotes, OsbA, has
been shown to function primarily by introducing disulphide
bonds directly into unfolded polypeptide chains; it has only

minimal activity in rearranging disulphide bonds. The thiol-
disulphide exchange chemistry that occurs at the active site
of OsbA is remarkable, as it occurs rapidly even at pH 4,
where thiol-disulphide exchange is usually very slow. This
is due in part to the accessible Cys30 thiol group of OsbA
having a very perturbed pKa .value of 3.5, in contrast to
the usual value of 8.7. The electrostatic interactions that
seem to be responsible for this unusual behaviour are
being characterized. The general principles are likely to be
applicable to the very important general family of similar
proteins, including thioredoxin, glutaredoxin, and POI.

Electrophoretic studies of protein conformation

The protein staphylococcal nuclease appears to be unusual
in that its denatured state is claimed by o. Shortie to
be very non-random. In collaboration, this has been in-
vestigated by transverse urea-gradient gel electrophoresis,
which measures the degree of unfolding as a function of
urea concentration. Mutants of staphylococcal nuclease in
which the native conformation is greatly destabilized permit
observation of the denatured state under non-denaturing
conditions. Many of the mutants appear to be fully unfolded,
whereas others adopt very compact and ordered, but non-
native, conformations. The effects of the various mutations
on the conformation of the unfolded state should make it
possible to understand this phenomenon.
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Mathematical physics of protein folding

Scientist: D.J. Thomas

Chaos in protein folding

The most exciting development this year was the discovery
that even in one dimension a highly simplified model of
protein folding can display chaotic behaviour (in the modern
mathematical sense of deterministic chaos). The protein is
modelled as a string of beads on a discrete Chebyshev
polynomial curve, the beads having volumes representative
of real amino-acids. The sequence is chosen at random. The
local density of matter is represented with Hermite functions,
and the driving-force of the folding algorithm is the attempt to
attain uniform internal density. The formalism is simply one
of least-squares, and once the conformation of the chain
lies within the basin of attraction of a well-folded state,
the convergence is quadratic and final. It is more usual,
however, for the behaviour to be aperiodic, the system being
frustrated in its attempts to find an absolute minimum of en-
ergy. Very rarely, stable periodic solutions are found; these
too are characteristic of systems displaying deterministic
chaos. Real proteins would not be expected to display such
limit-cycles, however, because of the destabilising effects of
thermal excitation, which are not included in the simplified
model.

The model was originally conceived as a method of probing
the dynamics of the molten-globular phase, but the results
were more rewarding than anticipated. Some runs show
the protein first in a chaotic liquid-like phase which then
settles into a misfolded state subject to Brownian-like motion
with occasional larger spasmodic twitches; then after an
unusually large twitch, another liquid-like state obtains; this
is maintained for some time, until a highly dynamic and
energetic phase develops spontaneously, finally collapsing
into the final well-folded form. Different sequences display
different behaviours: in particular, some seem able to fold
rapidly from almost any starting conformation, whilst others
fold only with great difficulty or perhaps even not at all.

It might be added that if the behaviour of this model is in
any way representative of that of real proteins, it provides
a picture of folding as a largely stochastic process even
though there are strong directed forces present. It does
not support the view that protein folding proceeds via a
well-defined pathway.

A paper on this model has been submitted for publication.

Improved graphics for WHAT IF program

One of my first investigations into the mechanical stability
of the molten-globular phase of a folding protein (Thomas,
1991) required the use of the little known Chebyshev poly-
nomials orthogonal on the discrete domain. This was be-
cause it was desirable to use an accurate differentiable
formula for the shapes of the Q- and 31a-helices in order
to find the points of closest contact, which (if the helices
were considered slippery) were critical to the stability of
the fold. One of the properties of these polynomials (like
any other) is their ability to fit a smooth curve through
data which may contain "wiggles" or other perturbations.
Gert Vriend (Sander group) realised that such polynomi-
als would be more suitable for certain applications in his
"WHAT IF" program (Vriend, 1990) than the more com-
monly used B-splines (Carson & Bugg, 1986). The tab-
ulation of the polynomials was extended to orders high
enough to ensure that the longest forseeable helices and
,B-strands could be accommodated. The first and second
derivatives were calculated too, to allow the use of quintic
splines to interpolate between the integer points represent-
ing ca atoms. Interpolative splining is necessary because
the calculation of the higher polynomials at non-integral
points is impracticably time-consuming. These methods are
sufficiently reliable that it is now possible to prepare au-
tomatically an atlas of the entire database, and are de-
scribed in detail in a paper which will appear next year
(Thomas, 1994). The atlas can be made upon request at
any time.

More accurate gel quantitation

Judith M. Smith (MRC Laboratory of Molecular Biology,
Cambridge, UK) has converted the "GELTAAK" program
(Smith & Thomas, 1990) to run under the increasingly
popular "X-Windows" system. This program is intended to
provide highly accurate gel quantitation, but we have been
concerned about the apparent and unaccommodated skew-
ing of the observed bands. For a long time, we had been
intending to fit these variable deviations from symmetry with
a low-order Hermite-function expansion, but it has recently
become apparent that functions with longer tails are more
appropriate. After considering various skew distributions
including that due to Weibull it was decided to try skewing
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a Lorentzian, which naturally has rather extensive tails.
The skew is introduced by adding a cubic term to the
denominator, and a compensating quartic term to prevent
divergence and maintain positivity. The quartic term also
allows the tails to be controlled. Judith Smith has recently
observed that the perceived skew of the bands depends on
the estimation of the baseline, which is currently done in a
piecewise fashion. Baseline errors affect the estimation of
the bands to first order, whereas a failure to accommodate
the skew of a peak introduces errors only to second order,
so an improved baseline fit is of more immediate impor-
tance. We therefore intend. to develop a global polynomial
baseline fit which is expected to be more accurate, and then
ultimately to fit the bands globally too. These two steps
should provide a gel quantitation service of unparalleled
accuracy.
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The Outstation at the-OESY, Hamburg

Introduction

The start up of the DORIS ring was delayed until July
and even then the stability and lifetime (not unconnected)
left much to be desired in the first weeks of operation.
Nevertheless we already benefited from the change-over of
DORIS to a dedicated synchrotron radiation source, with
sessions of 3 weeks of user beam-time alternating with
single weeks of machine studies up till 6th December. The
last weeks of main-user time in October/November were
considerably better. Given the uncertainty of the start-up
time and ring performance we did not make a wide call
for proposals. In spite of these limitations we had over

200 visitors, representing most Member States of EMBL,
both north and south. DORIS is currently shut down for
the winter. The ring is scheduled to be in full operation
for May-July and September-November 1994. We anticipate
great improvement in 1994 as the long winter shut down is
to allow a change-over to positrons rather than electrons.
This will give much longer lifetime of the injected beam. A
call for new proposals for beam-time has been made and
our priorities committee will meet in mid-March to review
these. We plan to assess proposals on a roughly annual
basis from then on, but will keep a percentage of time in
reserve for those projects which unexpectedly, but certainly,
require beam-time at short notice.
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Instrumentation group

Group leader: C. Hermes

Fellow: R.G. van Silfhout
...

Assistants & Engineers: T. Gehrmann, M. Hahn*, R. Klaring, V. Renkwitz, Robrahn

PLATE 77

The software, which controls stepping motors, reads beam
intensity monitors, position- and angular-encoders and runs
various adjustment tasks, is installed as an MS-Windows
application and based on "LabView", a commercial product
from National Instruments Inc.. It employs object-oriented
programming, a very useful and fast way to develop control
software on-line and from scratch.

Finally, after a period of intensive construction, manufac-
turing (partly external) and assembly, we attained the first
monochromatic X-ray photons on October 7th. After a much

During the first months of the year two vacant positions in
the instrumentation group were filled by the appointment of
a physicist (R.G. van Silfhout) and a mechanical engineer
(M. Hahn). A PC-based CAD system ("Autocad") was in-
stalled and provided the basis for the construction of several
components of wiggler beam-line station 78, the construc-
tion of which was the main effort of the instrumentation group
throughout the year.

Schematic diagram of the EMBL BW 7B side branch wiggler beam-
line.

@a/,,?_

';-

The wiggler beam-line BW7B

As mentioned in last year's report, the aim was to provide a
high flux beam-line for protein crystallography on a wiggler.
The design follows - to a large extent - principles which are
very well established in our laboratory and have proved to be
sufficiently robust and easy to handle. The optical elements
of the beam-line, in sequence from source to sample are:
a rhodium-coated premirror, to take out most of the thermal
load, a triangular, bent monochromator and a segmented
glass mirror for horizontal and vertical focusing respectively.
All components, which have to withstand high heat loads,
Le. premirror, monochromator, slits and beamsplitter, are
water-cooled. At the rear end of the line we installed a big
optical table which is supported at three points, allowing very
precise adjustment of components mounted on the table into
the beam. The entire unit can be rotated as the wavelength
is changed, Plate 77.
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too short period of commissioning the line
was used to collect crystallographic data
using a MAR Research imaging plate sys-
tem scanner. Very rapidly it became clear
that because of the much higher flux on this
line, modifications of both detector hard-
ware and software will be necessary to fully
exploit the potential of this beam-line. Nev-
ertheless several data sets were collected
successfully and with very short exposures
- the rate limiting step being the read-out
of the scanner, not the exposure time. An
example of an image is shown in Plate 78.

In 1994 we will complete line 7B to its fi-
nal specifications and make it "user-proof",
before we start building up the "straight
through" branch 7A, which we plan to op-
erate completely independently and simul-
taneously. Beam-line 7A will be equipped
with a double monochromator and mirror
and should provide an energetically as well
as spatially very narrow X-ray beam. Thus
it could be used for special protein crystal-
lographic data collection (anomalous scat-
tering) as well as for EXAFS experiments
on very dilute biological systems. There will
even be the option to perform Laue experi-
ments by either using the radiation after the
premirror, or the unfiltered "white" wiggler
beam. In addition to the above activities,
the workshop kept the other 5 beam-lines
operational over increasingly long periods
of beam-time.

PLATE 78

1/2
0

oscillation image of a crystal of a tryptophanase complex. Exposure time roughly
10 s, resolution 2.0A

Atomic resolution data from fungal trypsin crystals on
the BW7B wiggler line (with W. Rypniewski, Z. Dauter &
K.S. Wilson)

During the last week of beam-time in December the wiggler
beam-line BW7B became operational. Data were collected
on a crystal of the native trypsin-like proteinase from Fusar-
ium oxysporum. The structure of the inhibited form of the
proteinase was solved previously at 1.5A resolution. The
new crystals were grown in the absence of inhibitor and
from the first images it was apparent that they diffract
to atomic resolution. 1.07A data were then collected with

10 oscillations and about 10 sec per exposure using a MAR
Research imaging plate scanner. These data will serve to
refine the model with anisotropic thermal parameters and
should allow us to interpret the detailed arrangement of
atoms in the active site of the enzyme (including hydro-
gens). This example shows the enormous power of the new
beam-line. It allowed us to collect atomic resolution data in
a total of 25 min exposure. Unfortunately, as stated above,
the scan time of the imaging plate scanner is rate limiting
requiring about 2 min to scan and transfer to disk every
10 s exposed image. We must address this problem in the
future.
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Protein crystallography

Group leader: K.S. Wilson

Scientists: C. Betzel, Z. Dauter, W. Rypniewski, A. Tepliakov
"..

Fellows: S. Eschenburg, G. Evans, V. Lamzin, T. Schneider, P. Sebastio*,. G. Tepliakova-Obmolova

Visitors: P.M. Alzari*, G.J. Davies*, K. Djinovic-Carugo*, C.M. Frazao*, N. Genov*, E.H. Harutyanyan*,
P.M. Matias*, J.A. Morais*, V. Popov*, T.P. Singh*, B. Strandberg*, T. Unge*

Assistants: M. Dauter<>, H. Terry, M. Visanji

Both beam-lines X11 and X31 were functional throughout
the available beam periods using imaging plate scanners
routinely for data collection. Crystal cooling in the range
0° C to room temperature was supported on both. The
Oxford Instruments cryostream was mounted on X11 later
in the year allowing some experiments at down to 100 K.
Beam conditions were poor, with frequent interruptions and
instabilities in beam position, early in the year, but improved
continuously. Just before the winter shut-down the wiggler
line BW78 came into operation and was intensively used.
Major use was made of the facilities and results for in-house,
collaborative and four representative visitors projects are
described below.

In-house and collaborative projects

Proteinases

The in-house projects on both trypsin-like and subtilisin
proteinases were actively pursued.

Fusarium oxysporum trypsin
(with C. von der Osten (Novo-Nordisk, Copenhagen))

The structure of DFP inhibited trypsin from the fungus
Fusarium oxysporum has been refined at 1.55Aresolution
to an R-factor of 14.40/0. Analysis of the three-dimensional
structure and comparisons with mammalian and bacterial
trypsins have been used to explain observed differences in
substrate specificity and inhibition. In F.oxysporum trypsin
the specificity pocket is larger than in bovine trypsin. This
explains the preference of F.oxysporum trypsin for the
bulkier arginine over lysine and the reverse preference
in bovine trypsin. The binding cavity on the C-terminal
side of the substrate is more restricted in F.oxysporum
trypsin than in mammalian and S.griseus trypsins, which
explains the relative inactivity of F.oxysporum trypsin to-
wards peptide-pNA substrate analogues as an unfavourable
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steric interaction between the side of the binding cavity and
the paranitroanilino group of peptide-pNA. Comparison of
F.oxysporum trypsin with the bovine trypsin-BPTI complex
suggests that similar steric constraints can prevent the bind-
ing of BPTI to F.oxysporum trypsin. The observed restriction
of the binding cavity does not lead to a reduced catalytic
activity compareQ to other trypsins.

The structure of F.oxysporum trypsin has been used in
structure and sequence alignment of the currently known
trypsins to establish a phylogenetic tree and analyse the
conserved features in trypsin. The phylogenetic tree clearly
points to a continuous evolution of trypsin from an ancestral
organism of prokaryotes and eukaryotes, without the need to
invoke a gene transfer mechanism previously postulated to
explain the close homology between trypsins from bacteria
and mammals. Further comparisons reveal a pattern of con-
served residues of which nearly all can be associated with
one of the basic functional features of the protein: zymogen
activation, catalysis and substrate specificity. In contrast, the
residues of the hydrophobic core and calcium binding sites
are not conserved. Seven out of a total of 38 serines have
been modelled with two alternative conformations of the
side chain. The refined model includes 401 water molecules.
Most internal waters, Plate 79, are conserved in trypsin and
form clusters and channels in the C-terminal domain and
at the inter-domain interface. There are no Jnternal water
molecules in the N-terminal domain of F.oxysporum trypsin.

Subtilisins (with N. Genov (Sofia), T.P. Singh
(New Delhi) & P. Fittkau, K. Peters (Halle))

A natural mutant of subtilisin Carlsberg, subtilisin DY, in
complex with a synthetic inhibitor was crystallized, data
to 1.75A data were collected and the structure refined
to an R of 15.8%. This structure fits in the program of
structures of subtilisin proteinases at high resolution. For
subtilisin BPN' a partial data set to 1.0A was collected



PLATE 79

Stereo view of the internal water molecules in
F.oxysporum trypsin. The catalytic triad residues,
Ser195, His57 and Asp1 02, and specificity determin-
ing Asp189 are labelled. The N-terminal domain has
been drawn in thin lines and the C-terminal domain
in thick lines. Most internal waters are found near the
inter-dofr:'ain interface or solvating buried charges.

on the newly commissioned beam-line BW7. Due to high
radiation damage we will apply cryotechniques to com-
plete the very high resolution data. The project on design,
co-crystallisation and structure determination of synthetic
peptides with proteinases was continued after the promising
results of last year. We collected 5 data sets of different
complexes to medium and high resolution. The results for a
complex of a hexapeptide with proteinase K show for the first
time the 81 site as a recognition site with the hexapeptide
clearly occupying 81. The hexapeptide is held firmly through
a series of hydrogen bonds to protein atoms and water
molecules. This shows directly that the 81 site of these
enzymes is also important for the binding of an inhibitor as
well as the standard recognition sites on the other side of
the scissile bond.

Inorganic pyrophosphatase from Thermus thermophilus
(with T. 8amejima (Tokyo) & I. Kuranova (Moscow))

Inorganic pyrophosphate (PPj) is a by-product of numer-
ous important metabolic reactions including nucleic acid
polymerisation, coenzyme synthesis, amino-acid and fatty
acid activation. By cleaving PPj, inorganic pyrophosphatase
shifts the overall equilibrium in favour of synthesis and thus
plays a vital role in the cell. The three-dimensional structure
of PPase from Thermus thermophilus (T-PPase) has been
determined at 2.0 Aresolution and refined to R=15.3%

• The
core of the structure is composed of a highly twisted six-
stranded antiparallel ,B-sheet which forms a five-stranded
,B-barrel, Plate 80. The structure of the T-PPase subunit is
similar to that of the yeast enzyme (Y-PPase) - see below-

PLATE 80

A schematic representation of the
Thermus thermophilus inorganic py-
rophosphatase fold. Arrows repre-
sent ,a-strands and coils a-helices.
An antiparallel ,a-sheet forms a 5-
stranded ,a-barrel.
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in spite of the large difference in size (174 and 286 residues,
respectively), no sequence homology beyond the active
centre, and different oligomeric organization (T-PPase is
hexameric whereas Y-PPase is a dimer). The average
positional deviation of the superimposed models is 2.0 A.
Nevertheless, using only the core of the Y-PPase atomic
model which constitutes 52% of the T-PPase structure, it
was possible to solve the T-PPase structure by molecular
replacement. The similarity of the polypeptide folding in the
two enzymes and the conservation of 15 out of 17 putative
active site residues provides a very strong argument in
favour of an evolutionary between the yeast and
bacterial enzymes.

Yeast inorganic pyrophosphatase
(with E.H. Harutyunyan (Moscow))

The inorganic pyrophosphatase from the yeast Saccha-
romyces cerevisiae is the most extensively studied and
is only weakly homologous to the bacterial enzymes. It
is a dimer with two chemically identical subunits. Crystals
of pyrophosphatase complexed with Mn+2 and inorganic
phosphate have been obtained. X-ray data to 2.4 A resolu-
tion were recorded on the X31 beam-line and the structure
refined to an R-factor of 18.7%.

The subunit core comprises an extensive fj-barrel. The two
subunits making up the dimer are related by an approxi-
mately two-fold axis. The active sites in the two subunits
are exposed to solvent and seem to be independent of each
other. The active site is mostly made up of polar residues
which are clearly clustered into "negatively charged" (aspar-
tates, glutamates and tyrosines) and "positively charged"
(Iysines and arginines) areas. There are four Mn+2 ions
and two phosphate molecules located in the active site.
The coordination sphere for the Mn+2 ions is essentially
octahedral the number of ligands varies from 5 to 6.

Mn+2 ions are bound through numerous contacts with the
"negatively" charged cluster thus making an appropriate
environment for pyrophosphate binding and hydrolysis. Two
phosphate ions in the active site are supposed to represent
an enzyme-product state and it is assumed that pyrophos-
phate binds similarly. The major interaction is a bifurcated
H-bond between two phosphate/pyrophosphate oxygens
and the Arg78 guanidine group. There are two more lysine
residues providing a positively charged for sub-
strate binding. Hydrolysis is mainly supported by the two ty-
rosines, Tyr93 and Tyr192. A water molecule is a candidate
for participation in catalysis. The three residues mentioned
are fully conserved within pyrophosphatases from different
sources.

Formate dehydrogenase
(with V.O. Popov (Moscow))

Formate dehydrogenase (FDH) is an extensively studied en-
zyme used as a model for the general mechanism of catal-
ysis involving hydride ion transfer. Two high resolution crys-
tal structures of NAD-dependent FDH from Pseudomonas
sp. 101, apoand holo (ternary complex .with NAD and azide
inhibitor), are already known, see last year. The structure
of holo FDH is an of the transition state with
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substrate (formate) replaced by azide. The two structures
substantially differ and the catalytic domains rotate by about
7° in the transition from apo to holo.

We have now refined, at 1.5A resolution to an R-factor
of 14.5%, the structure of FDH complexed with formate

adenosine diphosphoribose (ADPR), a NAD analogue
without the catalytic nicotinamide moiety. This is the highest
resolution ever achieved for a dehydrogenase. The ADPR
molecule can be located in the active centre. However it
is either not fully occupied or is bound in more than one
conformation. It is not clear whether there is formate in
the active site. An important difference between the apo
. (thin in the Plate) and ADPR-formate (bold) FDH structures
is a conformational change of a short loop lIe122-Gly123-
Ser124-Asp125, where the atoms move more than 1A. The
lie122 and Gly123 residues form part of the active site and
participate in substrate binding. This loop advances towards
the substrate binding site in the transition from apo to holo.

Xylanase (with H. Bisgard-Frantzen &
T. Halkier (Novo-Nordisk, Copenhagen))

Cellulose and hemicellulose are the most abundant organic
molecules and constitute the majority of the plant biomass.
They represent the major source of food for livestock and
are potential substrates for many chemical and pharma-
ceutical processes. Xylan is the principal component of
hemicellulose from the plant cell wall and consists of a
backbone of xylose residues with fj-1 ,4-glycosidic links. The
xylan structure is much less regular than that of cellulose
and does not exhibit pseudocrystalline forms. The first step
in the degradation of xylan is hydrolysis of the backbone
by xylanase. Xylanase from Bacillus pumilus DSM strain
6124 (EC 3.2.1.8) belongs to the family of endo-1,4-fj-D-
glucosidases and catalyses the random cleavage of 1,4-
glycosidic bonds of the xylan backbone.

X-ray data were collected for native xylanase (1.5 A res-
olution), for two derivatives (to 2.0 A) and the enzyme
complexed with xylobiose (to 1.9 A). The model has been
refined with restraints to an R-factor of 14.1% and wasthen
further improved by introducing anisotropic thermal vibration
for- individual atoms. The final R-factor is 11.3%. For the
xylanase-xylobiose complex the R-factor is 14.9% at 1.9A
resolution.

The xylanase chain has a novel fold with anti-parallel fj-
sheets comprising about two thirds of the residues, Plate 81.
The overall shape of the molecule is seen to be similar
to that of a half-open left hand with the s,mall fj-sheet
occupying the position of the thumb. The fold is distinct
and differs from that of other proteins for which three-
dimensional structures are available. In particular it shows
no relation to that of any of the cellulases. The deep and
long cleft in the palm of the xylanase hand allows us to put
a finger on the active site. Of particular interest are residues
Glu93 and Glu182. They are located close to one another
at the bottom of the cleft and appear to be ideally placed
to act as the catalytic residues in glucolysis. Also these two

as well as a few others, are fully conserved in the
xylanase family.



Epidermal growth factor
(with W. Weber & U. Marnitz (Hamburg))

The EGF receptor (EGFR) is a membrane glycoprotein
which is secreted by A431 human tumour cells and plays an
important role in normal and pathological growth control. It
has a 93 kDa monomeric domain external to the membrane
which contains the EGF binding site. This domain can be
proteolytically cleaved from the intact EGFR and we have
also cloned and over-expressed the part of the EGFR gene
for this fragment. We have crystallized the complex of this
extra-membrane domain of IiGFR with EGF. During 1993,
by applying cryotechniques, we succeeded in collecting low
resolution diffraction data to about 6.0 Aon these crystals.
Improved crystal quality was achieved in the presence of
the ligand and more uniform bound sugars. In parallel we
started screening for heavy atom derivatives. We are also
modifying EGF by site-directed mutagenesis to allow the
binding of heavy atoms to the hormone.

HIV-1 reverse transcriptase
(with T. Unge, B. Strandberg & colleagues (Uppsala))

The goal of this project, based in Uppsala, is the determina-
tion of the three-dimensional structure of HIV-1 reverse tran-
scriptase (HIV-1 RT) at high resolution and the use of this as
a base for rational drug design. Major problems with the use
of AZT and other HIV inhibitors are the occurrence of both
side effects and resistance. Therefore there is a great need
for design of more specific and quite different inhibitors.
The work must overcome two challenging problems. (1)
The most stable form of the molecule is a heterodimer
(p66/p51) with a strong tendency to be heterogeneous in the
C-terminal end of p51. (2) The molecule is flexible probably
because of the large diameter of the active site and because
of the functional role of the two outer domains of HIV-1 RT
to grip around the RNA/DNA and DNA/DNA. Both these
problems have led to great difficulties in obtaining crystals

which diffract to a resolution high enough for detailed crys-
tallographic analysis. Various means have been used to
stabilize the molecule.

We have chosen two different lines in our work.

(1) Three-dimensional structure of the complex of HIV-
1 RT with part of tRNA(Lys3), the natural primer of
RT. Crystals of ·the complex diffract to at least 3.8A
resolution. The space group is F222 and ·the cell di-
mensions are a=172 A, b=164Aand c=641 A. Three-
dimensional data from native and three heavy atom
derivatives were collected to about 5Aresolution. The
electron density showed the general shape and di-
mensions of the heterodimer, which agreed well with
the information published by the groups of T. Steitz
and E. Arnold.

(2) Three-dimensional structure of the "fingers"+"palm" do-
mains of HIV-1 RT. In 1992 we succeeded in per-
forming gene construction,expression and purifica-
tion of the N-terminal half of RT, the "finger"+"palm"
domains, which contains the most important part of
the active site including the crucial amino-acids 0185
and 0186 and the main inhibitor binding ligands. This
fragment crystallizes well without any added ligands.
The space group is P43, and the cell dimensions are
a=b=98.2 A and c=31.7 A. The data have now been
collected to 2.2 A. The X11 beam-line in Hamburg
was used, and also we made two visits to LURE,
Orsay, during a shut-down of the DORIS ring. The data
are 96.5% complete to 2.2 A resolution, 82% in the
2.26-2.20 A shell. The phases and the first electron
density map were calculated using two derivatives to
3.0 Aresolution. The phases were improved by solvent
flattening and extended to 2.4 A. The electron density
map was readily interpreted at 2.4 A resolution and
the structure is being refined. The current R-factor at
2.4Ais 24%.

PLATE 81

The complex of Bacillus pumilus
xylanase with xylose. The puta-
tive active site residues Glu93
and Glu182 are shown. The
van der Waals radii of the side
chains and sugar are repre-
sented by the dotted matrix. The
protein itself has a novel fold
and is almost all ,a-sheet.
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PLATE 82

The fold of the two N-terminal "fingers + palm" domains of reverse
transcriptase from HIV-1. The positions of a few key amino-acids
have been marked. The crystal structure was determined at the
Department of Molecular Biology, Uppsala University (Drs. Torsten
Unge & Bror Strandberg and colleagues) and the EMBL Hamburg
Outstation (Drs. Zbigniew Dauter and Keith Wilson).

The electron density is easily interpretable in all parts except
for two loops, residues 67-72 and 94-104, which are proba-
bly flexible .. Excluding these loops, all but a few residues lie
in good density. The current model, Plate 82, includes about
40 waters. There is generally good agreement between the
tertiary structure of the "fingers"+"palm" domains and those
of the structures published by T. Steitz and E. Arnold of
the p66/p51 heterodimer. There are some differences in the
relative orientation of the two domains.

Phosphoribosylaminoimidazolesuccinocarboxamide
synthase (with V.M. Levdikov &
W.R. Melik-Adamyan (Moscow))

Phosphoribosylaminoimidazolesuccinocarboxamide
(SAICAR) synthase is a monomeric enzyme catalysing
one out of twelve stages in the purine biosynthesis
pathway. It converts 4-carboxy-5-aminoimidazole riboside
to N-succinyl-5-aminoimidazole-4-carboxy-amide riboside.
The gene sequence of the enzyme from Saccharomyces
cerevisiae indicated a protein comprising 306 amino-acid
residues. X-ray data for native and two derivative crystals
were recorded on the X31 synchrotron radiation beam-line.
For a third derivative data were collected from a CuKa
radiation source on the CARD area detector at the Moscow
Institute of Crystallography. 2.5 Aphases were obtained by
multiple isomorphous replacement and extended to 1.9A

218

resolution. A model has been built and refined to an R-factor
of 14.4%. The loop Lys164 to Asp171 is not visible in the
electron density. SAICAR synthase has a shape resembling
a half-opened hand with the active centre located in a deep
cleft, Plate 83. The active site residues are to be further
defined. However its structure is to some extent similar to
.other ATP-dependent enzymes.

Superoxide dismutases (with K. Djinovic-Carugo,
M. Bolognesi & F. Polticelli (Pavia) and A. Desideri
& G. Rotilio (Rome))

Superoxide dismutases (SOD's) are ubiquitous metallopro-
teins that catalyse the disproportionation of the toxic super-
oxide radical into oxygen and hydrogen peroxide. In aerobic
organisms this reaction plays an essential protective role
against the oxidative damage by the chain reaction initiated
by the 02-radical. The enzyme is inhibited by small inorganic
anions like cyanide, cyanate, azide that bind to the catalytic
copper centre. In the course of the studies of the Cu, Zn
SOD family we undertook the crystal structure determination
of the isoenzyme from Xenopus laevis, showing a distinct
difference in heat and overall stability, not predictable from
the primary structure comparison of the two isoenzymes
present in this species. Furthermore, the bovine erythrocyte
Cu, Zn SOD:azide adduct was crystallographically investi-
gated, and the resolution of the yeast Cu, Zn SOD model
was extended from 2.5 Ato 2.05 A.

PLATE 83

Azide inhibited bovine Cu, Zn SOD diffraction data were collected to
2.1 Aresolution. The model was refined to an The fold of SAICAR
synthase. Conserved residues within a family of four proteins are
indicated and support the location of the active site in the deep
cleft. The sulphate is shown as a dotted sphere and is supposed to
occupy the catalytic site.
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The copper co-ordination sphere of
X./eavis Cu, Zn SOD formed by
four histidine residues and a solvent
molecule, represented by thermal el-
lipsoids at the 50% probability level.

The X.leavis Cu, Zn SOD diffraction data were collected to
1.5A resolution on the X31 beam-line, the model was re-
fined with molecular dynamics and conventional restrained
least-squares techniques, followed by refinement of posi-
tional and restrained anisotropic thermal parameters, to
an R-factor value of 10.2%. Plate 84 shows the copper
co-ordination sphere represented by anisotropic thermal
ellipsoids at the 50% probability level.

R-factor of 16.6%. Analysis of the active site geometry
shows that the azide moiety binds to the copper ion at
1.97A(2.18 Ain monomer B), resulting in square planar co-
ordination geometry of the copper site. Upon azide binding,
the copper ion moves out of the plane defined by the four
liganding histidines, followed by a concerted movement of
His118. The His46 ligand, which is at an average distance of
2.18 Ain the native enzyme, detaches from the metal ion to
a distance of 2.70 A, thus occupying the fifth axial position of
the copper ion. The zinc ion and its ligands are unperturbed
in the azide: Cu, Zn SOD adduct.

Diffraction data on yeast Cu, Zn SOD, with two dimers of
32 kDa in the asymmetric unit, were collected on the X31
beam-line to 2.05 Aspacing. The model is currently refined
to a conventional R-factor value of 0.177 (10.0-2.05 A).

Visitors projects

Four representative visitors projects are briefly summarized.

Clostridium thermocellum cellulases
(P.M. Alzari (Paris))

Clostridium thermocellum is a gram-positive, thermophilic
and anaerobic bacterium making a very active cellulase
complex. The specific activity of the C.thermocellum cel-
lulase complex towards cellulose is at least one or two
orders of magnitude higher than that of the cellulase system
secreted by Trichoderma reesei. The cellulolytic enzymes
of C.thermocellum form an extracellular complex, termed a
cellulosome, composed of at least 14 different polypeptides.
These include several endoglucanases and xylanases, a
cellobiohydrolase and a large, non-catalytic glycoprotein,
S1. The latter is thought to be a scaffolding protein around
which the various other subunits are organized.

Fifteen endoglucanase genes, two ,B-glucosidase genes,
and two xylanase genes have been cloned from the
C.thermocellum type strain NCIB 100682. Several of the
corresponding enzymes were purified from recombinant
clones and characterized. As part of a long-term struc-
tural study of these thermostable proteins, we have pre-
viously determined the three-dimensional structure of en-
doglucanase CelD to 2.3 A resolution. The core of the
protein, representative of family E cellulases, contains two
structural domains: an a/a-barrel, composed of twelve a-
helices arranged in a novel folding motif, tightly associated
with an immunoglobulin-type ,B-barrel domain.

More recently, we have crystallized the catalytic domains
of two additional unrelated enzymes, endoglucanase CelC
and xylanase XynZ. Endoglucanase CelC (M r 39 kDa),
a member of family A cellulases for which no structural
information is as yet available, was crystallized in two crystal
forms. Form I crystals are orthorhombic whereas form II
crystals are tetragonal. The catalytic domain of xylanase
XynZ (Mr 35 kDa), a member of family F ,B-glycanases,
was crystallized in the triclinic space group P1 and two
molecules in the unit cell. Preliminary data collection using
a MAR Research image plate mounted on a Rigaku rotating
anode generator indicated that these crystals diffract X-rays
to at least 1.8A resolution.

In collaboration with Keith Wilson we have now collected na-
tive data to high resolution on these two enzymes using the
X31 beam-line (A=0.92 A). The data collection statistics are
presented below, and structure determination is in progress.

TABLE 7

Protein CelC XynZ

Space group P212121 P1

Resolution limits (A) 2.15 1.4

Total measured reflections 160,050 336,307

Unique reflections 21,016 117,047

Completeness (%) 98,2 94,0

R(I) 0,086 0,083
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Structural studies of electron transfer
proteins (M. Carrondo, C.M. Frazao, P.M. Matias
& J.A. Morais, Oeiras, Portugal)

Crystals have been obtained for the recently isolated Desul-
fovibrio gigas terminal oxidase, rubredoxin-oxygen oxidore-
ductase, a small (2x24 kDa) flavo-haem protein. Studies
on terminal oxidases are interesting both from their biolog-
ical role as well as from their potential industrial use, e.g.
the mechanism by which they reduce 02 to H20 has po-
tential applications in fuel cell technology. Crystallographic
diffraction data were collEZcted using station X11, to 2.4 A
resolution for crystals with dimensions up to 0.3 mm. Data
processing and evaluation are under way.

Cytochrome C6 (a class-I c-type cytochrome) from the green
algae Monoraphidium braunii is an electron carrier between
the bcf complex and photosystem 1, replacing plasto-
cyanin for algal grown in copper deficient media. Spectro-
scopic studies revealed the existence of an unusual type of
methionine-histidine axial coordination to the iron. Crystals
of this 8 kDa cytochrome diffracted up to 1.35Aat station
X31. The 50,905 measured intensities were merged into
17,523 unique magnitudes with Rmerge(l)=3.8%. Structure
determination is under way.

The tetrahaem C3 cytochromes from sulphate reducing bac-
teria of the Desulfovibrionaceae family are attractive models
for intra- and inter-electron transfer molecules. The structure
of the C3 cytochrome isolated from Desulfovibrio desulfu-
ricans ATCC 27774 (Mr 13 kDa, 107 residues, 4 haem
groups) has been solved and refinement is proceeding.
Recently, new data were collected at station X31: a total
of 88,838 measured intensities were merged into 17,509
unique reflections (99.1% complete up to 1.6 A) with an
Rmerge(l) of 6.30/0.

Structural studies on cellulases
(G.J. Davies & S.P. Tolley (York))

Cellulose, a polymer of (3 (1-4) linked glucose residues, is
one of the most abundant naturally produced compounds on
the planet. Enzymatic hydrolysis of cellulose is catalysed
by a number of cellulases, both cellobiohydrolases and
endoglucanases, which may be isolated from a variety of
fungal and bacterial sources. These enzymes have appli-
cations in a wide variety of industrial processes including
"stone-washing" of denim, colour-brightening and softening
of fabrics, animal feed production and the recycling of in-
dustrial wastes. In collaboration with the group of Martin

SchOlein at Novo Nordisk als we have been working on the
structure determination of a number of cellulases from the
fungus Humicola insolens which has cellulases from most
of the known families. We have collected high resolution
synchrotron data on two Humicola cellulases.

. Endoglucanase I has been crystallized in a number of forms
suitable for X-ray diffraction analysis. Native data, to 2.2 A
resolution, have been collected on beam-line X11. The
cell is 102x 102 x 282 A, in space group P4122 (or P4322),
with three or four molecules of EG1 in the asymmetric
unit. Structure solution by molecular replacement using the
similar Trichoderma reesei CBH-I coordinates is in progress.

The structure of endoglucanase V has been solved at a
resolution of 2.0 A by MIR techniques. Initially, two deriva-
tives were identified by screening on the MAR Research
image plate using an Mo sealed tube source at the EMBL
Hamburg Outstation. Data for these two derivatives were
collected at wavelengths chosen so as to optimize the f"
component of the anomalous scattering of the heavy atoms
at the Photon Factory synchrotron facility. High resolution
native data, to 1.47Aresolution, have been collected on the
wiggler beam-line BW7. The data are 98% complete with
an Rmerge of 0.058. EGV has 7 subsites for sugar binding,
catalysing the cleavage between subsites D and E at the
reducing end of the substrate (Plate 85) reminiscent of the
action of lysozyme.

The structure of EGV is shown in Plate 86. The two catalytic
aspartates, 10 and 121, sit either side of tyrosine 8 at the
base of the D subsite. Studies on mutant and substrate com-
plexes reveal the location of the attacking water molecule. It
is positioned so as to facilitate catalysis leading to inversion
at the C1 position.

Tissue inhibitors of metalloproteinases
(G.J. Davies & S.P. Tolley (York))

In collaboration with Gillian Murphy and co-workers at
the Strangeways Research Laboratory, Cambridge we are
working on the structures of the tissue inhibitors of matrix
metalloproteinases (TIMPs). The degradation and turnover
of the connective tissue matrix is an important area of the
physiology of higher organisms. Connective tissue turnover
involves a family of zinc-dependent endopeptidases, the
matrix metalloproteinases (MMPs). These enzymes playa
key role in the matrix and are implicated in a number of se-
rious disease conditions such as the arthritides, periodontal
disease and tumour invasion.
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We have been working on a number of naturally occurring
TIMPs. They have therapeutic potential in the treatment of
cancer where they can inhibit the invasion and metastasis
of the expanding tumour through the extracellular matrix.
TIMP-1 contains two N-linked glycosylation sites which have
been mutated to produce a non-glycosylated form of the
protein suitable for crystallization. Crystals of the mutated
form of TIMP-1 have been grown to a maximum size of
0.1 xO.1 xO.05 mm. They are in space group P21 with cell
dimensions a=35.3 A, b=54.0 A, c=48.6 A and {3=96°. Data
collection on these small crystals has not been possible
using conventional sources. Native diffraction data have
been collected at the EMBL Hamburg Outstation on beam-
line X-11. The data extend to 2.0 A resolution and are 97%
complete with an Rmerge of 0.059. Derivative screening is
in progress and thus far we have identified two platinum
derivatives sharing common sites. Data to 2.8 A have been
collected on these two platinum derivatives on beam-lines
X11 and the wiggler beam-line BW7. Map interpretation is
in progess. In addition we have grown small crystals of a
truncated form of TIMP-2. It is hoped that we will be able
to solve this structure by molecular replacement once the
TIMP-1 structure is known.
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Biochemistry and molecular biology

Scientist: C.E. Vorgias

Fellows: P. Padas, A. Perrakis, I. Tews

Assistant: R. Vincentelli

Thermostability of the histone-like protein HU

The proteins of thermophiles for which the tertiary struc-
tures have been determined do not appear to show spe-
cial properties in the interactions used in their folding. We
have chosen to look at the structure of the DNA binding
protein HU from a thermophilic Bacillus and a closely re-
lated mesophile to identify how the extra thermostability is
achieved in the former. This is a good model system since
the number of amino-acid differences is limited (eleven) and
the three-dimensional structure of the thermophilic HU is
known. The thermostability of HU proteins was measured
using circular dichroic spectroscopy (CD) and differential
scanning calorimetry (DSC).

Assuming that the unfolding process follows a two-state
mechanism, native and denatured forms are defined from
the pre- and post-transition state baselines, respectively.
Tm, the melting temperature, is the temperature where 50%
denaturation is reached. We have applied the technique of
site-directed mutagenesis to allow a more direct answer to
the problem. Firstly all eleven point differences from the ther-
mophile HU B.stearothermophilus (HUBst) to the mesophile
HU B.globigii (HUBg/) were independently introduced into
the thermophilic gene. The influence of these point muta-
tions on the thermostability was determined. Seven single
point mutants (Le. T13A, A27S, S31T, T33L, R37K, A56S,
M691) showed only slight differences of the order of the
experimental error. A common characteristic of these point
mutations was that they had only slight differences in their
side chains. Only four mutations gave substantial reduction
in the thermostability of HUBst. The G15E mutation located
in the tight ,B-turn between the 01 and 02 helices caused
a significant destabilization by 10.5°C by introducing a side
chain with a negative charge. Reduction of the Tm of the
HUBst mutants E34D, K38N and V421 varied between 2.9
and 4.3°C. The first two mutations are located within the
02 helix. The mutations shorten the side chains and ap-
pear from the model to abolish the possibility of already
rather weak ionic interactions. The V421 mutation is in
the hydrophobic core and must reduce packing efficiency.
Combination of the two independent mutations G15E and
V421 showed a cumulative effect. Finally the thermostability

of HUBst was effectively reduced to the level of HUBgl by
combining the point mutations G15E/E34D/K38N/V421.

The next experiment was to examine whether the inverse
mutations in HUBgl to HUBst showed equal effects. The
combination of these mutations (Le. E15G/D34E/N38K1142
V9) changed the thermostability of HUBgl to the same
level as that of HUBst, supporting the conclusion that these
residues are the basis of the thermostabilization of HU.

Several significant mutations were also tested for their re-
sistance to denaturing agents like urea and showed a corre-
lation between resistance to denaturing agent and thermal
melting. The results obtained by biophysical and genetic
methods clearly show that the thermostability of HUBst is
solely obtained by structural properties per se. No cofactors
or other proteins are involved. Data have recently been
collected on crystals of native HUBst in a new crystal form
to a resolution of 1.9 A. Refinement of the model is under
way. X-ray studies of various mutants are planned.

Chitin degrading enzymes chitinase A and
chitobiase from Serratia marcescens

Chitin degrading enzymes are of particular biotechnological
interest, since their substrate, chitin, is a widely spread
fibrous polysaccharide in the plant and animal kingdoms.
Chitin is found in numerous fungi as the major structural
component of the cell wall and in the exoskeleton of various
arthropod species. Chitinases are classified in families 18
and 19 of glycosyl hydrolases. Enzymes belonging to family
18 have been identified in bacteria, fungi and plants while
those of family 19 are restricted to plants. It is possible
indeed that the two families have different mechanisms
for chitin cleavage. Chitinase A belongs to family 18. No
structures are available for this family as yet.

The chiA gene encoding chitinase A with a molecular weight
of 64 kDa was isolated, cloned and over-expressed in pre-
vious years. Chitinase A was crystallized and 2.25A res-
olution native data have been collected. Three derivatives
(Pb, Pt and Hg) have been identified but the Pt and Hg
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derivatives contribute to the phasing only at low resolution
(5 A). The phasing information obtained from the anomalous
scattering of the Pb derivative is excellent, mainly owing to
the fact that data were collected at a favourable wavelength
and to the high quality of the data (Rmerge=3.2%). After
solvent flattening a good map at 2.5A is now available,
which has already revealed the main structural features
of chitinase A. The molecule consists of an 8-stranded
a/(3 barrel and a second domain with more poorly defined
electron density which appears to contain several (3-strands.

The second step in chitin degradation is the breakdown
of chitobiase. Chitobiase ;'as cloned previously and the
complete sequence of the gene has now been determined
in our laboratory. The gene encodes a protein of 99 kDa.
Large amounts of protein (1 mg/g cells) can be obtained.
Our major interest is to understand the reaction mechanism
by solving the X-ray crystal structure. The best crystals
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were obtained in ammonium sulphate using isopropanol at
pH 5.4-5.8. Native data have been collected to 2.0 A. A
good Au derivative has been found, together with a Pt of
somewhat poorer quality. More heavy atom derivative data
are required.
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Instrumentation and programming
(H.-F. Nolting)

A new data collection mode was added to the existing data
acquisition system based on an IBM compatible personal
computer (with C. Hermes and F. Golding (Lancaster)).
The monochromator stepper motor moves continuously with
a selectable frequency while all data channels are open.
After a preset interval (defining a particular data point) the
contents of all channels are transferred to the on-board-
memory of a HYTEC MCS727 CAMAC module (32 channel
scaler with 1024 memory locations per channel). At the end
of a scan the motor stops and all the data are transferred
from the module's memory to the data acquisition PC. First
results with calibration foils for testing this new acquisition
mode look very promising. The major advantage of the new
system is that the beam-time can be used more efficiently.
In the normal step-by-step EXAFS mode the ratio between
data collection time and total time per spectrum (including
moving of the motor, settle times, etc.) is approximately
1:2. This ratio can be dramatically improved with the new
acquisition mode. In addition, it has proved to be very useful
for setting up the beam-line.

The program package EXPROG (PC-based EXAFS evalu-
ation software) was used successfully for fast on-line data
reduction and also tested intensively by the users after
the first distribution in 1992. During this year, a couple
of modifications and improvements were made to the ex-
isting programs. Some new facilities (e.g. a general code
for calculating absorption coefficients) were added to the
program suite. A new release of the program package may
be available in 1994. Nearly all of the data collection in
fluorescence mode throughout the year was done using
the 13-element SSD detector. This detection set-up is very
useful for many of the projects, whereas for some studies
with low count rates (e.g. diluted protein solutions at the Fe
edge or single crystal XAS) the use of a wiggler beam-line
together with this detector would be more appropriate.

In the following sections a number of selected in-house and
collaborative projects will be described. A complete list of
the projects in 1993 can be found in the EMBL Annual
Report. More detailed information about the projects can be
obtained either from the HASYLAB report or from a number
of publications.

Temperature-dependent EXAFS studies of a zinc
tetraimidazole complex (P. Loeffen & H.-F. Nolting)

The ab initio temperature dependence of the EXAFS spec-
trum of the zinc (II) complex has been determined by using
both the static and dynamic structure of the molecule as
input into a configurational averaging calculation. The static
structure was obtained from X-ray crystallography and the
dynamic structure from TLS analysis and principally from
a full normal mode analysis via inelastic neutron scatter-
ing studies. The calculated EXAFS were compared with
low noise temperature dependent experimental spectra,
Plate 87, and a distinct underestimate was found in the
theoretical amplitude of the modelled signal. It was also
found upon inspection that a severe oscillatory modulation
of the theoretical amplitude exists (±25%

) which was found
to be an artefact produced by the energy discontinuity at the
Muffin-tin boundary of the optical potentials. The implication
for structural analysis via EXAFS is an impairment of the
static structure determination beyond the first coordination
shell and an underestimate in the dynamic structure deter-
mination.

EXAFS studies of the intermediate phases in bone
mineralization (E. Rokita (Cracow) &H.-F. Nolting)

Although it has been commonly accepted that the ma-
ture bone is mostly composed of poorly crystalline, non-
stoichiometric hydroxyapatite (HAP) crystals, neither the
presence of other Ca-P compounds in the mature bone nor
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PLATE 87

Temperature-dependent EXAFS spectra of zinc
(II) tetraimidazole tetrafluoroborate; experimen-
tal data (upper panel), theoretical calculations
(lower panel).
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the composition of young bone are known with certainty.
On the basis of in vitro studies, a wide spectrum of Ca-P
compounds has been proposed as precursor or intermediate
phases in bone mineralization. Failure to detect non-apatitic
phases in· bone is caused by the fact that newly formed
phases constitute only a small part of the total bone miner-
als. To characterize mineral(s) formed at the onset of bone
calcification we proposed a new experimental approach.
It is based on the application of strontium as a marker
of calcium with subsequent identification of different Ca-P
compounds containing Sr using Sr coordination parameters
determined by EXAFS. The current experiment was aimed
at the identification of minerals involved in the formation of
long bone using the rabbit model. Pregnant females were
given intraperitoneal injection of Sr at 26 d of gestation.
The animals (embryos or newborns) were sacrificed after
different periods of time (ranging from 3 h to 30 d). The
femoral bones were dissected, cleaned of the adherent
soft tissues, delipidized, treated with hydrazine and finally
pulverized. The obtained powder was subjected to EXAFS
measurements in fluorescence mode at the Sr K absorption
edge. The following conclusions may be drawn on the basis
of qualitative examination of the spectra: (a) the first min-
erai formed in the embryonic bones is amorphous calcium
phosphate (ACP), (b) after 1 d, a transformation of ACP into
apatitic tricalcium phosphate (ATCP) starts, (c) the formation
of ATCP is not completed even after 30 d, Le. the longest
period of time considered in the current experiment. The
minerals formed between 30 d and 90 d after the Sr injection
will be identified in the forthcoming experiments.

XAS studies on catechol 2,3 dioxygenase from
Pseudomonas putida (I. Bertini, F. Briganti
& A. Scozzafava (Florence), S. Mangani (Siena)
& H.-F. Nolting)

The physiological role of catechol 2,3 dioxygenase from
Pseudomonas putida is to catalyse the extradiol cleavage
of the aromatic ring of catechol at position 2,3 with inser-
tion of both atoms of an oxygen molecule. Catechol 2,3
dioxygenase is an Fe(lI) enzyme (Mr 140.000) consisting of
four identical subunits each containing one ferrous ion in the
active site. The catalytic mechanism of the enzyme is still not
known and it has received little attention due mainly to the
difficulties in using electronic spectroscopy on the high spin
Fe(lI) ion. Furthermore, a crystallographic structural deter-
mination of this enzyme is not yet available. Hence EXAFS
is the spectroscopy of choice to investigate this system. In
1992 we have obtained for the first time structural data on
the active site of the native and 2-chlorophenol inhibited en-
zyme. In 1993 we have continued the study 'of 2,3 catechol
dioxygenase collecting XAS data on the complexes of the
enzyme with substrate (catechol), with substrate-analogue
(2-hydroxypyridine N-oxide), with inhibitor (2-bromophenol)
and on the inactive oxidized enzyme to shed more light on
the catalytic mechanism. The pre-edge 1 s-3 d transition
indicates a centrosymmetric octahedral environment for the
ferrous ion in the catechol complex. The comparison of
these data with the native enzyme shows changes mainly
affecting the outer coordination shells of the Fe(lI) which
can be simulated with the bidentate binding of the substrate
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to the metal. The catechol molecule binds the iron without
displacement of the two histidine imidazole ligands present
in the native enzyme. Upon binding of the substrate the
first coordination shell distances are slightly shortened going
from an average of 2.05 to 2.02 A. A two-distance fit of
the first neighbours results in placing four oxygen atoms
at 1.99 Aand two nitrogens at 2.16 Afrom the iron.

X-ray absorption spectroscopy of lipoxygenases
(L.M. van der Heijdt, G.A. Veldink & J.F.G. Vliegenthart
(Utrecht), H. KOhn & R. (Berlin) & H.-F. Nolting)

The EXAFS project on lipoxygenase-I from soybeans was
extended to include also studies on mammalian lipoxyge-
nases. XAS data were collected of a lipoxygenase isolated
from rabbit reticulocytes. On the basis of observed se-
quence homologies it has been suggested that the structure
of the non-haem iron site is maintained throughout lipoxyge-
nases from different origin. XAS data of Iipoxygenase-1 from
soybeans and rabbit reticulocyte lipoxygenase corroborate
this hypothesis. From the position of the absorption edges,
it could be concluded that the native rabbit reticulocyte
enzyme is in the Fe(lI) valence state, as was reported for the
soybean enzyme. Although minor differences exist between
the spectra of both species, it is clear that histidines are
among the most important ligands to the non-haem iron
in the rabbit reticulocyte enzyme as well. Furthermore, it
could be shown that resemblance between the structures
of the non-haem iron sites in these enzymes is maximal at
their respective pH-optima. Additional XAS-data of the rabbit
reticulocyte enzyme, Le. after treatment with an equimolar
amount of 13S-HPOD, could provide important insights into
the proposed analogies between these lipoxygenases.

EXAFS measurements on cobalamins in solution
and in the solid state (K. Gruber & C. Kratky (Graz)
& H.-F. Nolting)

yielded EXAFS spectra which superimpose extremely well,
excluding the possibility of significant differences in the
cobalt coordination between solution and crystal. The claim
of a 2.14 Aaxial Co-N distance could thus be convincingly
disproved.

EXAFS investigations on the iron centre of the
superoxide dismutase from Propionibacterium
sherman;; (T. Rimke, M. Schmid & F. Parak
(Mainz/MOnchen), B. Meier (Hannover) & H.-F. Nolting)

Superoxide dismutase (SOD) catalyses the decomposition
of the radical O2 which is chemically very aggressive
and probably carcinogenic. In contrast to most eukary-
ontic SODs (Cu/Zn centre) and the SOD of the archae-
bacterium Thermoplasma acidophilum (Fe/Zn centre) our
SOD is believed to contain only one Fe. The SOD has
been crystallized and the X-ray structure determination is
in progress. To obtain information about the active site
EXAFS experiments have been performed on samples at
different pH-values. A preliminary analysis of the EXAFS
data obtained from the pH 7.8 sample shows that the first
coordination shell may consist of 4 N atoms at 2.1 A and
2 0 atoms at 1.9 A. From the higher shell contributions
observed in the Fourier transform it can be concluded that
the Fe is bound to histidines. Significant changes in the
the pre-edge region and in the first coordination shell in-
dicate that the symmetry around the Fe centre is strongly
pH dependent. This is clearly correlated with the pH de-
pendence of the activity. In addition to Fe also Mn, Cu
and Zn were identified from the pulse-height spectra of
the SOD samples, Plate 88. It is already known that Fe
can be exchanged by Mn or Cu in our SOD. Surprisingly,
the Zn content of the samples was found to be nearly as
high as the Fe content. It has to be investigated if the
presence of Zn is connected with the functional activity of
this SOD.
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PLATE 88

Pulse height spectrum of the superoxide dismutase from Propioni-
bacterium shermanii at pH 7.8.
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Cobalamins, also known as the B12 coenzymes, form a
class of cofactors associated with enzymes catalysing rad-
ical rearrangement reactions. They contain a cobalt atom
which forms an organometallic bond to an alkyl residue.
Due to their biological significance and their immense chem-
ical complexity, they have received considerable attention
since the eludication of their chemical constitution by X-ray
crystallography. Recently, EXAFS experiments on cobal-
amins were published, which were interpreted in terms of
a Co coordination at variance with the structural data from
crystallography (Sagi et al., 1992). Thus, the axial Co-N
distance was reported to be about 0.2 A longer than in
several crystal structures. Since this observation questioned
the use of crystallographically derived structural data to
explain the properties of cobalamins in solution, we decided
to repeat and extend the EXAFS investigations to relate
the observed spectra directly to crystal structures. We have
recorded EXAFS spectra at the Co absorption edge from
solutions and from crystals of a couple of cobalamins.
The spectra obtained for aquocobalmin were of excellent
quality, since both the solid state and the solution sample
were investigated in transmission mode. Data evaluation
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X-ray absorption study of solubilization loci of
brominated molecules in aqueous micellar
solutions at low concentrations
(P. D'Angelo & N.V. Pavel (Rome) & H.-F. Nolting)

Due to their solubilization properties, micellar systems have
several applications. The surfactants employed in our study
were sodium dodecyl sulfate (SDS) and sodium deoxy-
cholate (NaDC). NaDC belongs to a peculiar class of de-
tergents, the salts of bile acids, with physicochemical prop-
erties which differ from those of alkyl chain ionic surfactants
as SDS. The locus of solubilization of different compounds
within the micellar systems can be correlated with the struc-
tural organization of the aggregates. It has been pointed
out that the XAS spectra above the Br K-edge of some
brominated hydrocarbons can provide information on the
polarity of the medium in which they are buried. By solubi-
lizing brominated hydrocarbons in SDS and NaDC micelles,
it was possible to obtain information on the interaction
between the probe molecules and the micelles. For aqueous
micellar solutions (Br concentration greater than 30-40 mM)
of sodium 12-bromo dodecyl sulfate (12BSDS) and sodium
11-bromoundecanoate (BUND) different aggregation modes
have been determined. Investigations at low concentration
(4-20 mM) are very important when molecules with a low
solubility in micellar systems are investigated and when
variation of the micellar structures due to the micelle-probe
interaction has to be avoided. We have performed a first
set of measurements of diluted micellar solutions in fluo-
rescence mode. A test on a 10 mM bromoethane water
solution has been performed and compared with the results
obtained for a 150 mM one, recorded in transmission mode.
The micellar solutions studied were: bromoethane and 2-
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bromopropane 10 mM in SDS 200 mM, 12BSDS 4 mM
and BUND 10 mM. The complete EXAFS data analysis has
still to be performed. However, by a direct inspection of the
XANES region, it has been possible to determine the polarity
of the medium in which these molecules are buried.
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PLATE 89

In-house projects

Simultaneous small- and Wide-angle X-ray
diffraction on dimyristoylphosphatidylethanolamine

The main transition of dimyristoylphosphatidylethanolamine
(DMPE) dispersed in excess of water has been investi-
gated by simultaneous detection of small- and wide-angle
X-ray diffraction during slow heating and cooling scans. At
scan-rates of 0.1 0 Clmin and 0.6 0 Clmin the transition is a
multi-component process as shown in Plate 89. Amplitude
and thermal width of these components are similar to those
found in calorimetric experiments. Preliminary analysis indi-
cates that the fine structure is scan-rate-dependent, being
more pronounced at slow scan-rates.
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Small-angle X-ray patterns during the main transition of DMPE at a
cooling rate of 0.1 0 C/min. The inset shows the intensity change of
the first order reflection of the gel phase.

Instrumentation

Most of the members of the muscle group left EMBL within
the first months of 1993. The remaining members, Gert
Rapp, Michael Rappolt and Beno-Hendrik Kunst, continued
X-ray diffraction experiments on beam-line X13. The work
can be divided into (1) improvements at the beam-line,
(2) in-house projects and (3) collaborations. Only a brief
account of the scientific projects can be given here, more
detailed information is found in the HASYLAB report. The
possibility of using the Fuji image plate system of the group
of Ada Yonath (Max-Planck Hamburg) is gratefully acknowl-
edged.

A beam monitor close to the monochromator (designed in
collaboration with Hans Wittmann, Heidelberg) was installed
at X13 and the mirror bench realigned. With further minor
modifications the beam-line was routinely operated during
the beam periods. However, in some experiments problems
arose from beam position instabilities of DORIS at fan K
which led to increased background levels and reduced
intensities. Experiments on solution scattering would be
impossible under these circumstances. Reducing thermal
effects on the monochromator would improve the beam-line
performance. For experiments on phase transitions under
near equilibrium conditions a PC interface to the thermo-
stat was installed, which allows remote controlled heating
and cooling ramps at scan rates down to 0.1 0 C/min. Ef-
ficient detectors capable of handling both the high local
and total count-rates achievable in lipid experiments are
still a challenge and it is hoped that the new systems
currently developed at EMBL Heidelberg and Grenoble will
be available in the near future. Efficient detectors are es-
pecially important for experiments on single fibre muscle
diffraction where beam damage is already a severe prob-
lem.
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Non-equilibrium phase transitions of
dilauroylphosphatidylethanolamine

Aqueous dispersions of dilauroylphosphatidylethanolamine
(DLPE) display a sharp L,a-La transition at 30.5 0 C. Laser
pulses of less than 1 J.Ls and of about 200 mJ have been
used to heat up the sample rapidly and homogeneously.
Diffraction patterns have been recorded with 500 J.Ls time-
resolution. The transition is two-state, with the initial and final
phases coexisting and no detectable intermediates. The
kinetics of the transition depends on the final temperature.

Study of phase transitions in lipid-water systems
(with B. Tenchov, Sofia)

Aqueous
dispersions of dipalmitoylphosphatidylethanolamine (DPPE)
and dihexadecylphosphatidylethanolamine (DHPE) from dif-
ferent sources have been used to investigate phase transi-
tions close to equilibrium and under non-equilibrium T-jump
conditions. The La-HII-La phase transitions have been
recorded in DHPE dispersions at different pH values. All
transitions proceed as two-state processes characterized by
coexistence of the initial and final phases. A specific shift
of the HII low-angle spacing was recorded in the transition
region and found to depend strongly on pH, irradiation time
and temperature prehistory of the samples. Comparison of
the data recorded during slow T-scans and fast T-jump
indicate certain differences in the transition pathways. The
transition fine structure has been found to be sensitive to
pH variations, especially on cooling.

Study on thermally induced tension generation of
rigor muscle (with J. Davis, Baltimore)

The aim of this project is to investigate the kinetics of
thermally induced tension generation in rigor muscle. Two-
dimensional data recorded on a Fuji image plate system
show that some layer line reflections become weaker upon
tension generation. The temperature and time dependence
of the strongest reflections on the equator and on the
meridian have been measured with a 1-d detector with
delay-line read-out. Preliminary analysis shows that the
intensity and position of the equatorial reflections do not
change until the fibre tension is at a maximum. However,
the intensity of the meridional 14.3 nm reflection begins to
weaken about 80 C below the temperature where tension
starts to rise.

Temperature-jump studies on relaxed muscle fibres
(with J.S. Wray, Heidelberg)

Time-resolved X-ray diffraction was combined with laser
T-jump to study the transition from disordered to ordered
conformations in relaxed psoas muscle. The equatorial in-
tensities change rapidly following a temperature increase
of 5-10 K. An initial fast phase of large amplitude has a
rate from 20 to 250 S-1, increasing with final temperature,
followed by a slower phase with a rate constant of the order
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of seconds. This behaviour is in quantitative agreement with
the scheme -7 M -7
M.ATP established from solution studies in which step 1 is a
rapid equilibrium, steps 2 and 3 are much slower and step 4
is very fast. The results thus provide strong support for the
hypothesis that the structure of the thick filament depends
.on the nucleotide bound to the cross-bridge.

Collaborations

Structural studies on smooth muscle
(A. Arner (Lund), B.H. Kunst & G. Rapp)

Glycerol skinned rabbit rectococcygeus (RC) and smooth
cardiac ventricle (SC) muscle have been studied using
an image plate and a delay-line detector. The meridional
14.5 nm reflection disappears in the rigor state while two thin
filament-associated reflections not present in the relaxed
state appear. The 5.9 nm actin reflection is intensified in
the rigor state. With exposure times of less than 10 s using
the image plate we have shown that experiments on active
smooth muscle are feasible. The results can be interpreted
as cross-bridge binding to the thin filament in a manner
similar to that described for striated muscle.

X-ray diffraction studies of demembranated
muscle fibres (B. Brenner (Hannover), L. Yu
(Bethesda) & G. Rapp)

The lattice spacing at which the radial component of cross-
bridge force changes from expansive to compressive (deq)
is characteristic for each cross-bridge state and independent
of the number of attached cross-bridges. We compared
deq of force generating cross-bridges with weakly attached
cross-bridges in relaxed muscle. A preliminary data analysis
shows that deq is different for the two conditions. This con-
firms our earlier findings that the force generating transition
from a weakly bound cross-bridge to a strongly bound one
is associated with a distinct change in the structure of
the attached acto-myosin cross-bridge. To further charac-
terize this structural change, we examined the feasibility of
obtaining two-dimensional diffraction patterns using a Fuji
image plate system. With small bundles even the weakest
tropomyosin reflections could be resolved upon exposures
of 500 s.

X-ray diffraction studies on lattice changes
of single muscle fibres (P.J. Griffiths &
C.C. Ashley (Oxford), M.A. Bagni & G. Cecchi
(Florence), Y. Maeda (Seika) and G. Rapp)

Intensity changes of the equatorial reflections from skeletal
muscle fibres during activation are accompanied by changes
in lattice spacing. Equatorial patterns and sarcomere length
(s) were recorded simultaneously with a time resolution of 2
to 10 ms. Lattice spacing (d) was calculated from the 10 and
11 equatorial reflections. The static behaviour of the myosin
lattice in relaxed fibres in response to changes in sarcomere
length was measured over a range of sarcomere lengths



(2.0-2.8 p,m). This data conforms closely for a constant
volume system. In the dynamic state the situation is more
complex. Since filament length (I) of the myosin lattice does
not alter with sarcomere length, true lattice volume (Id)
cannot remain constant, and some expulsion or absorption
of fluid by the lattice must accompany sarcomere length
changes. Rapid (0.5 ms) stretches and releases on the re-
laxed cell show that the apparent fibre volume (sd) remains
almost constant as in the static state. In the activated state,
we see pronounced changes in lattice volume associated
with the development of axial tension which are larger in an
expanded lattice, and in a compressed lattice.

X-ray diffraction measurements on the effect
of rapid length changes on skinned rigor
muscle (K.J.V. Poole (Heidelberg) and G. Rapp).

We measured changes in intensity and width of the
strongest equatorial and meridional reflections after stretch-
ing and releasing skinned rabbit psoas fibres in the relaxed
and rigor states with 1 ms time-resolution. On washing out
ATP the 14.3 nm reflection increases in intensity and width.
Rapid stretches and releases had no measurable effect on
the equatorial intensities, but had very large effects on the
14.3 nm intensity without any change in its width suggesting
that the effect is not due simply to a change in the sampling
or general ordering of the thick filament lattice. Stretches
caused a 50-100% increase in intensity, complete within
the first 1 or 2 ms time frames. Releases produced the
opposite effect, a 50-70% reduction in intensity. No effect
was seen on perturbing relaxed fibres. These data suggest
that small, rapid length changes may cause distortion of
the rigor cross-bridges resulting in a cross-bridge population
which is, on average, more perpendicular oriented with
respect to the fibre axis after stretch, and the reverse after
a release..

Rate of phase transformations between
mesophases formed by a non-ionic surfactant
in water (M. Clerc & A.M. Levelut (Paris),
P. Laggner (Graz) and G. Rapp)

The kinetics of phase transformations after T-jump in
the lyotropic binary system C12(EO)6/water has been fol-
lowed with 50 ms time-resolution. In some concentration
ranges three ordered mesophases, the two-dimensional di-
rect hexagonal below 25°C, the three-dimensional bicon-
tinuous cubic (space group la3d) between 25° C and 35° C
and the 1D lamellar above 35° C are found. In all the
experiments, the diffraction peaks of the low temperature
phase are decreasing with time and, at the same time,
the peaks of the high temperature phase are increasing:
all reflections correspond to characteristic peaks. of either
phase. No continuous displacement of a peak has been
observed. After a total transition time of about 3 s, a pure
high temperature phase diffraction pattern is obtained. The
high temperature phase is still observed even after more
than 30 s, a clear indication that the transition was complete.
Upon cooling of the sample the low temperature structure
reappears. Preliminary data analysis shows that the cubic

to lamellar transition is a nucleation and growth mechanism
following Avrami's law.

Phase transitions on phospholipid/surfactant systems
(S.S. Funari & B. Madler (Leipzig) and G. Rapp)

The phase diagram of POPC/C12E2/D20 shows a reversible
lamellar to cubic transition at 31 °C. The scattering patterns
were recorded on cooling and heating sequences with a
scan rate of 0.7° Cimino The time between frames was
20 s, of which 2 s were actually exposure times. Biphases
were observed over a 1.2°C range. Both cubic and lamel-
·Iar phases show two diffraction peaks, however enough
for their respective identification. No other symmetries fit
the observed peak position. The cubic phase could not
have its symmetry unequivocally established, although it
is compatible with an la3d phase, which is also observed
in many other lipid systems. The lattice parameter a of
the cubic phase was calculated to be 13.7 nm, while the
interplanar distance of the lamellar phase was measured to
be 5.0 nm.

Polymorphic phase properties of stereo-specific
glycolipids and alkyl glycosides (H.J. Hinz &
M. Koberl (MOnster) and M. Rappolt & G. Rapp)

Results from simultaneous SAXS and WAXS studies on syn-
thetic glycolipids can be summarized as follows: 10-1.2-Glc,
a glycero-glycolipid with two identical alkyl chains of length
10 and a glucose headgroup undergoes a L,a-La transition
at 28.4° C on heating which is reversed at 10.4°C upon cool-
ing. Data from X-ray experiments differ from those of DSC
and DSD studies. Replacing glucose by galactose increases
the Tm-values of the main transition to about 28°C above
those of the glucose homologues as seen by DSC, DSD and
X-ray. 10-1.2-Gal exhibits an HII-structure at temperatures
above 80° C, during the subsequent cooling scan a direct
transition to the lamellar crystalline Lc phase takes place
at 33°C. 16-1.2-GlcUA has the protonable glucuronic acid
headgroup instead of glucose. At high pH deprotonation
probably leads to reversible swelling and shrinking of the
vesicles. The structure completely disappears at high tem-
peratures and reappears on subsequent cooling.

Thermally induced phase transitions in multi/ayers
ofMg-stearate (U. Hahne, H.J. Merle & H. Mohwald
(Mainz), Y. Lvov (Moscow) and M.H.J. Koch & G. Rapp)

We investigated the thermal behaviour of 18 and 28 mono-
layers respectively of Mg-stearate deposited on a glass
substrate in the range from 20° C to 65° C. Bragg reflections
arising from bilayers and Kiessig fringes from interference
between a beam reflected at the air/LB film and at the LB
film/substrate interfaces, respectively, have been detected
using a 20 cm long delay-line detector. During a heat scan
from 20°C to 65°C at 0.5°C/min 5-10 s exposures have
been collected every 30 s. At 52° C the Bragg reflections
of the initial lamellar lattice disappear while reflections of a
thinner lamellar lattice appear. Simultaneously the Kiessig
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fringes move to larger angles, indicating a thinning of the
LB films. The width of the transition is about 2° C. The
transition resembles a two-state process with the initial and
final phases coexisting within the temperature interval of the
transition.

Investigation of mesomorphic phases of
C18-monoacylglycerides (M. Kriechbaum &
P. Laggner (Graz) and M. Rappolt & G. Rapp)

Two lyotropic monoacylglyceride samples have been stud-
ied in slow T-scans by time-resolved simultaneous SAXS
and WAXS. Temperature scans on monoelaidin and
monoolein in excess water with and without 3M NaCI, were
performed between 5° C and 90° C with a scan rate of
1°C/min. Monoelaidin (ME) shows the sequence L,a-La-
cubic Im3m-cubic Pn3m-H". The transition into H" at 75°C
is only seen in solutions with 3 M NaCI. The lattice spacings
of the cubic and hexagonal phases showed a significant
decrease with increasing temperature. In the cooling scans
a pronounced scan-rate-dependent hysteresis in the cubic
- lamellar phase transition was observed. After equilibration
for several hours at 4°C a lamellar sub-gel phase Lc is
formed, which upon heating transforms directly into the
cubic phase. In contrast to ME, monoolein shows only a
transition from cubic Pn3m to hexagonal H". The transition
temperature is shifted from 90° C without salt to 40°C with
3 M NaCI.

SAXS and WAXS studies on the nature of
the thin-lamellar intermediate in DPPC phase
transitions (P. Laggner & M. Kriechbaum
(Graz) and M. Rappolt &G. Rapp)

Time-resolved simultaneous SAXS and WAXS were aimed
at a further elucidation of the thin lamellar intermediate
structure seen under non-equilibrium T-jump conditions. The
results can be summarized as follows: (1) The intermediate
state is amultilamellar structure with a repeat period of
5.85 nm. (2) The wide-angle diffraction pattern shows the
loss of ordered hydro-carbon chain lattice simultaneously
with the appearance of the intermediate state. From the
fluid lamellar nature we term the intermediate as La*. That
the intermediate La* structure in the pretransition is not a
consequence of superheating into the normal La phase is
evident from control experiments where this structure could
not be reached by slow heating even up to 70° C.

Study on phase transitions of mixtures of
dimyristoylphosphatidylcholine (DMPC) and
non-ionic surfactants (B. Madler &
S. Funari (Leipzig) and G. Rapp)

The phase behaviour of DMPC/C12E4 at various molar
fractions and excess of water has been investigated. At
low surfactant concentrations the lamellar repeat distances
are similar to phospholipids in excess of water. At high
surfactant concentration there are indications of interdigi-
tated acyl chains. The pseudobinary system DMPC/C12E4
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forms a complex compound at a surfactant/lipid ratio of
3:2. Here, a wide-angle reflection at (0.42 nmr1 is seen at
different concentrations but identical surfactant/lipid ratios.
They differ only in the transition temperature where the
wide-angle reflection disappears.

Temperature-depE!ndent phase behaviour of
1,2-dioleoyl-sn-phosphatidyl-ethanolamine
(DOPE)/water suspensions (R. Winter &
J. Erbes (Dortmund) and M. Rappolt & G. Rapp)

. We studied the cubic structure of 1,2-dioleoyl-sn-phospha-
tidyl-ethanolamine (DOPE) in the temperature range from
5° C to 80° C. A preliminary analysis shows, that the cubic
phase partially transforms into a hexagonal phase starting
at about 15°C without forming intermediates. This process
is only partially reversible and becomes irreversible above
about 70°C.

Characterization of caged compounds
(A. Sanchez (Heidelberg) and G. Rapp)

Caged compounds are photolabile but metabolically inert
precursors of nucleotides (e.g. ATP, GTP) or ions (e.g.
Ca2+). We characterized molecules with different protec-
tion groups (they determine e.g. the quantum yield, action
spectrum and kinetics of the photolysis) by absorbance
and fluorescence measurements during photolysis using a
photodiode array spectrophotometer.
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Non-crystalline systems
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..
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Assistant: P. Brouillon

Monitoring systems were installed on beam-line X33 to
facilitate alignment of the camera and the data acquisition
programs which include several new features were finalized.
A new version with an up-to-date user interface making
use of the 32-bit capability of OS/2 written in C++ is under
development (in collaboration with F. Golding, Lancaster).
The prototypes of the NIM time-to-digital convertors based
on fast clocks built by Florent Cipriani at the Grenoble
Outstation were extensively used with the linear and area
detectors for several of the projects described below.

Due to space limitations the aims and/or results of most
projects and instrumentation developments can only be
described very succinctly. More details can be found in the
1993 HASYLAB Annual Report.

Purification and structural studies of yeast
Cu-metallothionein

As no standard procedures are available for the purifi-
cation of low molecular weight proteins like the recombi-
nant copper metallothionein (Cu-MT) (Mr 6.2 kDa) of the
yeast S.cerevisiae new approaches had to be found. A
sufficient amount of Cu-MT was purified to estimate its
radius of gyration (1.27 nm) by X-ray solution scattering.
Its value suggests that MT is a rather anisotropic molecule
which would also explain its anomalous chromatographic
behaviour. According to the UV/vis spectra of the protein
before and after exposure to X-rays there is some radiation
damage but this does not seem to affect the scattering
pattern during the course of the measurement. Improved
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separation methods should yield sufficient material during
the coming year to attempt crystallization.

Mathematical methods

New, more general, methods for determining the particle
shape and internal structure from contrast variation data
of monodisperse systems using spherical harmonics were
developed. A formalism was derived to take into account
the density fluctuations inside a particle of known shape
and to express the scattering from two-component parti-
cles in terms of the positions and/or shapes of the com-
ponents. These methods were implemented in the pro-
grams for contrast variation data analysis for one- and
two-component structures and applied to the 50S riboso-
mal subunit. Algorithms for fast smearing of theoretical
curves using the concept of resolution function which takes
into account all possible sources of instrumental smearing
were implemented. Their use in multivariant minimization
shape determination methods allows direct fitting of the
data from neutron contrast variation experiments and si-
multaneous processing of the synchrotron and neutron con-
trast variation data (collaboration with J. Skov Pedersen,
Ris0).

New optimization methods used for advanced data analysis
are being implemented in collaboration with H.B. Stuhrmann
(Geesthacht) and V. Volkov (Moscow). The prototype of the
three-dimensional graphics system for solid models written
with PHIGS for the IBM-PC is being ported to the SPARC-2
workstation (collaboration with M. Kozin (Moscow)).



Collaborations

Structure of the 50S subunit of the E.coli
ribosome from X-ray and neutron solution
scattering (0.1. Svergun, P. Brouillon,
M.H.J. Koch, I.N. Serdyuk (Pushchino) &
J. Skov Pedersen (Ris0))

Almost three decades of investigation have yielded a "con-
sensus" electron microscopic (EM) model (Lake, 1985;
Vasiliev et al., 1983; Radermacher et al. 1987) of the shape
of the 50S ribosomal subunit, which is roughly hemispheric
(25x23x15 nm3) with a very characteristic crown view. In
contrast, the model obtained by three-dimensional image
reconstruction from two-dimensional sheets (Yonath et al.,
1987) is smaller (18x 17x15 nm3) and differs significantly
in shape.

We have applied our new solution scattering data analy-
sis techniques (Svergun, 1994) to a joint X-ray and neu-
tron contrast variation study of the 50S ribosomal sub-
unit. X-ray contrast variation in sucrose solutions was used
to obtain a preliminary model. The shapes of the vol-
ume inaccessible to sucrose and of the RNA were deter-
mined and positioned to obtain the best agreement be-
tween the scattering curve of their difference, which cor-
responds to the volume occupied by the proteins, and
the experimental scattering curve from the protein moi-
ety. This model was refined in the frame of the ad-
vanced two phase model taking into account density fluc-
tuations inside the RNA and the protein moiety. The
shapes of the envelope of the 50S subunit and of its
RNA core were evaluated with a resolution of about 4 nm,
Plate 90.

Plate 91 presents a comparison of this model with those
of Vasiliev et al. (1983), Frank Radermacher et al. (1987)
and Yonath et al. (1987). The models of Vasiliev and Frank
rotated to approximately fit ours in the crown orientation
(Plate 91 (a), (b), (c)) give a good agreement. The pro-
nounced groove on the interface side (marked G1) of our
model correlates well with the "interface canyon" of Frank's
m'odel (marked Ie). It is almost connected with another
groove (G2) in the lower part on the rear. Yonath's model
lacks the characteristic crown view and was rotated to make
the ends of its tunnel (T1 and T2) coincide with the grooves
G1 and G2 (Plate 91 (d)). This model gives a much better
agreement with the shape of the RNA (Plate 91 (e)) than
with that of the entire 50S. The same applies to its integral
parameters which are also far too small to correspond to the
whole 50S subunit. In all likelihood this results from the fact
that the tracing of the contour lines in image reconstruction
is somewhat arbitrary. Besides resolving the discrepancy
between the models obtained from electron microscopy
and crystalline diffraction our model obtained from native
particles in solution without a priori information from other
methods, should also provide the necessary information
for phasing the low-angle reflections in the crystallographic
studies of ribosomes.

Collagen structural organization and distribution
in newly formed bone (A. Bigi &N. Roveri
(Bologna) and M.H.J. Koch)

X-ray scattering is used to study. the process of new bone
formation around prostheses implanted in rabbit femoral
shaft because this method allows the detection of changes
in the structure and organization of collagen taking place
during the very first stages of the calcification process.

PLATE 90

Stereo pairs of the model of the 50S subunit with
the particle envelope in red wireframe and RNA
in blue. Top: crown view, bottom: kidney view
(crown view rotated 90 0 along vertical axis). Bar
length, 5 nm.
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(a) (b) (c) (d) (e) PLATE 91

Shaded models of the 50S
subunit:

(a)Vasiliev's model;
(b)Frank's model;
(c) and (e) envelopes of 50S
and its RNA, our work;
(d) Yonath's model.

Top row: crown view,
middle row: kidney view,
bottom row: view from the
back (crown view rotated
180°).

Bar length: 5 nm.

Collagen orientation in osteons submitted
to loading-unloading cycles (A. Bigi &
N. Roveri (Bologna) and M.H.J. Koch)

Diffraction patterns were recorded from longitudinal and al-
ternate osteons submitted to successive loading-unloading
cycles. The structure of collagen does not appear to be
affected by the mechanical treatment but there is a change
in the spread of the reflections. Collagen orientation in
the lamellae is the main factor determining the mechanical
behaviour of bone samples as indicated by the different
results obtained from longitudinal and alternate osteons.

X-ray solution scattering of pyruvate decarboxylase
from pea seeds (U. MOcke & S. Konig (Halle-Wittenberg)
and M.H.J. Koch)

Preliminary measurements were made on pyruvate decar-
boxylase (PDC) from pea seeds which has a very differ-
ent behaviour from that of yeast PDC, which was studied
previously, in that it has a tendency to form filaments. The
measurements confirm that depending on the pH conditions
molecular weights between 240 kDa and 1 MDa can be
found.

X-ray solution scattering from enzyme I of
the phosphotransferase system (G. HObner,
W. Hengstenberg &S. Konig (Halle-Wittenberg)
and M.H.J. Koch)

Kinetic measurements have shown that the activity of this
enzyme which is part of the phosphoenolpyruvate phospho-
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transferase system increases exponentially with its concen-
tration suggesting that it may be regulated by oligomerisa-
tion induced by Mg2+ or phosphorylation. The preliminary
results seem to confirm this hypothesis.

Characterization of HIV-1 reverse transcriptase
and proteinase interaction (L. Goobar-Larsson &
B. Oberg (Stockholm), T. Unge & B. Strandberg
(Uppsala) and M.H.J. Koch)

The association of HIV-1 proteinase and HIV-1 reverse
transcriptase which leads to enhanced proteinase activity
and stability in vitro was studied by X-ray solution scattering.
Preliminary results indicate that there is no dissociation of
the reverse transcriptase heterodimer and that a rather more
compact structure is formed.

Association of subunits of ribonucleotide reductase
from E.coli (S. Kuprin, A. Ehrenberg, A. Graslund
(Stockholm), R. Rigler (Stockholm) and M.H.J. Koch)

The scattering from the isolated subunits and from the com-
plex was measured and possible conformational changes
upon addition of substrate, reaction products and allosteric
effectors were investigated, but the results have not yet been
analysed.

Dehydration effects on structural changes of
bacteriorhodopsin (H.J. Sass, G. BOldt (Berlin),
N.D. Dencher (Berlin) and M.H.J. Koch & G. Rapp)

Contradictory results obtained by electron microscopy and
circular dichroism on the effect of dehydration on the photo-



cycle of bacteriorhodopsin (BR) raise the question whether
the structural changes that occur during the photocycle
require a fully hydrated protein and whether glucose actu-
ally prevents dehydration. Our recent results indicate that
the characteristic changes in the (3,2) and (4,1) reflec-
tions still occur in glucose embedded purple membranes
at 0% relative humidity (r.h.) whereas they no longer
occur in samples without glucose at 15% r.h.. Glucose
embedding thus retains some residual water in the pro-
tein even at 0% r.h. or glucose can supply the protons
required for the structural changes of the M intermedi-
ate.

Physicochemical properties of native and
drug-loaded human low density lipoproteins
(K. Westesen &A. Gerke (Braunschweig) and M.H.J. Koch)

The study of native and drug-loaded human low density
lipoproteins was pursued using a narrow density fraction
and a complete set of contrast variation data in glucose
solutions was recorded. The main structural effects due
to drug loading observed last year were confirmed. Data
processing is in progress.

Effect of drug-loading on lipid nanoparticles
(K. Westesen & H. Bunjes (Braunschweig) and M.H.J. Koch)

The aim of the present study which requires the simultane-
ous collection of the small- and wide-angle diffraction is to
obtain information about the effect of drug incorporation on
the recrystallization of lipid melts in the colloidal state. The
rate of recrystallization, the initial type of polymorph and
the kinetics of further polymorphic transitions influence the
stability on storage and efficiency of this new type of drug
carriers.

Factors influencing the structure of colloidal
oil in water emulsions (K. Westesen (Braunschweig)
and M.H.J. Koch)

Phospholipids (PL) are used as emulsifiers in oil in water
(o/w) emulsions for parenteral administration. Such emul-
sions are also intermediates in the preparation of colloidal
lipid suspensions. X-ray scattering combined with polarizing
microscopy was used to study the formation of multilamel-
lar vesicles and their transformation into small unilamellar
vesicles by sonication, for instance. Beside their practi-
cal interest these studies also give rise to more funda-
mental questions concerning vesicle formation and stabil-
ity.

Phase behaviour of tyloxapol-triton X100-water
mixtures (K. Westesen & H. Bunjes (Braunschweig)
and M.H.J. Koch)

The liquid non-ionic surfactants tyloxapol and triton X100
are miscible over the whole range of concentration but
form micellar, hexagonal, cubic and lamellar structures with

well-defined boundaries. The study initiated last year was
continued and the ternary diagram of this system deter-
mined by X-ray scattering and polarizing microscopy has
been completed.

Properties of carrageenan solutions and gels
(B. Denef, N. Mischenko & H. Reynaers (Leuven)
and M.H.J. Koch)

Gels are a state of matter that is not well-understood and
which plays an important role in many biological processes
such as the function of secretory granules. The carrageenan
alginates are a good example of these polysaccharides that
can be obtained in well-defined molecular weight fractions.
This X-ray scattering study complements extensive light
scattering, viscosity and calorimetric measurements cover-
ing a broad range of concentrations. Its aim is to contribute
to a more fundamental understanding of the gelation pro-
cess.

Structural polymorphism of enterobacterial wild-type
lipopolysaccharide (U. Seydel & K. Brandenburg (Borstel)
and M.H.J. Koch)

X-ray scattering data were collected to complement a
Fourier transform infrared study on the structural polymor-
phism of rough mutant lipopolysaccharide (LPS) and lipid
A from various sources. It can be concluded that under
physiological conditions, enterobacterial endotoxins have
a preference for cubic structures which is related to their
endotoxicity.

Supramolecular structure and biological activity of
free lipid A from various species (K. Brandenburg &
U. Seydel (Borstel) and M.H.J. Koch)

The results obtained during the last year were completed
and give a clear correlation between the supramolecular
structure of lipid A from different sources and their biological
activity. Lipid A with a strong preference for lamellar struc-
tures are endotoxically inactive and do not induce cytokines.
Those assuming lamellar/non-lamellar structures have a
low in vivo toxicity but induce cytokines in vitro. Finally
lipid A forming non-lamellar inverted structures are fully
toxic in vivo and in vitro. Tests were also made for some
other projects: chromatin (M. d'Erme, Rome), association
of lysozyme (V. Georgalis, Berlin), F1-ATPase (Nawroth et
al., Mainz), hexokinase (Bartunik et al., Hamburg) and the
group of E. Mandelkow (Hamburg) also pursued its project
on microtubules and associated proteins. Further, data col-
lection for the study of the relationship between the small-
and wide-angle scattering patterns and thermal properties
of the synthetic polymers PEEK and PE (M. Dosiere and
C. Fougnies (Mons)) and on the structure and mechanical
properties of polystyrene block copolymers (K. Reynders,
H. Reynaers and N. Mischenko (Leuven)) was completed.
These experiments were done on the X33 camera because
they require a combination of resolution, flux and detection
systems presently not available elsewhere.
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The Outstation at Grenoble

Introduction

The Grenoble Outstation of EMBL has the dual roles of
pursuing research in structural molecular biology and of col-
laborating w·ith its neighbouring international institutes, the
Institut Laue-Langevin (ILL) and the European Synchrotron
Radiation Facility (ESRF) in provision of respectively neu-
tron and X-ray scattering facilities for biologists. While the
reactor of the ILL is still being renovated (and is due to
re-start in the summer of 1994), the ESRF ring has been
functioning with impressive performance all year. Several
opportunities have been available to make protein crystallo-
graphic data collections on two of the ESRF beamlines cur-
rently being commissioned, notably the so-called TROIKA
and micro-focus beamlines, both of which are on undulator
sources. Both external and in-house crystallographers have
benefited from these limited but intensive measuring ses-
sions, a particular success being the determination of the
structure of N-cadhedrin using MAD data measured with
TROIKA at the ytterbium edge (collaboration with Columbia
University). Meanwhile, the Outstation diffraction instrumen-
tation group is developing technology to improve the rate
of protein crystal data collection on image-plates and has
also designed the protein crystallography end-station for
the high-brilliance beamline (BL4) due to be in operation
by September 1994.

Both the in-house crystallography and protein biosynthesis
groups continue to have major research efforts on un-
ravelling structure-function relationships in the seryl-tRNA

syrlthetase/tRNAser system. Crystallographic, mutagenesis
and enzymological results are being combined to give an
overall picture of the substrate specificity and catalytic
mechanism of the enzyme. Results reported this year in-
clude the definition of the seryl-adenylate, ATP and mag-
nesium binding sites; refinement of the synthetase-tRNAser
crystal structure, and enzymatic characterization of two mu-
tants in which the enzyme helical arm (which binds the
tRNA) has been fully or partially deleted.

The work on the internal proteins of influenza virus (M-
protein, nucleoprotein and the viral polymerase) and in
particular their interactions with the viral RNA is gaining
momentum, partly due to the establishment of a collabora-
tion with a group at the Wellcome Foundation. Results from
chemical and enzymatic probing of RNA structure in solution
have shown that the nucleoprotein upon binding viral RNA
disrupts secondary structure. In the RNP complex the bases
are exposed and can be read by the polymerase without
disruption of the complex. The M-protein also binds to the
RNP complex, inhibiting transcription, and the mechanism
of this is being investigated.

The structure of superhelical DNA and long-range inter-
actions in DNA are being investigated both by computer
simulations and experimental methods such as dynamic
light scattering. A key question is whether permanent DNA
bends, either induced by proteins or by special DNA se-
quences, are important in vivo to induce conformations
which specifically bring together distant zones of the DNA.
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Seryl-tRNA synthetase

Important advances have been made this year in the un-
derstanding of the structural basis of serine activation by
seryl-tRNA synthetase. Results have come from both the
E.coli system (in collaboration with the Protein biosynthesis
group) and the Thermus thermophilus system (respectively
SerRSEC and SerRSTT).

Structure of a SerRSEC deletion mutant
(H. Belrhali, C. Berthet-Colominas, S. Cusack
(with Protein biosynthesis group))

The original crystals of native SerRSEC were not amenable
to soaking in the small substrates, ATP and serine, prob-
ably because crystal contacts distort the motif II loop and
prevent binding. One way around this has been to design
a helical arm deletion mutant (called which has
been cristallized from ammonium phosphate solution (see
Protein biosynthesis group report). The crystals diffract to
beyond 2.5A and are of space group P21 with cell pa-
rameters, a=80.2 A, b=170.3 A, c=91.4 A, {3=124.6°. The
structure was solved by molecular replacement and re-
vealed two dimers in the asymmetric unit. The packing
is such that the antiparallel {3-sheet of one dimer is con-
tinued into the second dimer (with four hydrogen bonds),
perhaps accounting for the high stability of the crystals
to radiation. Furthermore, the motif II loop is in its cor-
rect orientation Le. like that of SerRSTT. Data at 2.65A
resolution have been collected on beamline X11 at the
Hamburg Outstation of EMBL and merged with low res-
olution data from a rotating anode (Rmerge=4.3%, 87%
completeness). Model refinement is in progress. Prelimi-
nary crystallographic results have also been obtained on
complexes with the seryl-adenylate analogue (see below)
and with ATP and magnesium, but hydrolysis of the ATP,
perhaps due to co-purifying ATPases, hampers these ex-
periments.
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Over-expression, purification and crystallization
of Thermus thermophilus seryl-tRNA synthetase
(M. Tukalo &A. Yaremchuk)

Last year we described a T7 polymerase-based expres-
sion system in E.coli for SerRSTT. The product was how-
ever found to run slightly slower than wild-type on gels.
Mass spectrometry (in collaboration with Matthias Mann,
Heidelberg) showed that the Mr of the recombinant en-
zyme was 49,166±3.6 daltons compared to 48,045±5.0
daltons for the wild-type. TheC-terminal extension of 11
residues is apparently due to mutations in the region of the
stop codon which arose after transformation of the over-
expressing strain. This problem was successfully overcome
by recloning the gene with the addition of four consecutive
stop codons downstream of the C-terminal amino-acid of
SerRSTT. The over-expressed SerRSTI was purified firstly
by heat treatment (taking advantage of the thermostability
of SerRSTI) followed by two ion-exchange chromatography
steps. The final product was indistinguishable from wild-
type SerRSTI and could be crystallized from ammonium
sulphate by the same procedures. In some crystallographic
experiments, crystals of the longer version of the protein
(also enzymatically active) were used.

Complexes of seryl-tRNA synthetase from
T.thermophilus with two different analogues of
seryl adenylate (H. Belrhali, C. Berthet-Colominas,
A. Yaremchuk, M. Tukalo & S. Cusack)

Crystal structures of SerRSTT complexed with two differ-
ent analogues of seryl-adenylate have been determined at
2.5Aresolution. The first complex is between the enzyme
and seryl-hydroxamate-AMP, produced enzymatically in the
crystal from ATP and serine hydroxamate (see Protein
biosynthesis group report), and the second is a complex
with a synthetic analogue of seryl-adenylate (5'-O-[N-(L-
seryl)-sulphamoyl]adenosine, Ser-AMS). This compound is
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a strong inhibitor of the enzyme and was synthesized by
Barbro Beijer and Brian Sproat at EMBL, Heidelberg. De-
tails of the data collection of the Ser-AMS complex are
given in Table 8. This is of interest as it was one of the
first protein measurements to be made using undulator
radiation on the TROIKA beamline at the European Syn-
chrotron Radiation Facility (ESRF). Both adenylate ana-
logues are bound in a similar fashion by a network of hy-
drogen bond interactions in a deep hydrophilic cleft formed
by the antiparallel and surrounding loops of the
synthetase catalytic domain. Four regions in the enzyme
primary sequence are involved in the interactions includ-
ing the motifs II and III regions of class 2 synthetases.
ATP specificity is guaranteed by hydrogen bond interac-
tions with three of the purine ring nitrogens, and serine
specificity, by the interaction of the side-chain hydroxyl
group with Thr-380 (in motif III) of the enzyme (Plate 92).
Apart from the specific recognition of the amino-acid side
chain, sequence alignments suggest that the interactions
of the adenylate are likely to be similar in all class 2
synthetases.

Using the above structural information it was hypothesized
that the point mutation might change the amino-
acid specificity of the enzyme specificity to alanine. Site-
directed was carried out using the double
PCR method and the mutant protein over-expressed and
purified. The change T3801 results in a 2.7-fold decrease
in seryl-adenylate formation, complete loss of aminoacyla-
tion activity and no activation of alanine, valine or threo-
nine. The T3801 mutant has been crystallized and struc-
ture determination is in progress to understand these re-
sults.

Table 8
ATP+Mn++ AMS-Seryl

Source LURE ESRF
Wavelength (A) 0.901 0.79
Space Group P21 P21
No. of crystals used 1 1
Resolution (A) 2.4 2.5
Cell (A, A, A, Q) 85.8, 126.0, 86.4, 126.3,

62.8,109.2 62.9,109.0
Total # reflections 155,074 217,462
Completeness (%) 93 91
Redundancy 3.4 5.6
Rsymm (%) 4.1 7.5
Crystall. R-factor(%) 21.2 18.5

SRSTT camp/exed with ATP and manganese
(H. Belrhali, C. Berthet-Colominas, A. Yaremchuk,
M. Tukalo & S. Cusack)

To locate the putative magnesium site we" have soaked
the more electron dense manganese together with ATP
into crystals of SerRSn. Diffraction measurements were
begun after soaking for only 30 minutes to minimize ATP
hydrolysis. A 3.1 A resolution data set was recorded on
our laboratory X-ray source and clearly revealed the ATP
molecule and a Mn2+ ion in the difference map. Subse-
quently the measurements were repeated using synchrotron
radiation at LURE (Table 8) and the model of the complex at
2.4Aresolution is currently being refined. The ATP is found
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to be in a "bent" conformation compared to the extended
conformation observed previously (see 1992 report). The
manganese bridges the a and {3 phosphates and also has
two ligands in the protein, Glu-345 and Ser-348. The 'Y phos-
phate interacts with Arg-386 in motif III and the a-phosphate
with Arg-256 in motif II, both absolutely conserved in all
class 2 synthetases. This conformation of the ATP is thought
to be the active conformation since (a) the extended form
is incompatible with simultaneous binding of the serine
and (b) the bent conformation is consistent with an in-line
displacement mechanism for the serine activation reaction.

Studies on the T.thermophilus seryl-tRNA
synthetaseltRNASer complex
(M. Tukalo, A. Yaremchuk & S. Cusack).

Last year we reported the crystal structure of the complex of
SerRSTT with a single tRNA2Ser (GGA) molecule at 2.9 A
resolution. This provided considerable information on the
structure of the tRNA and its recognition by the synthetase,
but due to disorder, no details of the interaction of the 3' end
of the tRNA in the active site were visible. Now a second
crystal form of the same complex has been obtained, co-
crystallized in the presence of the Ser-AMS inhibitor (see
above). These crystals are of trigonal space-group P3121
with cell parameters a=b=149.2 A, c=134.6A and diffract
to about 3Aresolution. A 85% complete data set at 3.5A
resolution was collected at the synchrotron at LURE and the
structure solved by molecular replacement. This revealed a
single tRNA complexed with the synthetase dimer (as in the
previous crystal form) but this time with an ordered 3' end
in close proximity to the Ser-AMS molecule in the active
site. However better quality data will be required to permit
a full description of the interactions in this region. Gels and
sequence analysis show that the tRNA in these crystals is
cleaved in the anti-codon loop. The crystal packing suggests
that this is important for the formation of this particular
crystal form. As a result, transcipts have been prepared
which lack all or part of the anticodon stem and loop (see
below), with the aim of reproducibly growing these crystals.

To permit further study of the seryl-tRNA synthetase/
tRNASer complex we have constructed synthetic genes for
tRNA1 Ser and tRNA2Ser from T.thermophilus containing the
T7 promoter and a restriction site for run off transcription.
The genes were cloned into pUC18 or pUC19. Plasmid DNA
was linearized with BstNI and run off transcripts prepared by
T7 polymerase. These tRNASer transcripts can be specif-
ically aminoacylated in vitro by SerRSTT with the same
kinetic constants as native T.thermophilus tRNASer showing
that tRNA modifications playa small role.

Using the same technique mutant genes of T.thermophilus
tRNASer2 with either a deleted anticodon loop (TRdac) or
deleted anticodon stem/loop (TRdast) were constructed. T7
transcripts of TRdac and TRdast were purified and could
be aminoacylated with serine to a level of nearly 80%
under the same reaction conditions as for native tRNASer2.
This is consistent with previous results showing that the
anticodon stem-loop is of little importance for the aminoa-
cylation reaction (Saks & Sampson, 1993). Purification of
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these transcripts in large quantities for crystallization trials
of synthetase:tRNA complexes is in progress.

The refined crystal structure of the T.thermophilus seryl-
tRNA synthetase/tRNA2ser complex (Biou et al., 1994)
shows that the protein principally contacts the tRNA back-
bone and thus recognizes the tRNA shape rather than
its detailed nucleotide sequence. The protein anti-parallel
coiled-coil and the- tRNASer long variable arm play major
roles in this recognition. One of the few base-specific con-
tacts is made by Gln45 (on the synthetase helical arm)
with the fourth base-pair of the tRNA long variable arm,
G47a:C47n. To check the importance of these elements in
. the recognition process we constructed synthetase mutants,
Gln45-7Leu, Gln45-7Asn, Gln45-7Gly and a tRNA mutant
in which G45a-C47n was substituted by U45a:U47n. At
present only the synthetase mutant Q45L has been char-
acterized. This enzyme has wild-type seryl-adenylate for-
mation activity but no aminoacylation activity. The tRNASer
(U:U) mutant has 77% aminoacylation activity in comparison
to wild-type tRNASer2 or a T7 transcript of tRNASer2.

The second step in the recognition process includes
sequence-specific recognition in the acceptor stem region of
tRNA by the motif II loop of the synthetase. First we decided
to evaluate the role of the discriminator nucleotide G73. The
change G73-7A in tRNAser2. was found to have no effect
on the aminoacylation kinetics. Current efforts are aimed at
the construction of compensating mutations in the acceptor
stem of tRNASer and in the motif II loop of SerRSTT.

Crystallization and cloning of bovine
liver seryl-tRNA synthetase (A. Yaremchuk &
M. Tukalo in collaboration with O. Gudzera (Kiev)).

A project was started to investigate the structure of mam-
malian seryl-tRNA synthetase and its complex with tRNA.
Two facts stimulated us to do this: recently it has been
shown that mammalian SerRS associates with mRNA in
vivo (Miseta et al., 1991). On the other hand it was shown
that human tRNASer has a different spectrum of identity
elements then tRNASer from E.coli (Achsel & Gross, 1993).
The seryl-tRNA synthetase and tRNASer from bovine liver
were purified by O. Gudzera (Kiev). Crystallization trials
were carried out using a wide variety of precipitants and
multicrystals of SerRS were obtained in the presence of
ammonium sulphate at pH 7.5. Further crystallization trials
of SerRS and synthetase:tRNA complex are currently in
progress. For cloning the SerRS, the N-terminal sequence of
the enzyme was determined. The strategy will be to screen
a bovine liver cDNA library with DNA probes based on infor-
mation of the N-terminal sequence and partial sequences of
the two other mammalian SerRSs (CHO and murine) which
have been published.

Other aminoacyl-tRNA synthetases

A number of new projects have been started aimed at the
crystallization of other aminoacyl-tRNA synthetases and in
particular their tRNA complexes.



Crystallization and cloning of Thermus
thermophilus leucyl-tRNA synthetase
(A. Yaremchuk, M. Tukalo, V. Mel'nik
& S. Cusack).

Using a number of chromatographic steps the leucyl-tRNA
synthetase from T.thermophilus (LeuRSTT) has been ob-
tained which is about 95% pure. The Mr of this enzyme is
estimated to be about 100 kDa from SDS/polyacrylamide
gel electrophoresis. The hanging drop and vapour diffusion
techique was used to screen a large number of crystal-
lization conditions. Polyethylene glycol 8000, 6000, 4000
and 400, ammonium sulphate, ammonium phosphate, 2-
methyl-2,4 pentane diol, isopropyl alcohol, sodium citrate,
sodium formate and potassium phosphate were tried as
precipitating agents. In several cases very thin needle-
shaped crystals, plates or spherulites were observed.
Single crystals with dimensions of 0.4xO.2xO.2 mm3

were eventually obtained. In a test experiment at the
ESRF, these crystals were found to diffract to about
3.5 A, but are highly radiation sensitive. They are tetrag-
onal (spacegroup 14?22) with cell dimensions a=b=308 A,
c=99.5 A, and probably one molecule per asymmetric
unit.

To permit further studies of structure-function relationships
in LeuRSTT we decided to clone the respective struc-
tural gene. The N-terminal protein sequence was deter-
mined and used to define two oligonucleotides, taking
into consideration the codon usage in T.thermophilus.
These two oligonucleotides were used in the PCR re-
action to select a single DNA fragment of 78 bp.
That this corresponded to the N-terminus of the pro-
tein was verified by cloning and sequencing. To find a
suitable fragment for cloning of the complete LeuRSTT
gene, blot analyses were performed. Frag-
ments containing all or part of the putative leuS gene
were cloned into pUC19 and DNA sequencing is in
progress.

Crystallization of T.thermophilus histidyl-tRNA
synthetase and its complex with tRNAHis•
Cloning of histidyl-tRNA synthetase.
(A.D. Yaremchuk, M. Tukalo & S. Cusack)

The histidyl-tRNA synthetase from T.thermophilus
(HisRSTT), a member of class 2 synthetases, is a dimer
of about Mr 96 kDa. Crystallization trials of HisRSTT
were carried out using the hanging drop method and
a variety of conditions. Crystals of the enzyme have
been obtained with sodium citrate, ammonium sulphate
and sodium formate. These grow as multi-crystals of thin
plates or needles. Using the technique of micro-seeding,
small single crystals which diffract to at least 4A have
been obtained. We have also started to crystallize a
complex between HisRSTT and its cognate tRNA. To
have sufficient material for crystallization we have be-
gun the cloning and over-expression of HisRSTT, for
which purpose we have determined the 42 N-terminal
residues.

X-ray crystallographic studies of E.coli cysteinyl-tRNA
synthetase (CysRS) and B.mori glycyl-tRNA synthetase
(GlyRS) (S. Doublie, J.D. Dignam (Ohio),
Y.-M. Hou (Philadelphia) &S. Cusack)

E.eoli CysRS has been cloned and over-expressed in
Dr. Hou's laboratory. CysRS, a class 1 synthetase, presents
a striking homology to the methionyl-tRNA synthetase (both
are zinc containing enzymes), and to a lesser extent, to
isoleucyl-, leucyl- and valyl-tRNA synthetase. With 461
residues, it is the smallest monomeric aminoacyl-tRNA syn-
thetase able to recognize both the acceptor stem and the
anticodon of its cognate tRNA. The aminoacylation depends
on a unique tertiary structure interaction in tRNACys that may
introduce structural constraints to facilitate the accommoda-
tion by such a small enzyme. We are trying to co-crystallize
CysRS in the presence of its substrates, ATP, cysteine,
tRNAcys and also with the non-hydrolyzable, sulphamoyl
analogue of cysteinyl-AMP which has been synthesized
by Brian Sproat's group (EMBL, Heidelberg). The crystal
structure will allow to study structural constraints on tRNACys
and should also provide some insight into the role of the
zinc.

B.mori GlyRS, a class 2 aminoacyl-tRNA synthetase, has
been cloned and over-expressed in Dr. Dignam's laboratory
(Nada et al. 1993). B.mori GlyRS is an a2 dimer and
is apparently unrelated to prokaryotic GlyRS which is an
a2f32 tetramer in E.eoli. On the other hand, it strongly
resembles prokaryotic threonyl-tRNA synthetase. The dis-
similarity between prokaryotic and eukaryotic GlyRS is as
yet unprecedented for synthetases from different organisms
charging the same amino-acid. Moreover, GlyRS is from a
higher eukaryote, from which no three-dimensional structure
has been solved so far. We aim to crystallize GlyRS in the
presence of its substrates, glycine, ATP, B.mori tRNAG1y
and also with the sulphamoyl analogue of glycyl-AMP. Solv-
ing the GlyRS structure will allow a better understanding
of the aminoacyl-tRNA synthetases evolution. Crystals of
GlyRS have been obtained in the presence of glycine, using
polyethylene glycol as precipitant. Unfortunately, these crys-
tals turned out to be too fragile to be analysed with X-rays.
Work is under way to change crystallization conditions to
obtain better crystals.

Poly(A) polymerase (E. DiCapua, S. DeBonis &S. Doublie)

Poly(A)-polymerase (PAP) of E.eoli was first described by
Sippel (1973), but because polyadenylated RNA cannot be
readily isolated from the bacterium its biological role has
remained elusive. However, at least a few
messenger RNAs have now been characterized (Cao &
Sarkar, 1992a) and a short oligoA tail (as well as the
activity of PAP) has been demonstrated to be involved in
the activity of RNAI, the 108 nucleotides (nt) long anti-
sense RNA that controls the replication of plasmids of the
CoIE1 family (He et al.,1993, Xu et al., 1993). The gene for
PAP (Cao & Sarkar, 1992b) was found to be identical to
that of the penB locus (plasmid copy number control, Liu
& Parkinson 1989). An over-expressing clone was kindly
given to us by Dr. Sarkar for the purpose of biochemical
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PLATE 93

(a) Visualization on a sequencing gel of the products of poly-
adenylation of end-labelled oligo As (10 ends/PAP) during
the lag phase of the reaction. Note the periodic pattern (not
discussed here).
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characterization and structural studies. About 10 mg of 80%
pure PAP can be obtained from 5 g of these cells after
a single phospho-cellulose column. We have determined
by mass spectroscopy (collaboration with Matthias Mann,
Heidelberg) that PAP has an Mr of 51,859 thereby confirm-
ing the observation of Cao and Sarkar (1992b) that there
appears to be processing at the N-terminal end.

We have developed an enzyme assay which avoids prob-
lems associated with precipitation of the poly(A) product.
The new method is based on the principle that the mo-
lar absorbance of poly(A) is reduced compared to that
of monomeric ATP (from A260 nm, mM=15.4 to 10.4). The
assay then consists in following the change in absorbance
during the reaction in a thermostated quartz cuvette. The
polyadenylation activity is high (rv3 A are incorporated on
tRNA per second per enzyme molecule in the standard
assay, and is even higher with oligoribonucleotide primers
(up to 20 Alsec). The high activity and the improved assay
allowed us to study with more sensitivity the reaction with a
variety of primers, substrates and inhibitors.

When short oligoribonucleotides (An with n=4, 6, 8,14) were
used as primers, a lag in the time course of the reaction
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(b) cruising rate of poly-adenylation of oligo A12-1S as a function
of the input of primer ends per enzyme molecule.

Both experiments were performed at 0.5 mM ATP and 100 nM
enzyme.
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is observed. The reaction then proceeds linearly, until it
reaches a point where it slows down again (albeit this part
of the process is often covered up by the precipitation of
the product poly(A)). The extrapolated breaks in the curve
occur at extents of the reaction that correspond roughly to
20-50 nucleotides incorporated for the lag period (reflecting
the preference for a reasonably long primer), and 200-500
nucleotides for the saturation phase (reflecting perhaps the
mechanism by which polyadenylation stops after a critical
length). Unfortunately, our experiments are not sufficiently
sophisticated to determine these values more precisely,
since Michaelis-Menten parameters (Km for ATP, Kd for
primer, exhaustion of substrate) overlay the observation.
In particular, the rather short lag period (rv 1 minute) is
blurred with the experimental difficulty of mixing a sample
in a cuvette while keeping it at 370 C. Using a stopped-flow
set-up it should be possible to determine the change in the
relative rates of the reaction as the reaction proceeds from
a short oligonucleotide primer, with perhaps low binding
constant, to the optimal primer length which binds with full
affinity. Poly(A) production by PAP was observed even in
the absence of added primer RNA (Le. self-priming). In
this case, the lag was in the order of 10 minutes, and the
linear part of the reaction corresponded to a rate of 2-3



adenylate additions per second and enzyme. The primer
must have been found by the enzyme either in the pro-
tein solution or in the ATP. Various preparations of PAP
(including PAP purified on further columns) all showed the
same self-priming behaviour; from this we conclude that
the primer is probably not a nucleic acid contaminating the
enzyme preparation. We have not identified the component
in the ATP solution that serves as primer; however addition
of AMP (adenosine 5' monophosphate) reduces the lag
considerably.

The addition by PAP of A residues to oligonucleotides was
analysed by gel electrophoresis after short times of incuba-
tion (Plate 93A). The reaction was found to be distributive,
as has been shown for eukaryotic PAP (Wahle,1991): when
confronted with an excess of primers, the enzymes adds As
to all of them simultaneously - at least at early times and up
to 50-200 nt. This confirms the enzyme to be a nucleotidyl-
transferase (Sippel, 1973) The cruising rate (incorporation
rate after the lag period) is dependant on the concentration
of available primer ends in the standard incorporation assay
by absorbance (Plate 93B). This suggests that the reactions
remains distributive on longer tails (on the principle that a
higher concentration of ends should facilitate the enzymes'
search for an addition site, and against the hypothesis that
a longer primer will retain the enzyme for himself).

PAP has been crystallized as hexagonal needles from a
solution containing calcium and ATP and these crystals
diffract to about 6 A resolution. Improved crystal quality
is required before a structure determination will become
possible.

Adenovirus receptor binding protein
(A. Aberg, S. Cusack with N. Louise, A-M. DiGuilmi
& J. Chroboczek (Grenoble)).

Last year we reported trigonal crystals of the receptor bind-
ing domain (Le. C-terminal head domain) of adenovirus
serotype 2 fibre protein that had been expressed using
the baculovirus system. These crystals diffract strongly but
are disordered making them unsuitable for X-ray analysis.
Native gels and analytical iso-electric focusing indicate that
the Ad2 ·head preparation is composed of at least three
very similar fractions difficult to separate and this is likely to
be responsible for the poor crystals. To get homogeneous
material for crystallization FPLC purification at a pH close
to the isoelectric point was performed. Crystals have been
obtained from FPLC separated fractions in PEG 1500 as
well as ammonium sulphate; these crystals appear to be
much better ordered.

The complete Ad3 fibre protein is also being expressed in
the baculo virus system and the protein has been purified
using immuno-affinity chromatography. Crystallization trials
are under way.

Analysis of diffuse X-ray scattering
(S. Penel, T. ThOne & S. Cusack)

The crystals of E.coli seryl-tRNA synthetase/tRNAser com-
plex (Price et al. 1993), which diffract anisotropically to 3.5-
4.5 A resolution, show very strong diffuse scattering in cer-
tain direction. This diffuse scattering, resembling a molecular
transform, could arise from intra-molecular conformational
or dynamic disorder· and give information on interdomain
flexibility within the complex. Using the assumption that this
disorder is not correlated from one unit cell to another, we
have written a programme to simulate the diffuse scattering
arising from rigid body motion (rotations or translations) of
the different tRNA or synthetase domains. Trials are still in
progress to determine the best model to simulate the data,
a process which may be aided in the future by molecular
dynamics simulations.
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The main lines of many of the projects described below
are dependent on the continuing interactions with the X-ray
crystallographers at the Outstation and on their results of
the structural analyses.

Serinehydroxamate is a substrate for the
seryl-tRNA synthetase from Escherichia coli
(K.S. Larsen & R. Leberman)

Serinehydroxamate (SHX) has previously been described
as a competitive inhibitor for the E.coli seryl-tRNA syn-
thetase (SRSEC). SHX is an analogue of the natural sub-
strate, L-serine, in which the serine carboxylate is replaced
by a hydroxamate group, -CO(NH-OH) and has been em-
ployed here in structural studies in an effort to delineate
the active site of the seryl-tRNA synthetases from E.coli
and Thermus thermophilus (SRSTT). We have shown that
SHX, rather than being an inhibitor, is in fact a substrate for
SRSEC as evidenced by the formation of a serylhydroxamyl
adenylate (SHX-AMP) in the presence of ATP. This novel
intermediate is much more stable than the normal seryl
adenylate (SER-AMP) and a large scale preparation was
carried out to determine if the serylhydroxamyl moiety is
joined to the Pa of the adenosinemonophosphate through
the hydroxamate nitrogen or the oxygen.

SRSEC was incubated with SHX and ATP in the pres-
ence of magnesium and inorganic pyrophosphatase and the
enzyme bound SHX-AMP intermediate was subsequently
released by rapid addition HCI to pH 2. The intermediate is
stable for several hours at pH 2 and could be isolated in 4
min by membrane convective liquid chromatography using
a sulphonyl propyl functional group. 31 P-NMR spectroscopy
revealed a single resonance at 21.1 ppm and unequivocally
shows that the serylhydroxamyl moiety is connected to the
Pa through the hydroxamyl oxygen, -C(O)-NH-O-Pa-O-.
Thus, the SHX-AMP intermediate is one bond longer than
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the normal SER-AMP intermediate, -C(O)-O-Pa-O-. This
interpretation is reinforced by the fact that L-serineamide
cannot substitute for L-serine to form an adenylate inter-
mediate. This observation is also consistent with structural
studies of SRSTT in the presence of SHX and ATP where
the presence of this "elongated" intermediate has allowed
the active site to be delineated.

Since the structual characterization of the active site was in
part based on the SHX-AMP intermediate it was of interest
to see if this "pseudo" species represents an active form
in the aminoacylation of tRNA. To perform these experi-
ments, it was necessary to prepare [3H]-serinehydroxamate
by enzymatic synthesis. This was accomplished by in-
cubation of SRSEC with [3H]-serine, ATP and hydroxy-
lamine. Under these conditions, a nucleophilic attack takes
place of the hydroxylamine nitrogen on the carbonyl carbon
of the seryl moiety of any SER-AMP formed like in the
aminoacylation of tRNA. The reaction products are [3H]-
serinehydroxamate, AMP and PPj. Remaining SER could
be fractionated from SHX by membrane convective liquid
chromatography using a carboxymethyl functional group.
The rate of aminoacylation by SRSEC was found to be
reduced more than 200-fold when serinehydroxamate was
substituted for serine, however, the same final level of
aminoacylation were reached. Thus, serinehydroxamate is
not an inert inhibitor as previously thought but rather a "slow"
substrate. Further work will concentrate on the specificity of
SRSEC with regard to the naturally occurring amino-acids.

Interaction of 5'-O-[N-(aminoacyl)-sulfamoyl]
adenylates with aminoacyl-tRNA synthetases
(K.S. Larsen & R. Leberman)

5'-O-[N-(aminoacyl)-sulfamoyl] adenylates are stable ana-
logues of aminoacyl adenylates in which the labile mixed
anhydride linkage in the 5'-O-[R(NH+)CH(CO)-O-PO(OH)]



adenylate is substituted by a stable mixed amide linkage
5'-O-[R(NH+)CH(CO)-NH-S(O)2l adenylate. The ala-AMS
has previously been described as an inhibitor of the alanyl-
tRNA synthetase and studies were performed on a crude
enzyme preparation which restricted the characterization
to an inhibition index relative to the aminoacyl adenylate
(Ueda et al., 1991). The ser-AMS and val-AMS analogues
were synthesized by the group of Brian Sproat, EMBL,
Heidelberg. The inhibitors were subjected to reversed phase
HPLC and analysis of the inhibitory activities in the efflu-
ent revealed only one inhibitory component in each case.
Material of >99% purity b9sed on detection at 260 nm
was obtained and no decomposition was detected over a
10 day period. We have determined absolute Kj-values of
7 nM and 10 nM for ser-AMS and val-AMS toward the
seryl- and valyl-tRNA synthetases, respectively. Interest-
ingly, the same Kj-value was found for ser-AMS toward
SRSEC regardless of whether serine or serinehydroxamate,
indicating a similar stability of ser-AMP and shx-AMP inter-
mediates.

Characterization of the pyrophosphate site of E.coli
seryl-tRNA synthetase (K.S. Larsen & R. Leberman,
with S. Pelorgeas &M. Satre (CENG))

Pyrophosphate (PPj) is formed as a by-product when L-
serine and ATP react in the active site of SRSEC to yield the
enzyme bound seryl-adenylate. We have previously found
that hydrolysis of PPj by inorganic pyrophosphatase results
in the synthesis of Ap4A. Furthermore, SRSEC is capable
of catalysing several ATP derivatives in which the oxygen
between the (3 and , phosphates are substituted by a
methylene group, Pj3-C(X)Y-P,.Y' where X and Yare either
organic or inorganic substituents. The latter ATP derivatives
are obtained by providing the corresponding pyrophosphate
derivatives. "The synthesis of AP4A and the ATP derivatives
takes place by nucleophilic attack on the Pa of an enzyme
bound ser-AMP by a oxygen of a P, of ATP or a pyrophos-
phate oxygen, respectively. The incoming nucleophile prob-
ably occupies or at least overlaps with the pyrophosphate
site as the reactions are analogous to the well-known re-
versible pyrophosphate exchange reaction. We have now
characterized the "exchange" site by the study of 11 different
pyrophosphate derivatives to determine which substituents
facilitate or prevent an exchange reaction. It shouId be noted
that the compounds examined are used for the treatment of
various bone diseases and that it is of interest to identify
compounds that do not offset the metabolic balance by,
for instance, being metabolized to ATP derivatives. The
exchange reactions were monitored by both HPLC and
31 P-NMR techniques and the pyrophosphate derivatives fall
into two groups: Six forming ATP derivatives with various
reactivities and five which do not exchange at all, but instead
inhibit the concominant AP4A synthesis.

A major effort has been directed at characterizing the pyro-
phosphate exchange reaction itself and has in part been
hampered by the fact that very large data sets are needed
to develop an interpretation because of a synergistic effect
of serine and ATP binding and that PPj binding itself appears
to be synergistic with respect to both serine and ATP.

Cloning and expression of a fusion protein of maltose-
binding protein and seryl-tRNA synthetase from
E.coli (B. Millet & M. Hartlein)

The direct approach to study the selectivity of an aminoacyl-
tRNA synthetase for its iso-acceptor tRNA substrates is the
crystallographic approach. As reported last year crystals of
an E.coli seryl-tRNA synthetase:tRNA complex have been
obtained. These crystals do not diffract to high resolu-
tion, possibly due to important, unfavourable intermolecular
tRNA-tRNA crystal contacts. To replace tRNA-tRNA con-
tacts by more rigid protein-protein contacts we designed
a maltose-binding protein (MBP)-seryl-tRNA synthetase fu-
"sion protein for co-crystallization with cognate tRNAser. A
fusion-protein expression system was used (pMAL) and a
serB bearing EcoRI-Hindlil fragment fused in phase to
the malE gene controlled by the strong Ptac promotor.
The resulting clone overproduces after induction with IPTG
the fusion protein of Mr of about 100,000. Despite the
10 asparagine residue spacer between the two protein
sequences, inserted to insulate MBP from the synthetase,
the fusion protein does not bind to amylose resin and has
to be purified by classical chromatography methods. The
protein is however fully active in the aminoacylation reaction.
Crystallization trials using the purified fusion protein alone
or complexed with cognate tRNA have been started.

Seryl-tRNA synthetase from E.coli:
Functional evidence for cross-dimer tRNA binding
(C. Vincent & M.Hartlein)

Mutant studies on tRNAser demonstrated the importance
of the extra-arm for cognate synthetase recognition and
together with structural information on the seryl-tRNA syn-
thetase from E.coli has led to the model first proposed by
Asahara and coworkers for the enzyme:tRNA complex. In
this, each of the two tRNA molecules binds across the
dimeric synthetase; the extra-arm in contact with the N-
terminal arm-like domain of one subunit and the acceptor
stem of the same tRNA molecule interacting with C-terminal
catalytic domain of the other subunit.

To test this model we used two aminoacylation defective
mutants: An N-terminal deletion mutant (d35-97, see be-
low) and an active site mutant E355Q. Heterodimers were
formed by mixing the 2 homodimers in 0.4 M urea and then
dialysing the mixture against a urea-free reaction buffer. The
formation of heterodimers was confirmed by non-denaturing
PAGE (appearance of an intermediate band in addition to
the 2 homodimer bands). Only about 30% of the total protein
could be found in the heterodimer form and not 50% as
expected indicating that the heterodimer form is slightly
disfavoured or that the subunit exchange has not reached
equilibrium. Aminoacylation activity of the mixture containing
the heterodimers was compared to solutions containing the
same concentrations of homodimers. In agreement with the
proposed model, it was 8 times higher than the activities
of the homodimer solutions and reached 500/0 of the theo-
retical value one would expect if 50% of the mixture would
have been in the heterodimer form containing one active
site.
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Seryl-tRNA synthetase from E.coli: Designing mutants
with changed tRNA or amino-acid specificities
(M. Hartlein, F. Borel, S. Cusack & R. Leberman)

Structural studies on class 2 aminoacyl-tRNA synthetases
demonstrate the importance of conserved motif II residues
for ATP binding as well as the presence of a variable
loop which is synthetase and even species-specific. This
loop may determine the acceptor stem specificity of the
tRNA, which often carries important identity elements. A
programme has been started to study the role of the variable
loop of E.coli seryl-tRNA synthetase (SRSEC). A SRSEC
mutant has been designed, where this loop is replaced
by a shorter loop carrying E.coli aspartyl-tRNA synthetase
variable loop residues. Whereas the mutant synthetase has
strongly reduced aminoacylation activity, zone interference
gel electrophoresis shows an only slightly increased (2x)
Kd value for tRNAser compared to the wild-type synthetase.
This may indicate that the role of loop might be in the correct
positioning of the acceptor stem in the active site rather
than a strong contribution to the overall binding of the tRNA.
Studies to determine whether the mutant synthetase binds
or misactivates "non-cognate" tRNAs have been started.

The crystallographic analysIs of T.thermophilus SRS com-
plexed with 5'-O-[N-(L-seryl)-sulfamoyl] adenylate identified
a threonine residue specifically interacting with the OH
function of serine and presumably involved in the amino-
acid specificity of the synthetase. In the case of the E.coli
enzyme the corresponding residue is a serine (S391). By
site-directed mutagenesis this serine has been replaced
by a methionine in both the complete synthetase and
N-terminal truncated mutant d35-97. Both proteins can be
over-expressed and have been isolated for kinetic charac-
terization to study misactivation or mischarging properties,
and for crystallization trials.

Characterization of Wild-type E.coli seryl-tRNA
synthetase and of two deletion mutants
(F. Borel & M. Hartlein)

To determine the role of the N-terminal domain which is a
long double helical structure of SRSEC we have studied,
in comparison with the wild-type enzyme, the kinetic para-
meters for two deletion mutants. The first mutant
97) was constructed by deleting the two long N-terminal
helices (H3 and H4) and replacing them by one single
glycine residue. The second mutant (d56-72) was partially
truncated at the tip of the arm-like N-terminal structure.
The two residual helices were joined by one single glycine
residue. Large amounts of these two mutant proteins could
be obtained by cloning with a pET vector and induction of
T7 RNA polymerase dependent expression.

The Kd values of the wild-type and deletion mutants en-
zymes for the tRNA2Ser were determined using vertical
zone interference electrophoresis (Abrahams et al., 1988).
Whereas the former had a Kd of 0.3 j.tM, for the latter the
Kd values were greater than 400 j.tM indicating a reduction
in affinity for the cognate tRNA of at least 3 orders of
magnitude.
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Rate constants and Km values for L-serine and ATP in
the formation of seryl-AMP were determined as prev-
iously described (EMBL Research Report 1992) and are
shown in Table 9. These show that there are no signifi-
cant differences between the wild-type and these mutant
enzymes in the activation step for seryl-tRNA synthetase.

Table 9

Kinetic parameters of Wild-type and deletion
mutants of SRSEC in seryl-AMP formation

Enzyme Substrate Km Rate relative
(j.tM) constant rate

(S-1) constant!Km
WT serine 64 0.34 1

d35-97 serine 60 0.26 0.8

d56-72 serine 59 0.43 1.4

WT ATP 0.068 0.34 1

d35-97 ATP 0.106 0.26 0.5

d56-72 ATP 0.096 0.43 0.9

Kinetic parameters were also determined for the amino-
acylation reaction using varying concentrations of tRNA2Ser,
assuming that one molecule of AMP per charged tRNA
is formed. These results, shown in Table 10, demonstrate
the large effect of the mutations on kcat leading to a re-
duction by five orders of magnitude in the relative kcat/Km
for the mutant with the whole of the N-terminal domain
deleted. This implies that this arm-like structure is intimately
involved in tRNA fixation and recognition and in the correct
positioning of the tRNA during the aminoacylation reaction.

Table 10

Kinetic parameters of wild-type and deletion
mutants of SRSEC in the aminoacylation reaction

Enzyme Substrate Km kcat relative

(j.tM) (S-1 ) kcat/Km

WT tRNA2Ser 0.6 2.6 1

d35-97 'tRNA2ser 17.8 0.002 2.9x 10-5

d56-72 tRNA2Ser 9.1 0.064 1.5x10-3

Yeast seryl-tRNA synthetase
(F. Borel, M. Hartlein & R. Leberman with
I. Weygand-Ourasevic & O.Soll, Yale)

As the yeast seryl-tRNA synthetase (SRSSC) over-
expressed in an E.coli context is probably not correctly
folded and not fully active, trials to purify this enzyme from a
yeast over-expressing clone are under way. Yeast tRNA2Ser
from a synthetic gene expressed in vitro appears to be
non-chargeable in their usual aminoacylation reaction. This
could be due to an absence of modifications of the tRNA.
Studies to resolve this problem are also under way.



Crystallization of E.coli seryl-tRNA
synthetase:tRNA complexes (S. Price,
F. Borel, M.-T. Dauvergne & R. Leberman)

Crystallization trials on wild-type seryl-tRNA synthetase
complexed with cognate tRNAs have included tRNAser
isoacceptors isolated from commercial total E.coli tRNA,
amber suppressor tRNAser, over-expressed tRNAsec and
both the modified and unmodified form (Base A37) of the
over-expressed tRNA2ser. Both forms of tRNA2ser have
been co-crystallized with seryl-tRNA synthetase and initially
only diffracted to 4-6 Adepending on the orientation of the
crystal. Attempts at finding ....other, improved, crystal forms
using a crystallization robot have revealed that the complex
also crystallizes from 48% saturated ammonium phosphate
at pH 8.0.

Since it appeared from the 6A structure of the complex
that the anticodon of tRNA2ser (CGA) is an important in-
termolecular crystal contact, a clone over-expressing a mu-
tant of tRNAsec (anticodon UGA to GCA) was obtained
from Dr. C. Baron (Munich). This tRNA was purified and
crystallization trials were performed using the sitting drop
vapour diffusion method and conditions similar to those used
previously. Very small multi-crystals were obtained at 48%
ammonium sulphate in 50 mM MES pH 6.5 and attempts
are under way to find conditions for producing larger crystals
suitable for X-ray diffraction.

Study of structure-function relationship in the
E.coli seryl-tRNA synthetase by mutagenesis
(S. Price, C. Vincent, M. Hartlein & R. Leberman)

Crystallization trials of the d35-97 deletion mutant Le.
in principle the catalytic domain of E.coli seryl-tRNA syn-
thetase were performed using the crystallization robot and
sitting drop vapour diffusion methods. Initially crystalls were
obtained from 42-48% ammonium dihydrogen phosphate
at pH 7.8-8.2, the precipitant serving also as the buffer.
This was successfully replaced with potassium dihydro-
gen phosphate as precipitant to avoid the presence of
insoluble ammonium magnesium phosphate crystals. Pro-
tein crystals up to 1.7 mm in length were obtained and
diffracted to 2.8 A. Co-crystallization trials include ATP
analogues and the 5'-O-[N-(L-seryl)-sulfamoyl] adenylate
analogue of Ser-AMP. With the latter small multi-crystals
have been obtained from polyethylene glycol solutions at
pH 4.6.

Potassium dihydrogen phosphate at pH 8.0 was also used
to crystallize the Pr0196-Arg mutant. Crystals are presently
too small however for X-ray diffraction (100 J-tm) and we are
currently trying to improve upon this.

The SRSEC-DRSEC loop II mutant (residues 271-282, see
above) was crystallized with 40-46% ammonium sulphate
in 100 mM MES pH 6.2-7.0. Crystals grow up to 1.8 mm
and diffract to 2.8 A. The mutant also crystallizes using other
buffers up to pH 7.5. Above this pH, only small multi-crystals
are seen. Attempts to co-crystallize this mutant with tRNA,
ATP and Ser-AMP analogues are now in progress.

Mitochondrial seryl-tRNA syntnetase
(C. Taupin, M. Hartlein &R. Leberman)

In mitochondria, both aminoacyl-tRNA synthetases and
tRNAs are present at very low concentrations. Since the
bovine mitochondrial (BVmt) tRNAserAGY has a very un-
usual structure; only 63 bases long and lacking both the
"dihydrouridine" loop and stem and the large extra-arm
found in bacterial tRNAsser , it was of interest to try to
obtain a sufficient amount of this tRNA for assays during
the purification of BVmtSRS and for structural studies. A
synthetic BVmt tRNAserAGY gene was inserted in plasmid
pGTrc. A very low level of expression was obtained and was
.not improved after cloning the block "Trc promoter-BVmt
tRNAserAGY gene-rrnC terminator" in pOU 71 which has a
runaway replication under thermoinduction, whatever E.coli
strain was used (although an important induction at the level
of plasmidic DNA was observed). It seemed that this atypical
RNA was unspecifically degraded. Then in vitro transcription
was tried by cloning of a synthetic DNA comprising a phage
10 T7 polymerase promoter and the BVmt tRNAserAGY gene
terminated by a BstNI site in pUC18. Unfortunately the
transcript was not functional.

Attempts are being made to screen a mammalian eDNA
library using oligonucleotides determined from murine or
Chinese hamster cytosolic seryl-tRNA synthetase amino
acid sequences in areas well conserved in all the known
seryl-tRNA synthetases, and probes obtained by restriction
enzyme cleavage of the clone "H4", from B.R. de Saint
Vincent (Lunel et al., 1992), which contains the DNA coding
for the 204 C-terminal amino-acids of the Chinese hamster
cytosolic seryl-tRNA synthetase.

Haloarcula marismortui seryl-tRNA synthetase
(C. Taupin & R. Leberman)

At the moment no seryl-tRNA synthetase (SRS) from Ar-
chaea is known. Haloarcula marismortui (HM) is an hyper-
halophilic Archaea from the Dead Sea and requires a high
concentration, rv4 M NaCI, for growth. The HMSRS is able
to charge efficiently tRNAser from E.coli but not from yeast,
and shows cross-reaction with rabbit antibodies against a
truncated form, mutant d35-97 (see above), of the SRSEC.
The native HMSRS appears to have an Mr of 150-180,000
by gel-filtration. By SDS-PAGE the apparent size of the
band reacting on a Western blot has an Mr of 80,.000. The
purification of the HMSRS is under way.

Regulation of seryl-tRNA synthetase expression
(L. Ferri & M. Hartlein)

We have continued our studies on the role of the interaction
of SRSEC with its mRNA as a means of regulating ex-
pression of the enzyme. Wild-type (WT) and mutant mRNA
(deletion of codon 56-72 of serS containing a stem loop
structure) fragments were prepared. Transcription of cloned
DNA was performed after linearization of the plasmids using
the phage T7 RNA polymerase. The affinity of tRNAser
and of the mRNA fragments for the seryl-tRNA synthetase
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was estimated by a nitrocellulose membrane binding assay.
Uniformly labelled (32p or 3SS) RNA fragment was titrated
with synthetase (from 5 nM to 10 JLM) and binding was
expressed as the percentage of the maximum radioactivity
retained on the filter. Preliminary results show that the
seryl-tRNA synthetase binds the WT mRNA fragment, but
not the mutant one. Under the conditions used (the con-
centration of labelled RNA being negligible compared to the
total protein concentration throughout the binding curve) the
apparent dissociation constant, Kd, for tRNAser was found
to be 7.5x10-7 M. The wild-type mRNA fragment bound to
the synthetase has a a Kq. value of 1.5x 10-6 M. Further
experiments such as competition studies between tRNAser
and other mRNA fragments for binding to seryl-tRNA syn-
thetase and DNA:seryl-tRNA synthetase interactions have
been planned.

The most stable mRNA secondary structure has been pre-
dicted (FOLD; M. Zucher) and a regulatory repression-
derepression model has been proposed based on different
mRNA conformations which do or do not allow the interac-
tion of the downstream box with the 16S rRNA. This model
has to be tested by site-directed mutagenesis and does
not exclude a possible concominant regulatory mechanism
which involves the binding of SRSEC to its mRNA.

Asparaginyl- and valyl-tRNA synthetases from
Thermus thermophilus (L. Seignovert, M-T. Dauvergne,
S. Price, M. Hartlein & R. Leberman)

The cloning and sequencing of the asparaginyl- and valyl-
tRNA synthetases from E.coli were first carried out in this
laboratory. Despite many trials the asparaginyl enzyme has
never been crystallized and from the valyl enzyme only
plates or needles have been obtained which are unsuitable
for X-ray diffraction studies. Therefore we have started
to isolate the genes for these enzymes from a defined
strain of T.thermophilus (see Research Report 1991). Both
proteins have been purified from the thermophilic bacteria
in sufficient amounts for microsequencing and, based on
some partial sequences and probable corresponding DNA
sequences, the search for their respective genes is pro-
gressing.

Structural studies of the complex EF-Tu.EF-Ts
(T. Kawashima, C. Berthet-Colominas,
S. Cusack & R. Leberman)

As reported last year the X-ray diffraction analysis of this
complex is hindered by formation of two crystal forms,
under the optimum crystallization conditions, being morpho-
logically identical and both belonging to the space group
P212121. Form 1 (a=74.5A, b=109.6A, c=198.8A and
a=,B=1'=900) diffracts to 2.7 A resolution whereas form 2
(a=80.3 A, b=1 09.5 A, c=204.6 A, a=,B=1'=900) has a diffrac-
tion limit of 3.3 A. Form 2 appears to be more highly hydrated
than form·1 and the two forms interconvert due to varia-
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tions in the vapour pressure. This poses large experimental
problems in maintaining the correct degree of hydration of
the crystal during data collection. Since the crystals are
quite radiation-sensitive, the data collection is performed
at 4°C with the crystal cooled by a stream of cold air.
But because of the temperature gradient this induces water
'{apour diffusion during the data collection and form 1 is
converted into form 2. Attempts to overcome this problem
have been focused on trying to both find other crystal forms
of the complex and improve the experimental set-up for data
collection.

Two heavy atom derivatives have been obtained by soaking
.crystals for two days in 40 JLM K3U02FS, or in 750 JLM
trimethyl lead acetate. Rapid data collections at low reso-
lution were performed. The data for uranium derivative is
76.6% complete at 5.5 Aand has an Rsym of 10.3% and for
the lead derivative, the data is 93.6% complete at 4.5 Aand
an Rsym of 10.9%. Unfortunately, the heavy atom positions
calculated by solving each Patterson difference map turned
out to be very similar, suggesting that both heavy atom
compounds are bound to the same site.
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Virus structure

Scientist: R.W.H. Ruigrok

Scientist: F. Baudin

Fellow: C. Elster

Visitors: E.A. Hewat, Y. Gaudin

Assistant: A. Barge

We are studying the structure and function of viral pro-
teins using a combination of biochemistry and molecular
biology with low-dose negative stain electron microscopy
(EM). On influenza virus, the emphasis has shifted from
the surface glycoproteins to the internal, RNA binding pro-
teins, nucleoprotein (NP) and M1 protein. With vesicular
stomatitis virus we have continued work on the structure
of the whole virus and have now started characterizing
the aggregation behaviour of the M protein. We are also
continuing work on fibres from various adenovirus sub-
types. More and more sequences are being determined
and we try to correlate irregularities in the fibre shaft
sequence with structural features in the shaft morphol-
ogy.

Influenza virus

Structure of ribonucleoprotein complexes;
interaction of nucleoproteins with viral RNA

We are studying the structure of ribonucleoprotein com-
plexes (RNPs) and the specific interaction of nucleoproteins
(NPs) with viral RNA (vRNA). The most surprising result
from EM is that isolated NP forms self-polymers that look
very similar to the intact RNPs. Since one NP molecule
is thought to interact with about 20 ribonucleotides and is
strongly positively charged, it seems unlikely that the NP-NP
interface in the RNP and in the NP self-polymers contains
residues that bind to the RNA (phosphates, see below).
The specific biochemical techniques used for protein-RNA
interaction are those developed in Strasbourg by the groups
of Ehresmann and Westhof, using in solution probing of RNA
structure and free positions on bases and phosphates with
RNAses and chemical reagents. After chemical modifica-
tion, the RNAs are either cleaved through further chemical
treatment and analysed on gels or the modifications are

detected using primer elongation with reverse transcriptase
which falls off or stops at the modified sites.

We first determined the conformation of a small vRNA-like
"pan-handle RNA", 81 nucleotides long with the viral 3'
and 5' ends, conserved in all influenza vRNA segments,
plus the poly U stretch. The 3' and 5' ends of vRNA
are complementary and it is generally thought that they
are base-paired in the RNP and, in that way, make the
RNP circular. The results with the pan-handle RNA did
indeed show that, in the naked RNA the 3' and 5' ends
are base-paired. However, in the complex of NP with the
pan-handle RNA the ends are not base-paired. The results
suggest that the role of NP is to melt all double-stranded
structures in the vRNA and to expose the bases to the
solvent. NP interacts with the phosphate back-bone without
any apparent sequence specificity. In this way NP functions
as a scaffold for the RNA so that the influenza polymerase
complex can run over the intact RNP without need for
disruption of RNA-NP interaction. It means that the RNA is
on the outside of the RNP, which agrees with the fact that
the RNA in RNP is not protected against RNase activity.

To obtain large quantities of NP for crystallization and further
biochemical studies, we cloned and expressed recombinant
NP in E.coli. The gene of NP was cloned in a plasmid
under the control of strong bacteriophage T7 transcription
and translation signals, the expression being induced by
providing a source of T7 RNA polymerase in the host cell
under Lac control. The NP gene was cloned after a stretch of
histidine codons, so that the His-tagged NP protein could be
purified by binding to a nickel chelating resin. The His stretch
was then removed by treatment with the protease factor Xa .

We are currently testing the recombinant NP protein for RNA
binding activity, RNP reconstitution, and transcriptional and
replicative acivities after addition of the three polymerases
of influenza virus.
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PLATE 94

Peptides of influenza M1 protein tested for zinc binding. In bold
the CCHH box.

MP1: FGLVCATCEQIADSQHRSHRO
MP3: EVAFGLVCATCEQIADSQHRSHRO
MP4: FGLVCATCEQIADSQHRSHROMTVTTNPLIRHENR

M1 protein: zinc binding and interaction with RNA

In the previous Research Report, we presented experiments
on the zinc binding activity of a peptide MP1 derived from
the M1 sequence containing a CCHH zinc-binding sequence
(Plate 94). This peptide was found to form a 2 to 1 peptide-
zinc complex, in contrast to classical zinc-finger peptides
which form a 1 to 1 complex. We tested more peptides
with various lengths (Plate 94) and found that only MP3
gave a 1 to 1 complex, both MP1 and MP4 ... bound one
zinc ion per two peptides. This is a surprising. result since
the zinc binding stoichiometry of "classical. zinc binding
peptides" depends on the presence and position of specific
hydrophobic residues within the box, not of the length of
sequence outside the box. As reported in 1992, the zinc
content of M1 in virus was only 5 to 15% (depending on the
virus strain) but the zinc content did not influence the RNA
binding characteristics of M1.

Since the box is conserved in all influenza A and 8 virus
M1 proteins, we suppose that it must have a biological
function. We found that zinc binding of the peptides was
pH-dependent, no binding at pH 5.8 and 50% binding at
pH 6.5. This pH-dependence is similar to low-pH induced
fusion of influenza virus and of the decapsidation of the
M1-shell in the virus. We tested whether M1 from low-pH
treated virus, M1 isolated at low pH and low-pH treated
isolated M1 had lost its zinc but found that this was not the
case. Therefore, zinc binding does not seem to be involved
in low-pH decapsidation and we actually have no idea what
the function of the zinc in influenza M1 could bEt

Vesicular stomatitis virus M protein (In colla.boration
with A. Flamand & Y. Gaudin (Gif-sur-Yvette))

In the 1992 Research Report, we presented data on the
structure and localisation of vesicular stomatitis virus (VSV)
M protein in the virion. We found that M is not lining the viral
membrane and is not situated outside the ribonucleocapsid
(NC) coil, but M forms a structure around which the NC is
wound. Isolated VSV M protein has previously been shown
to bind to negatively charged liposomes. We now showed
that isolated skeleton (intact complex of NC with M inside)
also binds these liposomes, specifically at the ends where M
is accessible, confirming the idea that VSV M forms a tubular
matrix around which the NC is coiled. This is completely
different from how we think influenza virus is organised
(RNP inside a shell of M1 protein).
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To understand more about the structure formed by M in
the VSV particle and about its solubility in the infected cell,
we started characterizing the polymerisation of M. It has
been described that, after isolation of the skeleton, M can
be solubilized and kept soluble only at high concentrations
of salt, Le. above 500 mM NaCI. At lower salt, M was
supposed to aggregate irreversibly and could only be res-
olubilized again by using a detergent. We have repeated
these experiments monitoring aggregation by 90 0 light scat-
tering in a spectrofluorimeter. Indeed, M was found to ag-
gregate in a salt-dependent manner but aggregation was
totally reversible upon addition of salt only. Furthermore,
using analytical ultracentrifugation (with Christine Ebel, 18S,
Grenoble) we found that at a given salt concentration, there
existed both monomers and very large aggregates. At in-
termediate salt concentrations (140 mM NaCI) there was
no further aggregation of the monomers during the centrifu-
gation. This suggested that aggregation occurs at low salt
(below 200 mM) but only around nucleation sites. When,
aiter aggregation of M at 140 mM NaCI, the aggregates were
removed by centrifugation, the remaining protein «80%
of original concentration) did not aggregate further even at
much lower salt concentrations, confirming the hypothesis
of the nucleation sites.

This polymerization behaviour is in good agreement with
what actually happens in the infected cell. M is produced as
a soluble cytoplasmic protein and remains soluble up to the
moment it is incorporated into the budding virion. Obviously,
a protein that is only soluble above 500 mM salt is of little
use to the virus. The nature of the nucleation sites has not
yet been established. It would be nice if the sites were part
of the budding virus (nucleocapsid, lipid, cytoplasmic tail of
G protein) but these have been tested separately and did not
initiate aggregation. Also, it does not seem to be a particular
phosphorylated or dephosphorylated state of M.

Negative stain EM of the aggregates has shown two types,
fibrous needles and coagulated globules, but both with the
same ultra structure; thin lines with a diameter of 2 nm
and a spacing of 3.2 nm. We are now characterizing the
biophysical properties of M protein monomers.

Adenovirus fibre

The adenovirus fibre is a trimer of identical subunits that
consist of an amino terminal tail, a shaft and a C-terminal
head. The tail is inserted into the penton base, a pentameric



complex that is anchored into the capsid, and the head
contains the primary receptor binding site. An adenovirus
subgroup characteristic is the length of the shaft, consisting
of a type-specific number of 15 amino-acid pseudo-repeats,
some sub-groups have long, some have short fibres. The
primary structure is reflected in the fibre morphology show-
ing a flexible tail, a rigid shaft with a length that depends
on the number of pseudo-repeats and a knob-like head. Be-
cause of the linear correspondence of the primary sequence
with the morphology, one can correlate morphological fea-
tures with specific features in the sequence, like irregular
repeats.

Previously, we found that most human virus fibres can bend
just above the penton base at a distance which correlates
with the third shaft repeat, which is different from all other re-
peats and more or less conserved among the sub-types. We
think that bending is necessary for allowing the interaction
of the penton base with the secondary receptor, an integrin,
essential for virus internalization. We have now studied the
fibres of avian adenovirus FAV1 and bovine BAd3 which are
extremely long, 580 and 770Along respectively, and which
were found to be bent also in other places, probably to over-
come steric hindrance during the approach of the penton
base to the cell membrane while the fibre head remains
associated with the primary receptors. The positions of the
bends in the BAd3 fibre shaft could again be correlated with
the presence of irregular repeats in the shaft sequence.

All mammalian adenoviruses have one fibre per penton.
The avian pentons present a structural problem in having
two trimeric fibres per pentameric base (worse than the
mismatch of one trimer per pentamer, which seems to be
accommodated through a structural difference between the
penton base monomers that interact with a fibre monomer
and those that do not). EM images of these avian pentons
show that ohe of the fibres comes out of the base straight
and one comes out at a 90° angle to the first one. It
could mean that the two fibres in the FAV penton are
not associated in an equivalent manner. Maybe only one
avian fibre is associated with the base like the human

fibres, whereas the other could be attached to the first fibre
rather than to the base. We are presently sequencing the
avian fibres since knowledge of the N-termini may help to
elucidate this unique structure.
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Superhelical DNA structure and dynamics

Group leader: J. Langowski

Fellows: O. Cuvier*, C. Pfannschmidt*, L. Seignovert*

Visitor: G. Chirico*

Assistant: U. Kapp

The main part of our research deals with the structure
of superhelical DNA molecules, long-range interactions in
DNA and the implications for its biological function. A large
number of systems is now known where protein-induced
or sequence-dependent bends in DNA can mediate ef-
fects over distances of several hundred base pairs, and
it becomes important to describe such processes quantita-
tively, using simple model systems. We are therefore using
superhelical DNA to study the structure of topologically
constrained DNA domains and site-specific intramolecular
interactions in these molecules.

Brownian dynamics simulations of DNA supercoiling
(G. Chirico & J. Langowski)

Since we could show recently (Kremer et al., 1993) that
permanent bends decrease internal motions in superhelical
DNA, it was interesting to verify this effect through our
Brownian dynamics (BD) model of superhelical DNA. The
BD model described in the last Research Report (Chirico
& Langowski, 1994) was therefore modified to include per-
manent bends. Calculations of the supercoiling kinetics of
an 1870 bp DNA circle yield two main results. First, the
location of the bend is not at all as clearly defined as one
might expect from the Monte-Carlo calculations (Research
Report 1993; Klenin et al., 1994), where a 1000 bend was
located in or near one end loop in most of the cases. In the
three simulations that were done so far, only one showed the
bend in an end loop at the end of the simulation (after 25 j.ls),
in the remaining structures, the bend is found somewhere
inside the straight part of the superhelix (Plate 95). Second,
the kinetics of writhe formation are qualitatively different from
the control without a permanent bend. While in the latter
case the initial increase in writhe can be described to good
approximation by a single exponential, the DNA with the
permanent bend shows "sigmoidal" writhe kinetics (Plate
96).
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The last result is the first theoretical verification that the
dynamics of a circular DNA with a permanent bend are
different from those without a bend. The "slowing down" of
the initial writhe formation might well explain the decrease
in the amplitude of internal motions observed in dynamic
light scattering for DNAs with curved inserts (Kremer et
a!., 1993). More precise verifications of this effect will re-
quire the computation of the dynamic structure factor of
superhelical DNA of this size, which is very difficult with
present computational means. We are planning to imple-
ment theBD model on a massive parallel machine to
accelerate the computations by at least an order of mag-
nitude.
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PLATE 96

Kinetics of writhe formation for 1870 bp superhelical DNA with
linking number difference O. Thick line: homogeneous chain,
thin line: 100 0 curve inserted. Three trajectories were averaged in
both cases.



PLATE 95

Final configurations of Brownian dynamics simulations of 1870 bp
superhelical DNA after simulation times of 100-200jLs. The linking
number difference was O. A segment with a 100 0 curve is
marked in white. Configuration (a) contains this se,gment in the end
loop, while for (b) and (c) the curve is located in the interwound part
of the superhelix.

(a)

(b)

(c)

Monte-Carlo simulations of superhelical DNA structure
(K. Klenin & J. Langowski)

The Monte-Carlo model for the generation of superhelical
DNA structures at thermodynamic equilibrium (Klenin et al.,
1991; Research Report 1992) was modified to account for
the presence of local curvature. Equilibrium ensembles of a
2,700 bp DNA chain at linking number difference
were generated, with, one or two permanent bends up to
120 0 inserted at different positions. The computed structures
were then analysed with respect to the number and positions
of the end loops of the interwound superhelix, and the
intramolecular interaction probability of different segments
of the DNA.

We find that the superhelix structure is strongly organized by
permanent bends. A DNA segment with a 30 0 bend already
has a significantly higher probability to be at the apex of a
superhelix than the control, and for a 120 0 bend the majority
of DNAs has one end loop at the position of the bend. The
entropy change due to the orientation of a 90 0 permanent
bend in the end loop is approx. kJ mor1 K-1. DNA
segments in the vicinity of the permanent bend are strongly
oriented with respect to each other.

When two bends are inserted, the conformation of the
superhelix is strongly dependent on their relative position:
the straight interwound form dominates when the two bends
are located at 0 and 50% of the total DNA length, while the
majority of the superhelices are in a branched conformation
when the bends are at 0 and 33%.

These theoretical predictions are currently being verified by
measuring directly the intramolecular interaction in super-
helical DNA through chemical cross-linking and repressor
looping experiments. The latter strategy (collaboration with
the Bujard group at 2MBH, Heidelberg) will allow to assess
the influence of permanent curves on DNA structure in vivo
as well.

Dynamic light scattering and circular dichroism studies
of DNA fragments and superhelical DNA with curved
inserts (W. Kremer & J. Langowski, in collaboration with
K. T6th (ESRF))

It is by now well-established that repeating adenine tracts
can lead to curvature of DNA (Diekmann, 1986). How-
ever, since most of the experimental evidence for curvature
comes from the gel migration anomaly (GMA) that these
DNAs exhibit, their precise structure in solution might well
be different. We have therefore studied six DNA fragments
of 308 to 332 bp length, with repeating A-tracts; by polarized
and depolarized dynamic light scattering. The curved and
non-curved DNAs show no difference in the translational
diffusion coefficient, nor in in the end-over-end rotational
motion, indicating an equilibrium curvature of the DNA he-
lical axis of (or 0 per helical repeat). This is in
agreement with earlier electric dichroism studies (Diekmann
& Porschke, 1987) which failed to show any significant
difference in the end-over-end rotation between curved and
non-curved DNAs. However, the dynamics of the curved
fragments are clearly different from those of the control.
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The studies of aggregation of protein solutions under pre-
crystallization conditions by dynamic light scattering have
been continued by developing a method to measure the
radius of gyration of protein aggregates in the presence of
t'he protein monomer. This is possible since the contributions
of small and large 'particles to the total scattering can be
separated on the basis of their dynamic behaviour: small
particles contribute a fast relaxation term to the scatter-
ing autocorrelation function, and larger particles a slow
relaxation. After verification of the methods with mixtures
.of polystyrene spheres of known size, we examined the
aggregation of Valyl-tRNA-synthetase using three precipi-
tants: sodium citrate, ammonium sulphate and ammonium
phosphate. Crystal formation is only observed with sodium
citrate. The earlier result that substantial aggregation at
precipitant concentrations much lower than the precipitation
point (Thibault et al., 1992) could be verified; only sodium
citrate showed no significant aggregate formation until the
actual crystallization. The measurements of the radius of
gyration indicated a rather open structure for the aggregates
in the case of amorphous precipitation; when crystallization
occurred, a small amount of more compact aggregates was
found.
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CD difference sprectra of the supercoiled and relaxed forms of
plasmid DNAs pUC18 (-- ), pK1A108 (1IIiIIIIUIIiIIf) , pK3A108
(-) , pK4A108 ( - ), and pK5/6216 . The lat-
ter two plasmids contain inserts with strong gel migration anomaly.
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The apparent rotational diffusion coefficient of these DNAs
increases with scattering angle because of the contribution
of bending motion. This contribution seems to be higher for
the curved DNAs than for the straight DNAs (Plate 97).
We conclude that the reason for the observed structural
differences between "curved" and "straight" DNAs might well
be a difference in flexibility. In gel electrophoresis, the gel
matrix would have a higher tendency to stabilize the bent
shape of the DNA containing the adenine tracts.

The second evidence for an "induced bend" structure of
the adenine tracts comes from a comparison of the circular
dichroism (CD) spectra of superhelical and relaxed circular
DNAs with inserted curved sequences (Plate 98). Here, the
change in CD signal at 275 nm in going from relaxed
to superhelical DNA is greatest for the curved sequences,
indicating that supercoiling induces a more pronounced
structural change in curved than in straight DNA.

PLATE 97

Rotational relaxation rate as a function of the squared scattering
vector for a straight (solid line) and curved (shaded line) 320 bp DNA
fragment. For K2 -to both lines extrapolate to the theoretically
expected value for a straight DNA.

256



Diffraction instrumentation group

Group leader: C. Wilkinson

Scientists: A. Gabriel, A. Thompson, B. Rasmussen

Fellow: K. Brown*

Assistants: J. Allibon, F. Cipriani, F. Dauvergne, F. Felisaz*

Visitors: J. Troska*, A. Wills*, H. Suruta*, T. Zemb*, D. Gazeau*, P. Platz*,
C. Boulin*, F. D'Annunzio*, M. Dausiere*, D. Stuart*, T. Richmond*

The diffraction instrumentation group supports the col-
laborative work of the Outstation with the Institut Laue-

Langevin (ILL) and the European Syn-
chrotron Radiation Facility (ESRF). Major
projects presently being pursued at ESRF are
the installation of a multi-wavelength anoma-

lous dispersion (MAD) beam-line
(BL19) for X-ray protein crystallo-
graphy and a crystallographic end-

station on the high flux beam-line BL4.
Detectors for an atomic resolution quasi-
Laue neutron diffractometer are being
tested (with ILL) and improved multi-wire
proportional counters and faster detec-
tion electronics for X-ray diffraction exper-
iments are being developed.

Multi-wavelength anomalous dispersion
beam-line (BL19) at ESRF
(A. Thompson, F. Felisaz, K. Brown & J. Allibon)

Design work on the beam-line has continued and contracts
have been placed for the mirror optics and the hutch in-
frastructure. The monochromator design is being finalized
in conjunction with the ESRF Beam-Line Project Office and

will be ordered early in 1994. Installation of beam-line com-
ponents commences in May and the line should be ready
for trial experiments in the autumn of 1994 (Plate 99). A
rapid image plate changer with a capacity of 25 to 50 plates
has been designed, allowing data to be collected rapidly
to minimise the problem of radiation damage. Construction
of the prototype has already begun (Plate 100) and testing
should begin in March 1994. Up to eight of these plates
can be read simultaneously by an adapted version of the
neutron image plate scanner described below.

The characterisation of the various image plate scanners
which are available is particularly important for the MAD
technique, where errors of more than a few percent in
uniformity of response, or caused by the time decay of the

image can have a large effect on theM0 phasing power of the data. A collabora-
tion with members of the ESRF Diffraction
and Programming groups has been set up
to measure and correct for the effects of

non-uniformity, non-linearity,
spatial distortion and image
decay.

PLATE 99

Layout of the BL19 optical design. the beam is brought to a
point focus with a combination of X-ray mirrors M1 and M2,
the monochromator Mo selecting the wavelength.
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PLATE 100

Plan view of the rapid image plate changer. Plates are held in a
rack R and introduced to the X-ray beam X by moving belts 81 and
82. To achieve· positional accuracy the plates are held in a carbon
fibre cassette which is located against position defining brakes to
expose the plate P.

termined using the MAD technique. The experiment took
advantage of the large anomalous signal from the Vb atoms
(around the LIII absorption edge at 1.385 A) which had been
substituted for Ca in the cadhedrin molecule. Monochro-
matic data at 0.829 A and 0.787 A were also successfully
recorded from several crystals of seryl-tRNA synthetase
<?omplexes.
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With a new 300 mm MAR diffractometer, data were also suc-
cessfully collected (with visitors from ETH-Zurich) at 0.95A
from nucleosome core particle crystals. Native histone pro-
tein and histone protein engineered for the binding of heavy
atoms were mixed with defined sequenced DNA to reconsti-
tute the nucleosome core particles which were crystallized,
frozen and brought to ESRF. The crystals which were small
(120 to 150 J.t), were weakly diffracting and were mounted
frozen to -170 0 C. Typical diffraction images consisted of
data to 4Awith 240 second exposures (0.80 rotations) with
a crystal to detector distance of 380 mm. The data are
currently being processed.

On BL1 diffraction 'data were collected (with visitors from
Oxford University) at a wavelength of 0.95 Afrom thin, fragile
plate-like crystals of bovine enterovirus using a 180 mm
MAR image plate. The crystals were monoclinic, space
group P21 with unit cell dimensions a=380, b=390, c=360A
. and {3=113°. Data to 4.3 Awere obtained from 120 images
with a crystal to detector distance of 400 mm, with about
15 usable images per virus crystal. (The crystals diffracted
beyond 3.0 A, below the measurement limit of the small
MAR instrument then available.) A typical image was ex-
posed for 120 seconds with an oscillation range of 0.50

• The
experiment demonstrated the feasibility of data collection at
ESRF from virus crystals with large unit cell dimensions, and
the Oxford group have now been able to solve the structure
to 4.3 A (to be submitted for publication).

I X-RAY

RACK

Crystallographic endstation and beam-line
implementation for the high brilliance beam-line
BL4 at ESRF (B. Rasmussen, F. Felisaz & J. Allibon)

Experiments at ESRF (A. Thompson, B. Rasmussen,
J. Allibon, F. Felisaz &C. Wilkinson)

The construction of the hutches for BL4 was completed in
September 1993 allowing the first beam-line components
to be be installed in October. The first focused monochro-
matic beam is now expected in the crystallographic hutch
in May 1994 and the installation of the biocrystallography
endstation is scheduled immediately thereafter. Contracts
for a 5-circle goniostat including an alignment stage and
a 300 mm diameter MAR Research on-line imaging plate
detector have been placed. The goniostat (Plate 101) has a
full circle x-cradle in an Eulerian geometry facilitating routine
coaxial and non-coaxial cryo-cooling from ambient down to
liquid nitrogen temperatures. Two detector systems can be
used simultaneously (an off-line system is scheduled for
1995). Initial operation will be with the MAR system.

PLATE 101
In collaboration with the Outstation's crystallography group
and with scientists from ESRF, ILL and several other lab-
oratories, data have been collected on the TROIKA and
BL1 beam-lines to investigate the range of protein and virus
structures which can be determined on ESRF beam-lines.

On TROIKA, in collaboration with Columbia University the
structure of the cell adhesion protein N-cadhedrin was de-

5-circle diffractometer for 8L4. The detector to sample distance is
adjustable from 60 mm to 1000 mm and the detector stage may
be rotated in the horizontal plane from +20

0

to -20 0 and translated
vertically. Data collection will be either in Arndt-Wonacott geometry
with x=90 0 and rotation about the ¢ axis, or by using the three
angular degrees of freedom to orient the sample and rotating about
the w axis.
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Multi-wire proportional counters
(A. Gabriel, F. Oauvergne & F. Cipriani)

Work has continued to optimize the performance of X-ray
multi-wire proportional counters (MWPCs) using delay line
read-out which are installed at the ESRF (Grenoble), LURE
(Paris) and HASYLAB (Hamburg). The counting rate which
can be achieved with these detectors is limited by the space
charge developed within the detector, the time taken for
pulses to pass along the delay line, and the speed of the
time to digital converter (TOC). To improve the counting rate,
the space charge effect has been reduced by narrowing the
anode-cathode gap and the-time constant of elements on
the delay line has been shortened from 100 ns to 20 ns.
With the fast TOC developed at ESRF, a count rate of 1.2
MHz and a resolution of 0.6 mm has been achieved on a
100 mm diameter detector. A 300 mm diameter detector is
now under construction.

An MWPC with a side window entry is under development
for the determination of the absorption of a polychromatic
beam of X-rays as a function of depth in the gas chamber.
This technique reduces the space charge effects produced
by the beam and allows a reconstruction of the energy spec-
trum of the incident X-rays. Plate 102 shows the logarithm
of the X-ray white beam intensity recorded from a copper
X-ray tube at different depths (X) in a 10 cm long detector,
with (a) and without (b) a 0.5 mm aluminium absorber in
front of the detector window.

Quasi neutron Laue diffractometer
(J. Allibon, F. Cipriani, F. Oauvergne, A. Gabriel,
M.S. Lehmann, J. Troska & C. Wilkinson)

The position-sensitive detector development program for the
quasi-Laue diffractometer has progressed with the testing
of Hamamatsu position sensitive photomultiplier tubes. Neu-
trons produce pulses of light in the scintillator greased to the
front surface of the tube which in turn create an electrons
at the photocathode. These are amplified by dynode chains
to give an electron pulse at a coarse grid of anodes at the
rear of the tube which can then be launched either on x,
y delay lines or resistor chains. Presently, the delay line
system which has been tested on the four circle diffrac-
tometer at the Paul Scherrer Institute near Zurich is giving

PLATE 102

Logarithm of the X-ray white beam intensity from a copper X-ray
tube at different depths X in a 10cm long detector. Curve (a)
is without absorber, while. (b) is with a 0.5 mm thick aluminium
absorber in front of the detector window and shows the effects of
beam hardening.
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the better performance, with a positional resolution of 1 mm
and efficiency of 60% when using a 1.5 mm thick Nuclear
Enterprises NE905 scintillator and neutrons with wavelength
0.84 A. Preliminary tests have been made on a second tube
at the SILOE reactor in Grenoble with a resistive chain
interrogated directly by a PC card. Presently, using the same
scintillator, the positional resolution is of the order of 2.5 mm
with an efficiency of 20% for 1.18 Aneutrons, but should be
improved by the addition of charge rather than the present
current amplifiers.

The recording of neutron diffraction patterns with image
plates has continued, with an investigation of the effects
of different concentrations of the neutron scintillator Gd20s
added to the normal (X-ray sensitive) Eu-doped BaFBr
matrix (collaboration with A. Harrison and A. Wills, Edin-
burgh University). The spatial resolution of the images
recorded with this intrinsic neutron scintillator were found
to be far superior to those made when the Gd20s was
placed external to the plate. Plates containing 20% Gd20s
have now been prepared for us by H. von Seggern of
Siemens Research Laboratories and will be installed on the
prototype on-line cylindrical camera which has now been
constructed (Plate 103). The latent image formed by neutron

PLATE 103

Prototype on-line neutron image plate camera of diameter
300 mm and length 400 mm.
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Bragg reflections from a crystal at the centre of the 300 mm
diameter camera is recorded on the image plate on the
exterior of the drum, which after exposure is rotated about
a horizontal axis and read by a He-Ne laser via a double
mirror system. The horizontal movement of the read head
which collects the photo-stimulated blue light is coupled
electronically to the rotational motion of the drum so that
the image is scanned in 250 J12 pixels in a total read time
of 4 minutes. The data acquisition and display system is
based on a MACINTOSH II computer and in addition to the
image plate scan driver (16M pixels of 12 bits) includes a
histogramming memory words of 32 bits) which can
be used with two-dimensional position-sensitive detectors
(PSDs).

Time to digital converter for PSDs (F. Cipriani)

A single channel time to digital converter (TDC) has been
developed in both surface-mounted device (SMD) and multi-
layer impedance controlled printed circuit board technology
(collaboration with M. Koch, EMBL Hamburg). This NIM
module is compatible with both the MACINTOSH II system
(see above) and the Canberra FAST data acquisition sys-
tem. The start and stop inputs drive the TDC and a tunable
stop delay allows a direct connection to the discriminators.
The resolution of the SMD version is 1.2 ns, while the printed
circuit version is expected to be less than 1 ns.
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