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See report by E. Wagner (page 53) for further information.

Donor blastocyst.
Establishment of embryonic stem (ES) cells in culture from
the donor blastocyst and introduction of cloned genes.

Reintroduction of selected ES cells into a recipient blastocyst.
Identification of chimeric mice and of transgenic offspring
derived from the genetically altered ES cells.
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Cell Biology Programme

Introduction

The Cell Biology Programme is continuing its efforts to
unravel the mechanisms by which membrane components
are directed to their correct destinations in the different
compartments of the eukaryotic cell. Most of the work is
concerned with the route that starts in the endoplasmic reticulum and passes through the Golgi complex to the surface of
the cell. All known traffic between the cellular compartments
on this route is mediated by membrane vesicles which bud
from one compartment and fuse with the next. Despite this
continuous exchange of membrane components between
organelles, they maintain their compositional and functional
identity so that the traffic has to be selective to avoid
intermixing of components. The membrane traffic between
the endoplasmic reticulum and the cell surface therefore
involves a sorting problem of considerable proportions. A
number of experimental models has been established to
study these questions at the molecular level, using biosyn-

thetic proteins and lipids to follow transport and sorting
in the endoplasmic reticulum and the Golgi complex. In
addition the endocytic pathway
under intensive study in
the Programme.
Two groups left the Programme in 1987. Henrik Garoff went
to Stockholm where he is now a professor of Molecular
Biology at the Karolinska Institute. David Meyer took up a
position at the University of California, Los Angeles. One
replacement is Eduard Hurt who established a group late
in 1986 to work on the structure and function of the yeast
nuclear envelope. Another area which is attracting more
attention in the Cell Biology Programme is the role of microtubules in guiding and directing intracellular transport.
Several groups are involved in defining the principles regulating cell architecture and intracellular movement in both
fibroblasts and epithelia.
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The generation and maintenance of surface polarity in epithelial cells

Scientists: K. Simons, G. van Meer*
External fellows: R. Bacallao*, M. Bennett*, K. Prydz, A. Wandinger-Ness
EMBL

&

EMBO fellows: M. Bomsel*, S. Bonatti*, I. de Curtis

Predoctoral fellow: A. Brandli
Student: B. Singer*
Technical assistant: H. Virta

We are continuing our studies on epithelial surface polarity
using the Madin-Darby canine kidney (MDCK) cell system
as our experimental model. Using cells grown on permeable
supports an epithelial sheet is obtained that closely mimics
the organization seen in vivo. Protein sorting is studied using
the envelope glycoproteins of influenza and vesicular stomatitis virus (VSV) as model apical and basolateral membrane
proteins. Lipid sorting to the cell surface is followed by using
fluorescently labelled lipid markers. Our research is being
focused on the mechanisms of biosynthetic and endocytotic
membrane sorting and on the role of microtubules in the
generation of epithelial surface polarity.
Biosynthetic sorting in the
trans-Golgi network
Current evidence suggests that the distinct compositions
of the two cell surface domains are maintained by the
sorting of apical from basolateral membrane components
in the trans-Golgi network (TGN) prior to their delivery by
vesicular carriers to the appropriate domain. The sorting
event in the trans-Golgi network need not be specific in
both the apical and the basolateral directions. It is possible
that only one direction is mediated by specific recognition of
molecules to be transported (the signal-mediated pathway)
and that the other route includes molecules in transit without
specific signal recognition (the default pathway). For apical
and basolateral membrane proteins, no conclusive answer
is yet available, although several attempts have been made
in other laboratories to localize the protein signals mediating
sorting. One clue from our work might be the tight exclusion
of basolateral proteins from the apical side, whereas the
converse is not true. Apical proteins are "missorted" to the
basolateral side, possibly because the basolateral route
operates by default. Biosynthetic protein transport from the
6

Golgi to the fibroblast cell surface has been postulated to be
a default pathway (Wieland et al., 1987). The basolateral
route could be the fibroblast homologue. Sorting in the
apical direction would be signal-mediated, and be specific
for epithelial cells.
Our working hypothesis for the apical sorting process
is illustrated in Plate 1. Specificity is postulated to involve glycosphingolipid-protein interactions. Our recent work
has shown newly synthesized glycosphingolipids are preferentially delivered to the apical membrane from the
Golgi complex (Van Meer et al., 1987). We used NBDglucosylceramide, a metabolic product of NBD-ceramide, as
our probe. Sphingolipid clustering in the luminal (exoplasmic) leaflet of the trans-Golgi network may form the budding
site for an apical membrane vesicle. The self-association
could be mediated by interlipid hydrogen bonding. Due
to their ceramide backbone, sphingolipids are known to
associate by extensive intermolecular hydrogen bonding
(pascher, 1977). Glycerolipids cannot cluster in a similar
way because they cannot form interlipid hydrogen bonds
between their diglyceride moieties. This asymmetric sphingolipid microdomain would be the starting point for inclusion
of associating apical proteins which bind directly to the
glycosphingolipids or indirectly via interactions to a transmembrane sorting protein. Such a bridging protein should
bind to both the glycosphingolipid and the apical proteins.
Exclusion of glycerolipids in the exoplasmic leaflet could
result from their inability to form interlipid hydrogen bonds
with the sphingolipids. The basolateral transport vesicles are
predicted to form from the membrane regions depleted of
apical components and these shOUld, therefore, be enriched
in phosphatidylcholine as a consequence of lipid asymmetry. In this way, precursor domains for both the apical and
basolateral surfaces are formed in the membrane of the
TGN.

PLATE 1
A schematic diagram of the proposed apical precursor microdomain
in the membrane of the trans-Golgi network. The sphingolipids
are clustered in the luminal leaflet of the bilayer. The putative
sorting proteins form a surface on the cytosolic side, complementary
to a cytosolic protein coat which fixes the domain spatially. The
curving of the membrane into a vesicle is assumed to result from
the structure of the coat protein (c!. polyhedral clathrin coats in
clathrin-coated vesicles). The postulated specific interactions with

the glycosphingolipids are not included in the diagram. The apical
proteins are assumed to interact with the sorting proteins on the
luminal side. The cytosolid domains of the apical proteins are
probably not involved in sorting since these are usually short
(Simons & Fuller, 1985) and in some cases the proteins do not
span the bilayer at all because they are attached by phosphatidylinositol lipid tails to the luminal side of the bilayer (see Schali et a/.,
1984; Takesue et a/., 1986; Cross, 1987).

cytosolic protein
coat
sphingolipid
lumen of
tr ans golgi
network

apical protein
in tr ansit

We have devised a new approach to study the formation of
the vesicular carriers in detail. This involves the introduction
of holes in the plasma membrane by the binding of a nitrocellulose filter to the apical side of the cell monolayer and
its subsequent removal. The holes allow complete access
to the inside of the cell while the general organellar and cytoskeletal organization remains intact in the perforated cells.
When this procedure was applied to MOCK cells grown on
polycarbonate filters, some unexpected observations were
made. Formation of vesicles from the TGN was monitored
by accumulating newly synthesized influenza haemagglutinin, VSV G protein or NBD-sphingolipid in the TGN at
20° C before perforation. ATP was found to be necessary for
the vesicles to form. The process was inhibited by EDTA,
N-ethylmaleimide, CI- or by incubating at 20°C instead of
37°C. The surprise came when EGTA was added to the
incubation medium. Instead of fusing with the appropriate
cell surface domain, the putative transport vesicles were
released into the incubation medium. The three markers: the
metabolic products of NBD-ceramide, influenza haemagglutinin and VSV G protein were found in vesicles that
behaved similarly on velocity and equilibrium sedimentation
gradients. The vesicles sediment rather slowly and reach
a density of about 1.09 g/ml. We are presently trying to
separate the apical and the basolateral vesicles from each
other and characterize their compositions. Our efforts are
concentrated on the identification of proteins involved in
apical sorting. Our long-term goal is to find out how proteins
and lipids are sorted in the TGN.

sorting protein

When the filter-stripping method to perforate cells was applied to BHK-21 fibroblasts, rather different results were
obtained. Transport of the Semliki Forest virus spike glycoprotein from the TGN to the cell surface continued after
perforation if micromolar calcium and sufficient glucose were
present in the incubation medium. Dissection of the transport process showed that ATP-,-S and GTP-,-S block the
proteolytic cleavage of the pE2 precursor into its E2 and
E3 subunits but did not block the surface appearance of
pE2 which was already cleaved. This proteolytic processing
event which involves a dibasic cleavage is the last posttranslational modification known to occur during transport to
the cell surface. The cleavage must occur either during exit
from the TGN or in the transport vesicles during delivery to
the plasma membrane. Also influE.llza virus haem agglutinin
gets cleaved at this late stage of transport to the apical
surface in MOCK cells. We are now using these dibasic
cleavages as assays for identifying transport vesicles.
Role of microtubules in epithelial polarity
There have been conflicting reports on the role of microtubules in the transport of newly synthesized apical and basolateral proteins from the TGN to the cell surface in MOCK
cells. One problem has been that microtubules have been
difficult to visualize by immunofluorescence in filter-grown
MOCK cells which is the system of choice for such studies.
These problems have now been overcome by growing the

7

MOCK cells on polycarbonate filters which do not dissolve
in the organic solvents used for fixation of the cytoskeleton
and by using confocal scanning fluorescence microscopy
to visualize the microtubules (see report by Ernst Stelzer).
In collaboration with Eric Karsenti, the process of epithelial
polarization has been examined using markers for cell junctions (uvomorulin, tight junction protein Z01 ; antibody kindly
provided by Dan Goodenough); Golgi complex (antibody
kindly provided by M. Bornens), centrosomes, and microtubules. After plating the centrosomes in single cells are in
the Golgi region which is mainly on one side of the nucleus.
The centrosome nucleates most of the microtubules. After
establishing cell-cell contacts, the centrosome is split, and
at the same time microtubules start to be nucleated at
extra-centrosomal sites and the Golgi complex moves to
the apical pole above the nucleus. When circumferential
cell junctions have been established, the split centrosome
moves together again, just below the apical membrane. The
microtubules are no longer nucleated by the centrosomes
and achieve their final polarized organization. Studies are
now in progress to find out whether microtubules play a
role in transport of proteins and lipids to the polarized cell
surface.

UOP-galactose uptake into the Golgi complex and cannot galactosylate glycoproteins and glycolipids. More than
90% of the glycosphingolipids are of the glucosyl ceramide
type in this cell strain (in collaboration with G. Hansson,
Gothenberg, Sweden). However, galactosyl residues can
be transferred with high efficiency to either apical or basolateral proteins by the addition of UOP-galactose and
galactosyl-transferase to the respective surfaces of filtergrown MOCK cells. Galactosylated proteins, endocytosed
and/or transcytosed, can now be specifically identified in
this mutant cell line. Moreover, recent studies demonstrate
that some of the galactosylated proteins become sialylated
after internalization from the cell surface. Since sialylation is
a TGN event, this protocol can be used to identify proteins
that recycle between the TGN and the apical membranes.
Putative apical sorting proteins (Plate 1) should belong to
this class of proteins.

The endocytotic circuits in MOCK cells

Van Meer, G. & Simons, K. (1987). Lipid polarity and sorting
in epithelial cells. J. Cell. Biochem., 24, 12-17

Epithelial cells continuously endocytose their apical and
basolateral membranes. Four different pathways have been
described for the internalized membrane components. Most
of the membrane must be recycled back from early endosomes to the cell surface to replace the membrane lost.
One fraction is transported further along the endocytotic
pathway, terminating in the Iysosomes. Another fraction is
delivered to the trans-Golgi network where the biosynthetic
and endocytotic transport pathways meet. A fourth pathway
involves membrane traffic across the cell connecting the
apical and basolateral membranes by transcytosis in both
directions. We have previously estimated the m3gnitude of
apical and basolateral endocytosis and of transcytosis by
fluid phase markers. We are now continuing these studies
to identify the intracellular organelles involved both biochemically and morphologically (in collaboration with Robert
Parton & Gareth Griffiths). In principle, the apical and the
basolateral endocytotic circuits can be connected at any
point in the pathway. However, it is also possible that the
apical and the basolateral circuits are completely separated.
Methods have been devised to measure to what extent
markers, introduced either from the apical and the basolateral side meet each other inside the cell. Using avidin and
biotinylated horse radish peroxidase from opposite sides
little complex formation is seen during the first 30 min of endocytosis. Another project in progress is to immuno-isolate
the apical and the basolateral endocytic compartments after
implanting the VSV G protein either apically or basolaterally
by low pH-mediated virus fusion (see report of Kathryn
Howell) in collaboration with Jean Gruenberg. Using these
approaches, we hope to characterize the compartments
involved in endocytotic and transcytotic traffic in MOCK cells.
We are also studying a ricin-resistant mutant strain of MOCK
cells which we obtained from Enrique Rodriguez-Boulan.
The studies show that the cells have a genetic defect in
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Sorting mechanisms for proteins of the animal cell

Scientist: H. Garoff*
EMBL fellows: D. Huylebroeck*. A. Robinson*. M. ZeriaT*

Technical assistant: H. Kern*

Almost all proteins of the animal cell are made by ribosomes
which are assembled in the cell cytoplasm. Nascent or
newly synthesized forms of the polypeptides must therefore
carry certain structural features that effect their sorting into
correct organelles. This can occur either in one or several
steps. The latter situation is well illustrated in the case of
receptor molecules involved in endocytosis and membrane
proteins of some enveloped viruses. These proteins become
first sorted from cytoplasmic polypeptides by their synthesis
on ribosomes that are bound to the endoplasmic reticulum
(ER). Then they are sorted from ER and Golgi proteins
by their movement out to the plasma membrane (PM) via
the Golgi complex. At the PM the receptor molecules show
affinity for the coated pits and become endocytosed whereas
the viral membrane proteins are organized around viral
nucleocapsids into viral membranes (virus budding). It is
clear that in the latter two cases several sorting signals must
be expressed subsequently step by step.
Our group is interested in the characterization of the sorting
signals for the envelope proteins of the animal membrane
virus Semliki Forest virus (SFV) and the human transferrin
receptor molecule (TR).
Assembly of the SFV membrane
This process involves (1) the correct insertion of two proteins, p62 and E1, into the ER membrane; (2) the oligomerization of the proteins into p62/E1 heterodimers; (3) the
transport of the heterodimer to PM; and (4) the incorporation
of the oligomers into viral membranes. At the last mentioned
stage the glycoproteins do not only interact with the underlying nucleocapsid but seem also to make lateral interactions
in the plane of the membrane.
The insertion mechanism of the viral proteins has been
analyzed in detail by studying mutant cDNA constructions in
an in vitro transcriptionltranslationltranslocation assay. Both
viral proteins are directed to the ER with the aid of a signal
sequence. Chain translocation is arrested by hydrophobic
peptide segments located near the C-terminus. Most interestingly the signal peptide of the p62 protein shows several
odd features: (1) it remains attached to the mature protein;
and (2) it becomes glycosylated at an Asn residue located

in the middle of the signal sequence. Possibly the signal
region has two functions; first as a signal for translocation in
its unglycosylated version and then later another yet unidentified function in its glycosylated version. Preliminary studies
have shown that the unglycosylated signal keeps the protein
chain attached to the membrane after completion of chain
translocation. This corroborates the general belief that signal
modifications (Le. usually cleavage but also glycosylation,
as in our case) is necessary to release the chain from the
ER membrane. It also suggests a novel approach to get
a tag on the putative translocation machinery in the ER
membrane: if translocated precursors blocked in signal modification are still bound to some elements of the translocation
apparatus then these could possibly be identified via the
attached protein probes. We are presently elucidating the
p62 signal attachment further in this respect. We are also
interested in whether other proteins with mutations violating
the consensus sequence of the signal peptidase cleavage
site are membrane bound.
Association of individual protein subunits (protomers) into
oligomeric protein structures appears to be very common
for secreted and PM proteins. Oligomeric forms of a protein
might increase the functional versatility of the molecule i.e.
through a process of controlled dissociation. Several studies
in which single subunits of hetero-oligomeric PM proteins
have been expressed in animal cells have shown that these
are retained in ER. Only when these become combined
with the other subunit(s) can the protein leave the ER.
Other studies have shown that many viral glycoproteins
heading for PM are oligomerized before these pass through
the Golgi compartment. These results suggest that there
might be a general folding machinery in ER lumen which
not only directs correct S-S bond formation and subunit
folding but also oligomerization. Thus, until oligomerization
is completed the subunits are kept in ER by this machinery.
However, an alternative mechanism is that the subunits
(in general) do not require a specific machinery in ER to
oligomerize at all but that they simply spend enough time
in ER to ensure complete oligomerization through collision
events; The SFV system appears ideal to test which of
the hypotheses is correct. Recent results in our laboratory
have shown that the p62 and E1 oligomerization is an
immediate event in contrast to the about 8 min required
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for other oligomerization events. This is probably so because the SFV membrane proteins are made from the same
translation product through nascent chain cleavage. We will
try to express the SFV membrane protein subunits from
different coding units and compare the times required for
oligomerization and transport to the cell surface with those
of the wild type. If an increased time for oligomerization and
transport is found this would indeed indicate the presence
of an ER-associated oligomerization machinery.
Formation of the viral membrane at the PM can be explained
in either of two ways. In the first one the viral glycoproteins
form first large associations and these provide an attachment site for nucleocapsid structures formed in the cytoplasm of the infected cell. In the second one single glycoprotein units are first bound to underlying nucleocapsids and
this will then nucleate further glycoprotein associations. We
have recently expressed faithfully the spike glycoproteins of
SFV from cloned cDNA in transfected cells. We will next use
this system to find out whether the glycoproteins are able
to form lateral associations in the absence of nucleocapsid
formation.
Whatever the mechanism for virus envelope formation is,
viral budding requires interactions between the glycoproteins and the nucleocapsid. These interactions are evidently
involving the cytoplasmic domains of the viral glycoproteins
that is the 31 amino-acid long C-terminal peptide of p62.
We are presently trying to obtain direct proof for this key
question in virus assembly in two ways. Firstly we have
synthesized the peptide in vitro and we use it to show direct
binding to isolated nucleocapsids. Secondly we are in the
process of constructing a complete cDNA copy of the 42S
RNA virus genome. This will be transcribed in vitro into
RNA and then used to direct virus replication in transfected
cells. Budding-negative mutants with defined changes in the
cytoplasmic region of p62 should together with the subsequent isolation of suppressor mutations in the capsid protein
provide the genetic proof for the glycoprotein-nucleocapsid
interactions.
A final crucial question concerning the virus envelope formation is the nature of those signals that determine membrane
protein association with the nucleocapsid specifically at the
PM rather than in intracellular membranes like those of ER
and Golgi. One possibility is that it is the proteolytic cleavage
of the p62 protein to E2 and E3 (occurs late during transport
to PM) which directs this event either indirectly by inducing
lateral glycoprotein interactions or directly by changing the
cytoplasmic features of p62 (E2) into a nucleocapsid binding
form. We have started to study the importance of p62
cleavage for virus budding by the analysis of the phenotypes
of cleavage defective forms of the p62 protein in our cDNA
expression systems.
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The transferrin receptor
Most questions concerning the synthesis, oligomerization
and cell surface transport of TR are similar to the SFV
system. These have been studied during the recent years
in our group. However, the fate of the TR molecules at
the PM is opposite to the glycoprotein molecules of SFV;
the TR molecules cluster into coated pits which direct the
molecules inward whereas the viral proteins associate into
virus particles which leave the cell.
The signals for TR endocytosis have been studied by measuring the internalization kinetics for various mutated forms
of this protein. The mutants have been designed to contain
alterations in all topological protein domains of this transmembrane receptor molecule. Only mutants which show
normal transferrin binding on the PM have been compared.
So far we have shown that the phosphorylation of the cytoplasmic domain at Ser (24) is not required for internalization.
Preliminary analysis of cytoplasmic domain deletion mutants
show, on the other hand, severely impaired endocytosis.
This is also seen with lumenal deletion mutants (which still
bind transferrin). This suggests that TR endocytosis might
also be dependent on the formation of lateral associations
between individual TR molecules (with interactions in both
the cytoplasmic and lumenal domains).
This group has during 1987 ended their research at EMBL to
continue at the Institute for Molecular Biology, at Karolinska
Institute in Sweden. We are most grateful for the many years
we have spent at EMBL. We thank the Directors-General
John Kendrew and Lennart Philipson for their support.
Our special thanks go to the founder and coordinator of the
Cell Biology Programme at EMBL, Kai Simons.
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Signals for protein insertion into the membrane of the endoplasmic reticulum
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Cloning and isolation of eDNA coding for
the signal sequence receptor (SSR)
Secretory and membrane proteins are translocated across
or inserted into the membrane of the endoplasmic reticulum
(ER). This process is mediated by signal-recognition particle
(SRP) and docking protein, the receptor for SRP in the
membrane of the ER. Our group is interested in (1) structural
and functional characterization of SRP; (2) identification of
the signals that determine the orientation of proteins in the
ER membrane; and (3) identification of signals involved
in the transport of proteins from the ER to other cellular
organelles.

PLATE 2

Signal

recognition
5'

3'
translation

Complementary DNA clones coding for the 19 kDa SRP
protein were isolated, sequenced and further characterized
by in vitro transcription and translation. The 19 kDa protein
comprises 180 amino-acid residues and has a potential RNP
consensus sequence at its C-terminus (Lingelbach et al.,
in preparation; this work was done in collaboration with P.
Walter, San Francisco).

arrest

signal binding
targeting to ER
membrane

Structural analysis of signal
recognition particle (SRP)
SRP is a ribonucleoprotein (RNP) complex consisting of
six different polypeptide chains with molecular masses of
72, 68, 54, 19, 14, and 9 kDa and a 7SL RNA (Plate
2). It participates in initiating the translocation of proteins
across the ER membrane. The interaction of the proteins
with the 7SL RNA was investigated. Dimers of the 72/68
kDa and of the 14/9 kDa proteins could be released from
the RNA with 2 M KC!. EDTA was required to release the
54 kDa protein. Under these conditions, the 19 kDa protein
alone remained bound to the RNA. The domain structure
of the SRP proteins was investigated using mild proteolysis
(Scoulica et al., 1987).

particle

[::::J

RNA

Oprotein

SRP is not only found in mammalian cells but also in plants.
Selected wheat germ extracts were found to be capable
of translocating and processing nascent secretory proteins.
It was shown that translocation aC'ross wheat germ membranes required a component with all the characteristics
of the mammalian SRP. Translocation of a bacterial, plant
and mammalian secretory protein across wheat germ membranes occurred only cotranslationally (Prehn et al., 1987).

Translocation of protein across
the ER membrane
Cell-free protein-synthesizing systems from Ecoli and
wheat germ were compared for their capacity to support
the translocation of secretory proteins across microsomal
membranes derived from mammalian ER. The prokaryotic
system, in contrast to the eukaryotic one, failed to support
translocation of the nascent polypeptide chain across micro11

somal membranes. Thus specific components of the protein
synthesizing "machinery" are required for protein translocation across the ER membrane (Ibrahimi & Fuchs, 1987).
It had recently been suggested that secretory proteins synthesized in the presence of a highly reducing environment
(100 mM On) could be translocated across ER membranes
post-translationally and independently of their attachment to
the ribosome (Maher & Singer, 1986). The effect of on on
protein translocation was reinvestigated. It was found that
the apparent post-translational translocation was due to ongoing chain synthesis irrespective of the high concentrations
of on. High concentrations of OTT reduced the rates of
chain initiation as well as elongation (Ibrahimi, 1987).

Signals that determine membrane
. protein topology
In addition to the signal necessary for targeting of proteins
to the endoplasmic reticulum and for initiation of membrane translocation, membrane proteins contain topogenic
information that directs their membrane insertion in the
correct orientation (topogenic signals). Membrane insertion
of proteins that span the membrane once (transmembrane
proteins) can occur by two different mechanisms (Plate 3).
PLATE 3
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An N-terminally located, cleavable signal peptide (S)
directs targeting and translocation of the N-terminal
sequences and a C-terminally located stop-transfer
(ST) segment then anchors the protein in the membrane (S-ST membrane proteins). All these proteins
expose the C-terminus on the cytoplasmic side of the
membrane (type I).
When insertion is directed by an uncleaved signal
sequence of sufficient hydrophobicity either the N- or
the C-terminus can be translocated. The signal sequence functions as signal for membrane insertion and
anchoring (SA membrane proteins) The resulting transmembrane proteins can span the membrane in opposite orientations. Examples for these proteins are the
invariant chain of the class II histocompatibility antigens
(N-terminus in the cytoplasm,type II) and cytochrome
P450 (C-terminus in the cytoplasm, type I).

The topogenic signals that lead to membrane insertion of
proteins can only tentatively be identified by their primary
amino-acid sequences. A common theme is a continuous
stretch of apolar and neutral residues. It has been shown
that hydrophobic segments of at least 14-16 residues are
necessary in order to span the membrane. However, hydrophobicity alone does not convey a defined orientation
in the membrane. We obtained experimental evidence suggesting that the charged amino-acids in the regions flanking
a hydrophobic segment decide on the final orientation in the
membrane and whether a signal sequence is cleaved or not.
Thus, a SA type II membrane protein could be converted
into a secretory protein when either the N- or the C-terminal
sequences flanking the hydrophobic segment were altered
(Lipp & Oobberstein, 1986a, 1987). As SA-membrane proteins can contain a single hydrophobic segment at or near
their N-terminus, it is conceivable that also in SA type I
membrane proteins the hydrophilic sequences flanking the
hydrophobic segment determine the final membrane orientation.
In order to identify sequences that determine the orientation
of SA membrane proteins in the membrane, we used the
secretory protein multi-colony stimulating factor (Mu-CSF)
as a model system. Pre-Mu-CSF contains a cleavable signal
sequence which is composed entirely of uncharged aminoacid residues. This sequence would be expected to span the
membrane if cleavage could be prevented. Hybrid polypeptides were generated by molecular cloning in which the N- or
C-terminal region flanking the hydrophobic signal sequence
were replaced by unrelated sequences. The hybrid proteins
were then inserted into microsomal membranes and their
orientation was tested. The following results were obtained:
By changing the hydrophilic sequences flanking the hydrophobic core of the Mu-CSF signal sequence we could
convert this secretory protein into an SA type I and a type
II membrane protein. Furthermore an SA type II membrane
protein, proteolytically processed at the N-terminal side of
the hydrophobic core, was observed.
Most hybrid proteins displayed two orientations across the
membrane. The proportions in which these two orientations
were found varied. Two orientations in even proportions
were obtained in a case where the N-terminal region flanking the hydrophobic segment did not show a predominant negative or positive charge. Comparing the sequences
N-terminally flanking hydrophobic segments in SA type I
and type II membrane protein;: a prevalence of positively
charged amino-acid residues was found in SA type II proteins while SA type I proteins mainly contained negative or
uncharged residues in this segment. We conclude that (1)
the cleavage site by signal peptidase is determined by the
hydrophilic amino-acid residues flanking the hydrophobic
core of a signal sequence at the N- and the C-terminal side;
(2) the orientation of an SA type II membrane protein is
determined by the charged amino-acid residues at the Nand C-terminal side of the hydrophobic core of a signal
sequence: Positively charged amino-acid residues at the
N-terminus retain this end on the cytoplasmic side of the
ER membrane whereas negative ones do not seem to
interfere with translocation; (3) the asymmetry of proteins
in the membrane is a property of the nascent polypeptide

and not of the components mediating membrane insertion
and translocation.
From our results we propose a model for membrane translocation of either the N- or the C-terminal sequences flanking
the hydrophobic segment in SA membrane proteins. The
following steps in membrane insertion of these proteins can
be distinguished: (1) The hydrophobic core of the signal
sequence interacts with the SRP; (2) contact to the ER
membrane is made via the docking protein; (3) the signal
sequence contacts the ER membrane, possibly via the
recently identified SSR; (4) formation of a loop-like insertion
structure and interaction of the hydrophobic core of the
signal sequence with the lipid bilayer; (5) depending on
the length of the hydrophobic core of the signal sequence
and the flanking charged amino-acid residues, the centre
of the insertion loop can be either (a) at the C-terminus
of the hydrophobic segment (SA type II membrane proteins with a positively charged N-terminal region), (b) at its
N-terminus (SA type I membrane protein with negative or
no charge in the N-terminal flanking region) or (c) in the
middle of the hydrophobic region (SA type I or II, see Plate
4); (6) depending on the type of insertion loop, either the
C-termina! region or the N-terminal region is translocated.
If the charged amino-acid residues in the N-terminar region
are balanced, this region is either partially translocated or
not at all. The site for signal peptidase cleavage might be
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determined by the location of the centre of the insertion loop,
either C- or N-terminal or in the middle of the hydrophobic
segment. Cleavages at these different sites have been
obtained in hybrid proteins (Haeuptle et al., in preparation;
in collaboration with N.M. Gough, Melbourne, Australia).
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Structure, function and biogenesis of rough endoplasmic reticulum
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In 1987 our group continued its work on the study of rough
endoplasmic reticulum (ER) through focusing more attention
on the functioning of this organelle in the yeast Saccharomyces cerevisiae. This work included: (1) more detailed
analyses of how the precursor of the secretory protein
a-factor manages to be translocated across the rough ER
membrane post-translationally; (2) the search for cytosolic
factors involved in protein translocation; (3) in vitro analysis
of the secretory mutant sec 53; (4) selection of mutants
defective in protein translocation; (5) isolation of fractions
highly enriched in rough ER by immuno-affinity methods;
(6) searching for the yeast equivalents of mammalian rough
ER-specific proteins; as well as (7) the cloning, sequencing
and examinination of the biogenesis of the human docking
protein. In September of 1987 the majority of the group
moved to our new home in the Medical School of the
University of California at Los Angeles (UCLA).

completed by Jane Webb, with the collaboration of Gustav
Ammerer at the MRC, Cambridge.

Post-translational translocation
of prepro-a-factor

In vitro analysis of the secreiory
mutant, sec 53

In an attempt to analyze the peculiar phenomenon of the
post-translational translocation of this pheromone precursor,
we undertook the construction of deletions and fusions
based on key regions of prepro-a-factor. These constructs
were then tested in the in vitro translocation system that we
devised previously (see Research Reports, 1986). Our observations led to the following conclusions: the phenomenon
of post-translational translocation cannot be ascribed to the
presence or state of the pre or the pro region of prepro-afactor. Rather, the presence and number of a-factor repeats
on the C-terminus of the molecule had the profoundest
influence. This work was initiated by Jon Rothblatt and

Central to the use of yeast in studying secretion is the ability
to generate and analyze mutant phenotypes in vitro. As we
are currently in the process of selecting for such mutants,
it was essential to show that such an in vitro analysis
was feasible. For this reason, we chose to focus on sec
53, a mutant believed to be defective in some aspect of
protein translocation across the membrane of the ER. To our
surprise, this mutant appears to be primarily deficient in the
ability to glycosylate nascent secretory proteins correctly. As
the protein affected by the mutation catalyzes one step in
the correct assembly of the dolichol-oligosaccharide chain,
and since this moiety is generally present in excess in
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Cytosolic factors involved in
protein translocation
In order to isolate such factors, we devised an assay
whereby prepro-a-factor was purified on an antibody affinity
column. It was found that the preprotein that was isolated in
this way was not competent for crossing yeast microsomes
without the addition of energy in the form of ATP and a
fraction of yeast cytosol. This assay is currently being used
to search for components in the cytosol that are required
to catalyze this translocation. The work was initiated by
Jane Webb, and is currently being continued by Pascual
Sanz-Bigorra.

ER membranes, it was impossible to generate a mutant
phenotype merely by performing the in vitro assay at the
non-permissive temperature. We were successful, however,
in obtaining defective glycosylation in vitro by isolating membranes from sec 53 that had been grown for a short period
of time at the non-permissive temperature. Interestingly,
work in Schekman's laboratory has shown that the SEC 53
protein is primarily localized in the cytosol. Nonetheless, it
is the membranes whose content of correctly or incorrectly
glycoslated dolichol is crucial for the exhibition of the mutant
phenotype in vitro. This work was carried out exclusively by
Alan Hibbs.
Selection of mutants defective
in protein translocation
The success of using yeast as an experimental system is
encumbent upon the isolation of mutants. We have used the
"Beckwith approach" to isolate such mutants. By attaching a
signal sequence (the pre pro region of a-factor) to an essential cytosolic enzyme (the product of the TRP-1 locus), mutants defective in translocation will survive selection on trpgrowth medium. We have carried out such a selection and
obtained temperature-sensitive strains that appear defective
in the ability to trans locate prepro-a-factor. More careful
analysis of these mutants, as well as a wider selection and
screening is underway. Jeremy Toyn has been responsible
for this effort and is being assisted by Joanne Crowe.
Isolation of fractions highly enriched in rough
ER by immuno-affinity techniques
Biochemical isolation of membrane components involved
in translocation requires very pure membrane fractions as
starting material. In order to isolate such fractions from
yeast, where no reliable markers exist for rough ER, we
have chosen to insert human ribophorin I into such membranes by transfection with the appropriate gene. We have
produced an antibody against the cytosolic tail (150 aminoacids) by a gene fusion approach that will enable us not
only to follow conventional fractionation by immunoblotting,
but also to purify membranes using the antibody as an
affinity adsorbent. In addition, we have expressed a construct in which the cytosolic tail has been replaced by four
domains of S.aureus protein A (in collaboration with M.
Uhlen, Stockholm). This will allow us to circumvent the need
for antibodies in affinity isolations, and to use human or
rabbit IgG instead. Results to date have shown that these
constructs are expressed, targeted to a membrane fraction,
and are glycosylated in a manner indicative of residence in
the ER. This work is being done by Christopher Sanderson
and Joanne Crowe.
Searching for the yeast equivalents of
mammalian rough ER-specific proteins
One way to generate the genes of yeast proteins that may
play a role in translocation is to fish out the equivalents
of the mammalian ones. Since both human docking protein

and ribophorins I and II have been cloned (see 1986 reports
and below), we chose to generate anti-sense RNA probes
that can be used to seek out the yeast equivalents in a very
sensitive fashion. Using anti-sense RNA from the gene encoding the protein whose antibodies seem to cross react the
best on a "zoo-blot", namely ribophorin II, we have detected
homologous yeast mRNA on Northern blots. Obtaining this
RNA by hybrid selection and making DNA probes by reverse
transcription has allowed us to find positive clones in a yeast
library. Analysis of these clones and comparable screenings
using ribophorin I and docking protein clones will follow
shortly. This promising work was performed by Cristina
Crimaudo who earlier in the year finished up the cloning
and sequencing of the human ribophorins.
Cloning, sequencing and examination of the
biogenesis of human docking protein
Docking protein (DP), the membrane receptor for SRP, has
been shown to be an integral membrane protein of the rough
ER. Yet its primary sequence does not show any stretch of
uncharged amino-acids of sufficient length to serve as a
membrane anchor. Nor does its amino terminus have a signal sequence that could target it to the membrane. In order
to examine how such a protein can be correctly targeted, inserted and anchored in the rough ER, we cloned, sequenced
and expressed the gene in vitro. DP cannot be inserted into
canine pancreatic microsomes in a fashion described for
any other membrane protein. It is not inserted via a signal
sequence-mediated mechanism, like ribophorins I and II.
Thus it does not require SRP and itself for insertion. Nor
is it inserted pcst-translationally via a membrane anchorinsertion sequence like cytochrome bs. Recently members
of Peter Walter's group have discovered another protein,
fairly stably associated with the docking protein. This 30k
",8-subunit" is an integral membrane protein that is present in
slight excess over the docking protein, and may be required
to assist in its insertion. To test this, we used an excess
of membranes, that should provide a reasonable amount of
free ,8-subunit, during the synthesis of the docking protein
in vitro. In this case we were able to obtain the insertion of
the DP into the membrane in a stable (carbonate-resistant)
fashion. These studies were performed by Michael Hortsch,
and the sequencing was done by Siegfried Labeit currently
at the DKFZ.
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Molecular mechanisms in protein secretion
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Secretory proteins and most other proteins synthesized in
the rough endoplasmic reticulum (rER) take the same intracellular transport route from the rER to the Golgi complex
and through the various compartments of this organelle,
irrespective of their final destination. The transport routes
of these proteins diverge in the last compartment of the
Golgi complex, the trans-Golgi network. The aim of our research has been to determine (a) whether post-translational
modifications occurring in the trans-Golgi are involved in
the intracellular transport of secretory proteins through and
beyond this compartment, and (b) how proteins destined for
secretory storage granules are sorted and packaged.
Protein tyrosine sulfation and
the secretory pathway

Protein tyrosine sulfation is a widespread post-translational
modification found in all animal cells studied (Huttner, 1987).
Only proteins synthesized in the rER undergo tyrosine sulfation under physiological conditions (Huttner & Baeuerle,
1988). Most of the tyrosine-sulfated proteins identified so far
are secretory (Huttner, 1988). Within the secretory pathway,
protein tyrosine sulfation occurs specifically in the transGolgi (Baeuerle & Huttner, 1987). The sulfation reaction
is catalyzed by tyrosylprotein sulfotransferase, an integral
membrane protein (Lee & Huttner, 1985). Several structural
determinants of substrate proteins recognized by this enzyme have been deduced from a detailed comparison of the
sequences of tyrosine sulfation sites (Huttner & Baeuerle,
1988). The purification and characterization of tyrosylprotein sulfotransferase has been continued (Christof Niehrs in
collaboration with Rainer Frank & Heinrich Gausepohl).
Tyrosine sulfation and intracellular transport

A possible role of tyrosine sulfation in the intracellular transport of secretory proteins has been investigated by Evelyne
Friederich. Yolk protein 2 (YP2) of Drosophila melanogaster,

a constitutively secreted protein, was chosen as a model
protein for several reasons: (i) YP2 is stoichiometrically
sulfated on only one tyrosine residue (Baeuerle & Huttner, 1985) which has been identified as tyrosine 172 by
Patrick Baeuerle (collaboration with F. Lottspeich, MaxPlanck-Institute in Martinsried); (ii) the YP2 gene has been
cloned (Hovemann et al., 1981); (iii) sulfation of YP2 on
tyrosine 172 is a highly conserved event since it occurs
after expression of the insect protein in mouse fibroblasts
(Friederich et al., 1988a, submitted). We have taken two
approaches to investigate the consequences of inhibiting tyrosine sulfation of YP2. First, clones of mouse fibroblasts (L
cells) expressing either wild-type (tyrosine 172) or mutated
(phenylalanine 172) YP2 were analyzed for sulfation and
secretion of the protein. Second, mouse fibroblast clones
expressing the wild-type YP2 were studied in the absence
and presence of chlorate, an inhibitor of protein sulfation
(Baeuerle & Huttner, 1986). The key results are as follows
(Friederich et al., 1988b, submitted):
(1)
(2)

(3)

The t1/2 of transport from the rER to the cell surface of
the mutated, unsulfated YP2 is 15-20 min longer than
that of the wild-type, sulfated YP2.
The t1/2 of transport from the rER to the cell surface
of the unsulfated wild-type YF'2 produced by chloratetreated cells is 15-20 min longer than that of the sulfated wild-type YP2 produced by control cells and indistinguishable from that of the mutated, unsulfated YP2,
whose transport is unaffected by chlorate treatment.
The t1/2 of transport of wild-type, sulfated YP2 from the
compartment of sulfation, i.e. the trans-Golgi, to the cell
surface is 10 min.

We conclude that the reduction in the secretion kinetics
observed for the mutated YP2 and the wild-type YP2 from
chlorate-treated cells (i) results from the inhibition of tyrosine
sulfation of YP2 and (ii) reflects the transport of YP2 through
the compartment of sulfation or thereafter. Thus, inhibition of
tyrosine sulfation of YP2 increases the time required for this
17

protein to travel through the trans-Golgi and to the cell surface by at least two- to three-fold (10 min vs. 25-30 min). In
the future, in a collaborative study with Mary Bownes at the
University of Edinburgh, it is planned to express wild-type
and mutated YP2 in a mutant of Drosophila melanogaster
lacking YP2 and to investigate the effect of inhibition of
tyrosine sulfation in the whole organism.
3' -phosphoadenosine 5' -phosphosulfate (PAPS)
as co-substrate for a novel form of protein
phosphorylation

Developing from our efforts to dissect the molecular mechanism of protein sulfation, a recently completed study has
shown that the co-substrate for sulfation, PAPS, can also
serve - surprisingly - as a phosphate donor (Ulrich Seydel in collaboration with Kathryn Howell). In an extremely
rapid, highly reversible and probably autocatalytic reaction,
the 3'-phosphate group of PAPS is transferred to serine
residues of an 85 kDa integral membrane glycoprotein of
the trans-Golgi.
Secretogranins/chromogranins and
secretory granule formation
Secretogranin I (chromogranin B), secretogranin II and chromogranin A are acidic secretory proteins with as yet unknown function that are found in a wide variety of endocrine
and nerve cells (Rosa et al., 1985b; Huttner et al., 1988).
We study the secretogranins/chromogranins with the aim
of identifying structural features involved in their sorting
into secretory granules (Hans-Hermann Gerdes) and understanding the process of secretory granule formation (Jane
Stinchcombe, Sharon Tooze). These proteins offer several
advantages for these investigations: (1) they are related
to each other biochemically and thus lend themselves to
structural comparison; (2) they are efficiently sorted and
packaged into secretory granules in a wide variety of cells,
and in some instances are present in a subpopulation
of secretory granules within a cell (Rosa et al., 1985a);
(3) their packaging into secretory granules can be conveniently monitored by following their post-translational modifications.

The primary structure of the
secretograninslchromogranins
We have determined the primary structure of bovine and
human chromogranin A and human secretogranin I from
the sequences of full-length cDNA clones (Benedum et al.,
1986; Benedum et al., 1987; Konecki et al., 1987). A comparison of chromogranin A and secretogranin I revealed two
small stretches of high homology between these two otherwise distinct proteins, which are located near the N-terminus
and at the G-terminus. The homology near the N-terminus
is particularly interesting since it involves a disulfide-bonded
loop structure (Benedum et al., 1987). We are in the process
of investigating these homologous domains for a possible
role in sorting and packaging of these proteins to secretory
granules.
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In addition, the elucidation of the primary structure of chromogranin A and secretogranin I has provided important
information as to the function of these proteins. The recently
described peptide pancreastatin (Tatemoto et al., 1986),
which has been isolated from porcine pancreas and reported
to inhibit glucose-induced insulin release, has been found
to be homologous to a portion of bovine chromogranin A
(Huttner & Benedum, 1987; Eiden, 1987). We have recently
reported that the 30% mismatch betweeen pancreastatin
and chromogranin A can be explained by species variation, suggesting that pancreastatin is derived by proteolytic processing from chromogranin A itself (Konecki et al.,
1987). Similar observations have subsequently been made
by others (Benjannet et aI., 1987) for secretogranin I: two
peptides isolated from the pituitary and designated GAWK
and GGB, for which no biological activity has yet been
reported, are proteolytic products of secretogranin I. If future
studies should prove that physiologically relevant activities
are associated with pancreastatin, GAWK and GGB, one
function of the secretograninsl chromogranins may be as
hormone and neuropeptide precursors (Huttner et al., 1988).

Expression of secretogranin antibodies
We have investigated the effects of antibodies against
the secretogranins on the sorting and packaging of these
proteins. Poly(A)+ -RNA enriched in mRNA coding for a
monoclonal antibody (lgG1) against secretogranin I was
isolated from hybridoma cells and microinjected into PG12
cells, which produce secretogranin I and package it into
secretory granules (Patrizia Rosa and Ursula WeiB in collaboration with Rainer Pepperkok and Wilhelm Ansorge).
mRNA coding for a monoclonal antibody (lgG1) against the
cytoplasmic domain of VSV-G was used as control. Double
immunofluorescence revealed that 3 h after microinjection
both the secretogranin I antibody and the control antibody
were present in the Golgi area. 12-18 h after microinjection, immunoreactivity for the secretogranin I antibody was
co-localized specifically with secretory granules and was
released by stimulation with secretagogues, whereas little
immunoreactivity for the control antibody was seen in the
cells. We conclude that the secretogranin I antibody was
packaged into secretory granules because of the formation
of an immunocomplex with secretogranin I. This implies
that the information for packaging into secretory granules
can still be functioning in a complex between a constitutive
and a regulated secretory protein, and provides a new,
immunological approach to identifying sorting domains.
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Immuno-isolation using magnetic solid supports: Application for cell-free functional analysis of
membrane traffic in the endocytotic and exocytotic pathways

Scientists: K.E. Howell, J. Gruenberg*
External fellows: H.M. Bond, J. Gruenberg*, J. Salamero*
Visiting workers: J.-L. Carpentier*, S. Masur*, E. Sztul*
Technical assistant: A. Scharm*
Supernumeraries: H. Horstmann*, R. Jellinek*

Our goal is to reconstitute in vitro specific steps of intracellular transport between organelles. Vesicles carrying specific
proteins bud from one subcellular compartment and fuse
selectively with the membranes of the recipient compartment. To identify the molecular components involved in this
traffic purified sub-cellular fractions are required. We have
been developing immuno-isolation as an alternative to the
classical fractionation techniques (Howell et al., 1988a & b).
The isolation is carried out on magnetic beads, designed
and synthesized for this purpose in a collaboration with John
Ugelstad and Ruth Schmid at the University of Trondheim,
Norway (Ugelstad et al., 1984). We have found that isolated
organelles bound to magnetic beads are ideal for the investigation of membrane traffic in cell-free systems. Using this
approach we have isolated and characterized specific transport vesicles in both the endocytic and exocytotic pathways.
Endocytosis

Three functionally distinct subcompartments of the endocytic pathway have been characterized using the transmembrane glycoprotein of vesicular stomatitis virus (Gprotein) to provide a reporter molecule (Gruenberg & Howell,
1986 & 1987). The G-protein is implanted into the plasma
membrane of baby hamster kidney (BHK) cells by low pHmediated fusion and then endocytosed at 3JOC. The endosomes are immuno-isolated after different times of internalization using a monoclonal antibody against the cytoplasmic
domain of the G-protein (antibody gift of Thomas Kreis,
EMBL; Kreis, 1986). The fractions are defined according to
the time of internalization, which reflects the stage of endocytosis at which the wave of G-molecules was experimentally arrested (time-defined fractions). Examples of the 5 and
15 min time-defined fractions are shown in Plates 5A & B.
The immuno-isolated fractions retain the structural features
of the compartments in vivo. The 5 min fraction consists
of both small vesicular and branching tubular components
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resembling
The 15 min
also larger
perinuclear

the early, peripheral endosomal compartment.
fraction has some of the same components and
multivesicular endosomes similar to the later,
endosomal compartment.

Fusion of "5 min" endosomes with other elements of the
endocytic pathway was 63% efficient in a cell-free system.
Fusion was assayed by measuring the formation of a fusionspecific complex between avidin and biotin-horseradish peroxidase. Transport of the G-molecules destined for degradation from the 5 min, peripheral endosome towards the Iysosomes is accompanied by a loss of the fusion efficiency. We
interpret this observation as evidence that the G-molecules
have moved from the 5 min endosome to a more distal
endocytic compartment.
When the microtubules are depolymerized with nocodazole,
the absolute amount and the kinetics of G-molecules internalized into, sorted and exported from the 5 min compartment remain identical. The t1/2 of both recycling to the
plasma membrane and export from the 5 min compartment
towards the Iysosomes is
min with or without nocodazole. We conclude that the 5 min endosome is the first
sorting station in endocytosis and that its function does not
depend on an organized microtubule network.
However, the depolymerization of the microtubules reduced
the degradation of the internalized G-molecules to 14%
of the control after 60 min. With Gareth Griffiths (EMBL),
we have shown that, in the absence of microtubules, the
G-molecules accumulate in large vesicles (",,0.5 pm diameter) which are structurally and functionally distinct from
the early endosomal compartment. We propose that these
large vesicles are generated at the first sorting station and
trans locate the molecules to be degraded on microtuble
tracks to the perinuclear region of the cell. There, they are
delivered to a late endosomal subcompartment before being
degraded in Iysosomes (Gruenberg et al., 1988).

PLATE 5
Morphology of the 5 and 15 min time-defined immuno-isolated endosomal fractions. (A) The 5 min fraction consists of both vesicular
and branching tubular elements. The lumen of these components
is electron lucent. The arrow points to a coated vesicle. (8) The

15 min fraction also contains some tubular elements and also
larger multivesicular appearing vesicles. The magnetite present in
the solid support is easily seen as a dark precipitate. The bar is
O.25f.1m.

Approach to identify endosomal functions

Immuno-fluorometric assays using Europium

The endocytic pathway plays a role in the sorting and
transport of molecules between the plasma membrane and
the Iysosomes. In the low pH environment of the endosomes, ligands may dissociate from their respective receptors and in some cases will also be specifically processed.
One endosomal processing event which we are currently
studying is the removal of cholesterol from cells by high
density lipoprotein (HDL). This efflux of cholesterol is termed
"reverse cholesterol transport". In characterizing the system
we have shown that apoA-I, the major protein of the high
density lipoproteins (HDL), is recognized by a cell surface
receptor and the HDL particle is internalized into cells by
receptor mediated endocytosis. These studies have been
in collaboration with Lucia Monaco and Riccardo Cortese
(EMBL) and Hans-Alois Dresel (Univ. of Heidelberg) using
both native HDL and a recombinant apoA-I-protein A hybrid
(Monaco et al., 1987). The apoA-1 hybrid (which contains
no lipid) reproduces the binding parameters of HDL to its
receptor and is efficiently internalized into cells. It is also able
to mediate cholesterol efflux from cells in a similar fashion to
HDL. Using the apoA-1 hybrid protein in a cell free system,
we are determining the factors required for the cholesterol
acquisition and identifying where this event takes place in
the endocytic pathway. In another aspect of this project,
the hybrid apoA-I-protein A bound to a solid support (lgG
Sepharose) is being used as an affinity system to identify
and purify the cell surface receptor for HDL.

Endocytosis and recycling of ligands and receptors can
be difficult to assay. With the help of Erkki Soini (visitor,
Biochemical Instrumentation) we have introduced the use
of immuno-fluorometric assays using Europium-labelled antibodies or high affinity-couples (avidin-biotin) for this purpose. The assay applies a technique developed by Soini &
Hemmila (Hemmila et al., 1984). Eu atoms exhibit a delayed
fluorescence, the emitted fluorescence can be counted in
a time-resolved fluorometer as single photon events (Eu
counts) after repeated pulses of excitation light. An example
illustrating the wide dynamic range, high sensitivity and low
background of the Eu label is shown in Plate 6A. Examples
to illustrate membrane protein anc ligand internalization are
show in 6B & 6C.
Exocytosis

We have designed an in vitro assay to monitor the budding of transport vesicles from the trans-Golgi network
(TGN). Three distinct vesicle populations have been characterized. This assay requires first that reasonably intact
Golgi complex be immobilized. This was accomplished by
immuno-isolation on the magnetic beads using a rat liver
stacked Golgi fraction as the input fraction and a monoclonal
antibody against the cytoplasmic domain of polymeric IgA
receptor (gift of Lukas Kuhn and Jean-Pierre Kraehenbuhl,
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PLATE 6
(A) Example of data demonstrating the wide dynamic range of
Eu label. Biotin-HRP was quantitated by 3 different procedures in
microtiter assays using Eu-Iabelled detecting reagents. (1) AntiHRP antibodies were bound to microtiter wells, and captured an
increased amount of biotin-HRP which was detected with avidin
labelled Eu (Av-Eu). (2) & (3) Increasing concentrations of biotin-

HRP were bound to microtiter wells and detected with (2) a one
step procedure: avidin labelled Eu; & (3) a two step procedure:
first a rabbit anti-HRP and then protein A labelled Eu. The absolute
amount of the delayed fluorescence are expressed as Eu counts.
The dynamic range for the Eu label is over 4 orders of magnitude.
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(8) Example of a cell surface lIuorimmuno-assay, (FIA). G-Protein
was implanted into the plasma membrane of BHK cells with an
intact microtubule network (open squares) and cell in which the microtubule network was disrupted with nocodazole (closed squares).
The G-protein was cross-linked with a polyclonal antibody and
internalized for various times up to 30 min at 37°C. The cells
were returned to ice temperature. The amount of G-protein on the
cell surface was quantitated by first binding a polyclonal anti-G
antibody and then protein A labelled with Eu. The cross-linking
abolished recycling to the cell surface. The amount and the kinetics
of G-internalization are identical with or without nocodazole. The
background was measured without implanted G-protein and was
2552 ±200 Eu counts.

(C) Example of a cell surface fluorimmuno-assay. Quantitation of
the endocytosis of a ligand for the HDL receptor. Biotinylated
apoA-I-protein A is bound at 4°C to the plasma membrane of
J774 macrophages and after internalization at 37°C the amount
remaining on the cell surface is detected with streptavidin-Eu (open
squares). The endocytosis can be modulated in the presence of
antibodies specific for apoA-1 (closed squares). The results are
expressed relative to the amount bound initially at 4°C. After 15
min 90% of the ligand is internalized and later some is found to
be recycled to the cell surface. The recycling is prevented in the
presence of antibodies and the rate of degradation of apoA-I-protein
A is increased.
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ISREC, Lausanne, Switzerland). This transmembrane receptor is present in high concentrations in the Golgi complex
of the hepatocyte. The budding of vesicles from the Golgi
complex was initiated at 37"C in the presence of an ATP
regenerating system and cytosol, conditions similar to those
described by Balch et al. (1984). After 15 min the beads
with the remaining Golgi complex were retrieved with a
magnet and the fraction which had budded remained in
the supernatant. Specific vesicles of the budded fraction
were recaptured on second sets of beads using again the
antibodies against the plgA receptor cytoplasmic domain
and antibodies against clathrin (X19, gift of Frances Brodsky, University of Calfornia, San Francisco, USA). Three
different populations of vesicles were identified. (1) Isolated
on the anti-plgA receptor beads are the vesicular carriers destined for basolateral plasma membrane (secretory
vesicles). Morphologically, these are small smooth membrane vesicles. They are enriched in plgA receptor, the
plasma membrane enzyme alkaline phosphodiesterase 1
and the serum apo-lipoprotein, apoE. They are depleted in
mannose-6-phosphate receptor and galactosyltransferase
activity. (2) Isolated on the anti-clathrin beads are vesicles
destined for Iysosomes. Morphologically, they are a mixture
of clathrin-coated vesicles and vesicles lacking a distinct
coat. They are enriched in mannose-6-phosphate receptor
and the lysosomal enzyme ,8-N-acetyl glucosaminidase but
depleted in plgA receptor and galactosyltransferase activity.
(3) A vesicle population which binds neither to the anti-plgA
receptor nor to the anti-c1athrin beads. This population is enriched in galactosyltransferase activity and could represent
vesicles which would fuse back with the Golgi stacks.
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These three populations are consistent with the known subcellular distribution of the reporter molecules investigated.
This cell-free system will be used to characterize the specific
mechanisms involved in the vesicle formation.

Gruenberg, J., Griffiths, G. & Howell, K.E. (submitted for
publication)
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Insertion and sorting of proteins in biological membranes
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Technical assistant: J. Dickson

During the year we have pursued the development of new
bacterial expression vectors and their employment in molecular cell biology. Two new versions of pEX have been
made, one with a universal E.coli host specificity, pUEX,
and one with a T7 promoter inserted in between the lac Z
gene and the cloning linkers, pTEX, which allows transcripts
of the cloned DNA to be made in vitro. Several cDNA
cloning projects have been undertaken within the group
(cloning a putative apolipoprotein receptor), with visiting
scientists (cloning tropoelastin), and in collaboration with
external groups (cloning complement Caj3 and ca'Y). We
have also continued to develop a new strategy for raising
organelle-specific antibodies by immunization of fusion proteins derived from selected cDNA libraries.
Insertion of complement C9
Complement component C9 is a secreted protein which
is able to insert into biological membranes in a posttranslational fashion. The essential requirements for this
process are a receptor made up of the other late complement components: C5b, C6, C7 and ca, and a temperature
above 4°C. During insertion the C9 molecule changes from
a globular molecule of a nm diameter to a polymer of
extended C9 molecules, each about 16 nm long. Considerable rearrangement of the protein must occur, since some
antibody epitopes and proteolytic cleavage sites are lost,
while other antibody epitopes and lipid interacting regions
Although the lipid interacting region has been
are
mapped to the central region of the polypeptide chain the
polymerized C9 interacts with membranes by its tip and
has no cytoplasmic domain suggesting a non-sequential
arrangement of protein domains in extended C9. The transition from globular to extended C9 occurs with a relatively
small change in far-uv circular dichroism, suggesting that it
is achieved by a reorganization of protein domains rather
than by a wholesale refolding of the protein.
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We have now cloned and sequenced C9 cDNA molecules
from human, mouse and trout to determine the essential
features necessary for these unusual properties. Trout was
chosen since complement has been shown to function in
a similar manner in this species and mammals. Displaying
the sequence homology as a function of the sequence
position (Plate 7) clearly shows five areas which are highly
conserved among all three species. These stretches may
have important structural or functional significance. Three
fall within regions bearing a sequence homology to repeating cysteine-rich motifs of other proteins which most likely
form independently folding domains of the protein, namely,
thrombospondin (domain 1), the low density lipoprotein
(LDL) receptor (domain 2) and urokinase (part of domain 5).
Of particular importance is the conserved "class A" cysteinerich sequence motif with homology to the LDL receptor.
In the LDL receptor this forms the apolipoprotein E and B
binding site by virtue of a cluster of negative charges at one
end. Not only are these charged amino acids present in
all species of C9 sequence examined, but there are also
positively charged motifs in the sequence similar to the
region on the apolipoproteins E and B which bind to the
LDL receptor. One of these is present on domain 5 and
could account for the stabilization of the globular form of C9
by an intramolecular interaction, the other is within the class
A cysteine-rich motif itself and could contribute to the stabilization of the polymerized form of C9 by an intermolecular
interaction. This would account for the observed inhibition of
haemolysis by small charged molecules like suramine which
can also dissociate apolipoproteins from the LDL receptor.
Thus the overall process of C9 rearrangement may involve
the exchange of an intramolecular ligand-receptor-like interaction for an intermolecular one. Since the putative domain 4 of C9 is the region labelled by membrane-restricted
photoactivatable probes, the sequence conserved between
species in this region is of special interest since it could
correspond to the principle membrane-inserting element of

PLATE 7
Comparison of the amino-acid sequence of human C9 with that
of mouse and rainbow trout by the method of Argos (1987) using
a fixed window of 20 amino-acids. The highest homology in the
comparison matrix (measured as a number of standard deviations
above the mean of the matrix) at each sequence position of human
C9 is plotted as a function of the human C9 sequence position.
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A: putative domain structure of human complement C9, 1 to 5
identify possible domains, H is a possible hinge region containing
two proteolytic cleavage sites only found in globular C9 (arrows)
and an antibody epitope only found in polymerised C9 (bar); B:
comparison of mouse and human C9; C: comparison of trout and
human C9.
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PLATE 8
Relationship between the partial sequence of a putative apolipoprotein receptor and the sequence of the LDL receptor and EGF
precursor. Boxes labelled A and B refer to class A and class
B cysteine-rich sequence motifs (Stanley et al., 1986). Numbers
refer to the percentage of identities between the molecules in a

region containing 3 class B sequences which is found twice in
the putative apoliprotein receptor and once in the LDL receptor
and EGF precursor, and in a region containing multiple class A
sequences which forms the apolipoprotein binding domain of the
LDL receptor.
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C9. Examination of this sequence suggests that it might fold
into an amphipathic helix once removed from the aqueous
environment and embedded in the bilayer. We are at present
trying to test these ideas using site-directed mutagenesis
and to that end have obtained transient expression and
secretion of C9 in CV1 cells using a SV40 late-replacement
vector.
During the year we have also collaborated with the group of
Jurg Tschopp in Lausanne on the cloning and sequencing
of C8,e and C81 . Components C7 and C8a have been
cloned and sequenced by other groups, only C6 of the
terminal complement components remains to be cloned and
sequenced. These studies have revealed that the C5b8 receptor for C9 is composed of at least three C9-like
molecules. It is also now known that the cytotoxic molecule
from T killer lymphocytes, perforin, is related in sequence to
C9. Perforin differs from C9 however in showing no receptor
requirement for insertion, specificity being acquired from the
specificity of effector:target cell interaction. Thus it appears
that during the evolution from the stimulus-coupled secretion
of a perforin-like molecule to the constitutively secreted
C9 protein, multiple gene duplications have been used
to generate a family of proteins which are simultaneously
required for lytic action, thereby protecting the organism
from autolysis.
Cloning of a putative apolipoprotein receptor
Whilst screening a lymphocyte cDNA library with an oligonucleotide derived from the C9 class A cysteine-rich motif in an
attempt to clone the related molecule perforin, we isolated
a clone containing multiple class A sequences. This mRNA
is about 12 kb long and is found in most tissues, but is
abundant in liver, brain, lung and intestine. We have now
sequenced about 7 kb of this molecule which shows that it
is closely related to the LDL receptor and EGF precursor
(Plate 8). At present we calculate that the corresponding
protein has a molecular weight of more than 250,000 and
might correspond to an apolipoprotein E receptor, since it
has multiple repeats of the class A cysteine-rich motif with a
conserved apolipoprotein E binding domain. Our immediate
goal once sequencing is complete will be to determine the
binding specificity of the molecule in cells transfected with
a full length cDNA.
Construction of selected eDNA libraries
We have used positive and negative selection techniques
on hydroxyapatite columns to generate cDNA libraries which
are enriched in subsets of cellular proteins. Two strategies
have been followed in order to develop libraries enriched
in cDNAs encoding membrane proteins. In both cases poly
A+ RNA from membrane bound polysomes which encodes
membrane and secretory proteins has been used as starting material. Selection against secretory proteins is then
achieved by taking only low abundance cDNA or by positive selection between cDNA from different tissues, since
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the major secretory proteins are tissue specific. We have
shown that these selection steps are efficacious, leading
to a reduced representation of cytoplasmic and secretory
proteins in the libraries. Open reading frame clones from
one of these libraries have been selected and injected into
animals for raising antibodies. It is hoped that in this way
a panel of cDNA molecules and corresponding polyclonal
antibodies will be obtained. Raising antibodies against a
cloned antigen has the advantage that minor contaminants
which might be very immunogenic are not present, hence
the panel of antisera produced will be more representative
of the distribution of proteins in cellular membranes. Furthermore, it is feasible in this way to obtain a large panel of both
cDNA and antibody probes in a reasonable length of time.
Cloning a similar number of cDNAs from the corresponding
antibodies raised against biochemically purified membranes
would be much more time consuming. After characterizing
the sub-cellular localization of the proteins encoded by these
clones our aim will be to examine the structural basis for
their sorting.
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Many aspects of cellular motility depend on the cytoskeleton. The microtubules in particular are involved in the spatial
organization of cytoplasmic organelles and they also provide the tracks for various forms of intracellular movement.
Translocation of vesicular organelles along microtubules
has been demonstrated in a number of different cell types.
Recently, candidates for proteins involved in translocating
neuronal organelles along microtubules have been identified
using in vitro reconstituted systems (Paschal & Vallee, 1987;
for a recent review see Vale, 1987).
Our goal is to characterize the components which are responsible for the movement of specific organelles along
microtubules in nonneuronal cells and to investigate the
importance of the position of organelles relative to each
other for intercom part mental transport. The three related
approaches we are using are as follows: (1) visualization
of moving organelles in living cells to correlate their tracks
and their position with the microtubule network; (2) analysis
of the dynamic organization of microtubules in vivo; and
(3) exploring appropriate cell model and in vitro systems
for identifying and characterizing the proteins which are
involved in these processes.
Interaction of the Golgi apparatus with microtubules

In interphase cells, the Golgi apparatus is a compact perinuclear structure localized close to the microtubule organizing centre (MTOC), the site from which the centrosomal
microtubules emanate. In cells treated with the microtubuledepolymerizing agent nocodazole, the Golgi apparatus scatters throughout the cytoplasm, mimicking to some extent the
fate of the Goigi apparatus during mitosis. Upon removal of
the nocodazole, interphase microtubules repolymerize and
the scattered Goigi elements recluster in the region around
the MTOC. These studies suggest an interaction between
the Golgi apparatus and interphase microtubules.

To investigate the role of microtubules in maintaining the
Golgi apparatus in its perinuclear location, the movements
of Goigi elements along microtubules were visualized. Microtubules were depolymerized with nocodazole, and the
resultant scattered Goigi elements were labelled with the
fluorescent lipid probe N-6 [7-nitro-2,1 ,3-benzoxadiazol-4yl]aminocaproyl sphingosine (C 6 -NBD-ceramide; Lipsky &
Pagano, 1985) at 20°C, to block the label in the trans-Goigi
network (TGN) (collaboration with Gerrit van Meer). The
movement of the labelled Goigi elements was followed using video-enhanced fluorescence microscopy (VEFM) after
removal of nocodazole. Repolymerized microtubules were
either co-visualized during the reclustering of Golgi elements in cells which were microinjected with rhodamineconjugated tubulin (rh-tubulin) or in fixed cells at the end
of the experiment by immunofluorescence with anti-tubulin
antibodies.
The results from these experiments showed that interphase
microtubule repolymerization preceded reclustering of the
Golgi elements. After the removal of nocodazole at 20°C,
NBD-Iabelled Golgi elements moved by discontinuous saltations at rates of 0.1-0.4 f.1.m/sec, with most elements moving
at 0.3 f.1.m/sec. The movement was predominantly unidirectional, from the cell periphery towards the perinuclear
region, which resulted in an apparently complete reclustering of the Goigi elements in the region around the MTOC
after 40-60 min (Plate 9). The tracks of these reclustering
Goigi elements correlated with newly polymerized microtubules. This reclustering was unaffected in cells with a
collapsed intermediate filament network or depolymerized
actin filaments. These data suggest that the location of
the Goigi apparatus in the region around the MTOC and
the reclustering of scattered Golgi elements to this region
are dependent on microtubules, whereas these processes
are independent of intermediate filaments and actin filaments.
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PLATE 9
Scattered NBD-Iabelled Golgi elements recluster to a perinuclear
site after removal of nocodazole. Vero cells, grown on glass coverslips, were treated with nocodazole to depolymerize the microtubules and to disorganize the Golgi apparatus. These cells
were labelled with NBD-ceramide and the NBD-fluorescence was
accumulated in the Golgi elements at 20°C in the presence of
nocodazole. After mounting the coverslip in a thermostatic chamber

which was maintained at 20°C, the cells were visualized by VEFM.
In the presence of nocodazole, the NBD-Iabelled Golgi elements
were randomly scattered throughout the cytoplasm (0'). Within 12
min after washout of the nocodazole, some Golgi elements have
moved towards the nucleus (12'). Between 20 min (20') and 30
min (30') after washout, most of the NBD-Iabelled Golgi elements
have reclustered back to a perinuclear site.

0'

We have recently identified with a monoclonal antibody
(M3A5) a protein which may be involved in the interaction
between the Golgi apparatus and the microtubule network
(Allan & Kreis, 1986). This protein has a molecular weight
of 110,000 and is associated with the Golgi apparatus in a
wide variety of nonneuronal tissue culture cells. We have
shown that this 110k protein is a peripheral membrane
protein which is associated with the cytoplasmic face of
Golgi membranes. It also interacts with taxol-stabilized microtubules suggesting that this protein may have a function
in linking the Golgi apparatus to microtubules. Isolation of
this protein will allow its microtubule-binding properties to
be studied more fully. Furthermore, microinjection of polyclonal antibodies raised against the isolated protein will be
used to study the role of the protein in living cells. M3A5
recognizes a protein of similar molecular weight in Xenopus
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laevis oocytes (collaboration with Eric Karsenti). Since this
protein also binds to taxol-statilized microtubules as well
as to membranes, we assume that it is homologous to
the 11 Ok protein identified in mammalian cells. It is hyperphosphorylated in the meiotic egg. We are currently investigating whether the extent of phosphorylation modulates
the interaction of this 11 Ok protein with either the Xenopus
microtubules or membranes.

Role of microtubules in the transport of
Golgi-derived organelles to the cell periphery
Membrane or secretory proteins are modified in the Golgi
apparatus before they are transported in carrier vesicles
to the cell periphery. As summarized below, microtubules
appear to be involved in this transport. Thus, in contrast

to the membrane elements belonging to the Golgi apparatus proper, or to endocytic organelles (cf. below) which
move predominantly in the retrograde direction, these Golgiderived carrier vesicles translocate anterogradely along the
microtubules.

Transport of vesicular stomatitis virus
glycoprotein to the plasma membrane
We have previously shown that oligomerization of newly
synthesized vesicular stomatitis virus glycoprotein (VSV-G)
in the rough endoplasmic reticulum is essential for transport
of the viral glycoprotein to the cell surface (Kreis & Lodish,
1986). In collaboration with Jean Davoust (Physical Instrumentation) we are investigating further the mobility of VSV-G
within the compartments that VSV-G meets on its path to
the plasma membrane, using fringe pattern fluorescence
photobleaching. VSV-G is labelled in vivo by microinjected
rhodamine-labelled Fab-fragments of a monoclonal antibody, P5D4, which recognizes the cytoplasmic domain of
the transmembrane glycoprotein (Kreis, 1986).
We have analyzed whether microtubules are involved in the
transport of VSV-G to the cell surface. In cells infected with a
temperature-sensitive mutant (ts045) of the virus, the VSVG accumulates in the TGN when maintained at 20°C. When
transferred to the permissive temperature, 31°C, the glycoprotein is released and transported to the plasma membrane. The appearance of VSV-G at the cell surface can
be quantitated by an immunoassay using monoclonal antiVSV-G antibodies and Europium-conjugated anti-mouse antibodies. Depolymerization of microtubules with nocodazole
reduced the rate of appearance of VSV-G at the cell surface
by 40-50%. The accumulation of VSV-G at the cell surface
in cells with depolymerized actin filaments or in cells with
a collapsed intermediate filament network was similar to
untreated cells. These data suggest that microtubules are
directly involved in the transport of exocytotic vesicles to the
cell surface, while neither actin filaments nor intermediate
filaments are required.

Transport of secretory granules to the cell periphery
We have characterized the movement of secretory granules
in AtT-20 cells (collaboration with John Tooze). These cells
develop fine processes, up to 100 J.lm long, with secretory
granules accumulated at their tips. Thus, the granules which
are formed in the region of the Golgi apparatus in the cell
body have to move down these processes towards their
tips. Since these secretory granules are acidic they can be
stained in the living cells with acridine orange (AO) and their
movement can be monitored by VEFM.
We have observed that the movement of these acidic secretory granules is saltatory and proceeds predominantly
in the anterograde direction. During saltations, velocities of
3-5 J.lm/sec were achieved. This saltatory movement was
dependent upon microtubules, since it could be completely
and reversibly inhibited by treatment of the cells with nocodazole. Neutralization of the acidic lumen of secretory granules with NH 4 CI did not inhibit their movement or change its
direction.

Translocation of endocytic organelles
along microtubules
We have investigated the interactions between microtubules
and endocytic organelles in normal rat kidney (NRK) cells
using two different approaches: (1) by double immunofluorescence labelling with specific anti-lysosome antibodies
(Lewis et al., 1985) and anti-tubulin antibodies; and (2)
in vivo by monitoring the translocation of endosomes and
Iysosomes stained with fluorescently-Iabelled ligands or with
AO.
Immunofluorescence labelling revealed that Iysosomes
were accumulated in the area of the MTOC. This accumulation was dependent upon microtubules. When interphase microtubules were depolymerized by treatment of
cells with nocodazole or during mitosis, the Iysosomes
scattered throughout the cytoplasm. Lysosomes reclustered
rapidly (within 30-60 min) upon removal of the drug or
in late telephase, when repolymerization of interphase microtubules had occurred. During this process of reclustering, Iysosomes could be found aligned along a subset of
centrosome-nucleated microtubules.
Analysis of the movement of AO-Iabelled endosomes and
Iysosomes in vivo by VEFM revealed that translocation of
these acidic organelles occurred by apparently bidirectional
saltations along linear tracks. This movement ceased when
microtubules were depolymerized by treatment of the cells
with nocodazole. Following nocodazole wash-out and microtubule repolymerization, the saltatory movement of fluorescent organelles resumed and initial reclustering proceeded
unidirectionally towards the area of the MTOC. Organelle
movement was unaffected by the depolymerization of actin
filaments, or when the intermediate filaments were collapsed. We concluded that the translocation of endosomes
and Iysosomes occurred along the microtubules and was
independent of the microfilaments and the intermediate filament network (Matteoni & Kreis, 1987).
Since the movement of both endocytic organelles and scattered Golgi elements along centrosomal microtubules is predominantly retrograde, one may speculate that identical motors are involved. Our goal is to reconstitute organelle movement along centrosome-nucleated microtubules in vitro,
analogous to the approach reviewed by Vale (1987), and
to identify the protein(s) which are involved in these processes. Double immunofluorescence labelling showed that
the clustered Iysosomes are located in close proximity to
the Golgi apparatus in the area of the MTOC. Experiments
are being carried out to test the relevance of this perinuclear
apposition of the two compartments to lysosome biogenesis.
For this purpose we are following the proteolytic maturation
of the lysosomal enzyme cathepsin D, which occurs concomitantly with its transport from the TGN to the Iysosomes
(Gieselmann et al., 1983). The scattering of the Golgi apparatus and Iysosomes following depolymerization of the interphase microtubules resulted in a significant decrease in the
rate of appearance of the mature lysosomal form of cathepsin D compared to control cells. The proper spatial apposition of the Golgi apparatus and Iysosomes in the region
of the MTOC, therefore, may be necessary for an efficient
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targeting of newly synthesized enzymes to the Iysosomes.

Dynamic organization of microtubules in
tissue culture cells
As the microtubules play a pivotal role in the spatial organization and movement of cytoplasmic organelles, it is
important to understand more about what regulates their
dynamic properties. It also seems that a different subclass
of interphase microtubules is involved in the translocation
or positioning of cytoplasmic organelles (e.g. Iysosomes, ct.
above).
In a first approach, we have studied the dynamic properties
of two subclasses of interphase microtubules, those containing either predominantly the tyrosinated or the detyrosinated form of a-tubulin (tyr- or glu-microtubules, respectively; ct. also Gundersen et aI., 1984). Tyr-microtubules
were labelled by microinjected rh-tubulin more rapidly than
glu-microtubules. Ten minutes after injection rh-tubulin is
present in virtually all tyr-microtubules. The half-time of
turnover of glu-microtubules, however, is
h (Kreis, 1987).
Thus, we concluded that tyr- and glu- microtubules represent relatively dynamic and stable subclasses of interphase
microtubules, respectively.
The functions of dynamic tyr- and stable glu-microtubules
are not known. It is tempting, however, to speculate that
dynamic and stable microtubules might fulfil specific transport or structural functions. Our results so far suggest that
glu-microtubules are required neither for the reclustering of
scattered Golgi elements, nor for the movement of secretory
or endocytic organelles (Matteoni & Kreis, 1987; Kreis et al.
& Ho et al. submitted for publication).
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Eukaryotic cells have distinct shapes and a high degree of
internal organization. Moreover, they change shape, relocate their internal organelles, and migrate from one place
to another in response to external signals. Elucidation of
the molecular basis of these events is one of the most
challenging problems in contemporary cell biology. It is now
known that cell shape, cytoplasmic organization and movements depend on the structure and dynamics of protein filaments present in the cytoplasm: the cytoskeleton. The basic
molecular components of the cytoskeleton, actin, tubulin and
intermediate filament proteins have been extensively studied and characterized over the past 10 years. Their spatial
organization during the cell cycle and cell differentiation has
been described as well.
Among the cytoskeletal systems of the cell, microtubules
are of special interest. During interphase, they form a more
or less dynamic network of fibres, usually originating at
the centrosome, but not always. They play a role in intracellular movement and positioning of organelles (mitochondria, Golgi apparatus, cytoplasmic vesicles). When the
cell enters mitosis, the interphase network disappears and
microtubules start to assemble in the mitotic spindle. The
function of this mitotic apparatus is to segregate without
failure the chromosomes between the two daughter cells.
One important function for microtubules seems therefore to
be in interphase, as well as in mitosis, to guide and orient
intracellular movements. In turn, the spatial organization of
microtubules in the cell is determined by various internal
and external signals. Our goal is to identify such signals and
study the structures and molecules that in response to these
signals can affect globally, or locally, microtubule dynamics
and organization in the cell.

The research being carried out in this group is focused on
three aspects of the control of microtubule organization:
(1)

the molecular characterization and duplication mechanism of the main microtubule organizing centre of
metazoan cells: the centrosome;

(2)

the development and characterization of "interphase"
and "metaphase" Xenopus egg cell-free extracts to
study the mitotic factors involved in the control of
microtubule dynamics and nucleation during mitosis;

(3)

the role of microtubules in the establishment of epithelial cell polarity. Identification and characterization of
molecules that control microtubule dynamics in these
cells.

The centrosome

The centrosome of metazoan cells is a small, spherical
organelle of about 0.5 J.lm in diameter, composed of two
centrioles. Each centriole is a cylinder composed of 9 microtubule triplets, 0.2 J.lm in diameter, and surrounded by
a fibrogranular material which nucleates microtubules. A
procedure has been developed to isolate these organelles
which are now available as an almost homogeneous preparation (Bornens et al.,1987).
We have developed in vivo and in vitro assays using
Xenopus eggs and egg extracts to fractionate components
which are required for centriole morphogenesis and for the
microtubule nucleating activity of this organelle (Dabauvalle
et al., in preparation).
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The mechanism of centrosome morphogenesis can be approached using Xenopus eggs as a biological model. Indeed, the unfertilized Xenopus egg which is arrested at
the second meiotic metaphase lacks a functional centrosome. The sperm provides it upon fertilization and the
egg enters the cell cycle and cleaves 90 min later. The
first 12 cleavages occur in the absence of RNA synthesis,
there is no cell growth and the cell cycle has no G 1 or
G2 phase because all the building blocks necessary for
spindle formation and cleavage have been synthesized during oogenesis. Unfertilized eggs pricked with a fine glass
needle will resume meoisis and proceed through 5 to 8
cycles of DNA replication without cleaving because of the
lack of a centrosome. However, if purified centrosomes are
injected into unfertilized eggs, the cell cycle starts (because
of the pricking), the eggs cleave and a true parthenogenesis
occurs: swimming tadpoles are produced that contain only
the maternal genome (Karsenti et al., 1984a; Bornens et al.,
1987). This means that almost all the components necessary for centrosome formation, activity and duplication are
stored in the egg, except a "seed" that is provided by the
sperm centriole or in parthenogenesis experiments by the
injected purified centrosomes.
We have fractionated further the purified centrosomes in
order to find out what are the essential components required for parthenogenesis. It turns out that proteases but
not RNases or DNases completely abolish the cleavageinducing activity of purified centrosomes. Extractions with
high salt concentrations (up to 3M KCI or NaCI) do not
abolish the cleavage-inducing activity. Urea above 1M progressively destroys the activity. All the treatments that abolish the activity extract the microtubules of the centriolar
cylinders. Treatment of centrosomes with 1M KCI or urea
removes the nucleating activity on purified tubulin. Since this
does not remove the cleavage-inducing activity in Xenopus
eggs the microtubule nucleating activity should be reconstituted by some material stored in these eggs. We have
recently shown that the nucleating activity extracted by salt
or urea can be reconstituted in high speed extracts of
interphase or mitotic Xenopus eggs. This opens the way
to the purification of the nucleating activity from Xenopus
eggs. Besides microtubule nucleation, no other function
had been attributed yet to centrosomes. We have obtained
experimental evidence indicating that centrosomes contain
components involved in the regulation of the cell cycle
(Picard et al., 1987).
Development and characterization of
"interphase" and "metaphase"
Xenopus egg cell-free extracts
The assembly of the mitotic spindle is a complex morphogenetic process. It involves disassembly of the interphase
microtubule network, centrosome duplication and growth of
the spindle microtubules. Mitotic factors (probably a set
of specific kinases) seem to act in a pleiotropic way on
several cellular targets to induce mitosis. The chromatin
and nuclear envelope proteins and probably microtubuleassociated as well as centrosomal proteins are modified
by post-translational mechanisms during mitosis. Despite
the tremendous importance of this phenomenon, very little
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is known about the chemistry of mitosis. Xenopus eggs
are layed arrested at metaphase II of meiosis and their
cytoplasm is at present the best source of mitotic factors.
Moreover, it is possible to prepare "mitotic" and "interphase"
extracts from such eggs which support mitotic spindle formation and nucleus assembly respectively on exogenous
nuclei. We have characterized the mitotic and interphase
phosphoproteins of the egg in vivo (Karsenti et al., 1987)
and shown, in collaboration with R. Bravo's group, that the
cell cycle oscillator that controls the mitotic kinase activities
is independent of nuclear components (Dabauvalle et al.,
1988.). An assay has been developed to purify a mitotic
kinase which specifically phosphorylates some Xenopus
egg phosphoproteins and exogenous histones. The kinase
has been purified about 1000-fold in Doree's group. The
kinase seems to autophosphorylate (Labbe et al., 1988)
and antibodies are being prepared against the kinase eluted
from gels. We have developed low and high speed mitotic
extracts in which the kinase and maturation promoting factor
(MPF) activity remain constant at a level close to the values
found in vivo for two hours at room temperature. Moreover in
these extracts, microtubule dynamics and behaviour mimic
in vivo conditions quite closely. We plan to use these extracts to study the dynamics of mitotic spindle formation as
well as centrosome duplication and nucleation mechanisms.
These will also be used to study the biochemistry of the cell
cycle oscillator.
Microtubules and the establishment
of epithelial cell polarity
In fibroblasts, most microtubules are nucleated by the centrosome which is located close to the nucleus (Karsenti et
al., 1984b). In such cells, the bulk of microtubules polymerize and depolymerize every 10 to 15 minutes (Kirschner &
Mitchison, 1986). We have shown that in epithelial MadinDarby canine kidney (MDCK) cells in culture, numerous
microtubules are very stable having a half life of about
30 min. Moreover, most of these microtubules appear not
to be nucleated by the centrioles. In collaboration with
Thomas Kreis, we have been able to show that the stable
non-centrosomal microtubules are enriched in a specific
form of post-translationally detyrosinated a-tubulin. Microtubule stabilization in vivo seems to be a slow and complex
process to which a-tubulin detyrosination is associated (Bre
et. al., 1987). We are currently studying the reorganization of
the microtubule network during the establishment of cell-cell
interactions and polarization. T'le changes in microtubule
dynamics are studied by microinjection of foreign (Paramecium) tubulin which is then detected by a specific antibody. The three-dimensional organization of microtubules
in MDCK cells taken at different stages of polarization is
being studied with the confocal microscope (Plate 36). The
relocalization of the sites of microtubule nucleation during
the establishment of cell contacts and polarity will also be
studied by confocal microscopy after injection of Paramecium tubulin. Finally, the reorganization of the microtubule
network is found to be associated with a reorganization and
relocation of the Golgi complex. This will also be followed by
confocal microscopy. This work involves collaborations with
the groups of Kai Simons, Wilhelm Ansorge, Ernst Stelzer
and the group of A. Adoute at Gif-sur-Yvette, France.
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Pathways to Iysosomes
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The majority of membrane proteins and soluble proteins
that are synthesized by the rough endoplasmic reticulum of
eukaryotes follow an identical pathway from this organelle
through the compartments of the Golgi stack. Since the final
destinations of these proteins can differ after leaving the
Golgi complex, depending on the protein's function, it follows
that the pathways must diverge at some point. The secretion
machinery can somehow distinguish between at least three
classes of proteins that are either (1) targeted constitutively
towards the plasma membrane (or specialized domains
thereof), (2) packaged into specialized secretory granules in
exocrine and endocrine cells (the "regulated" pathway) or (3)
targeted to Iysosomes. There is now compelling evidence
that the sorting of these different classes of proteins into
separate vesicles occurs in the last Golgi compartment,
which we have recently termed the trans-Golgi network
(TGN) (Griffiths & Simons, 1986).
During 1987 our interest has been primarily focused on the
pathways to Iysosomes in collaboration with the groups of
Stuart Kornfeld (St. Louis) and Ira Mellman (Yale). There
are three major pathways to the Iysosomes, the sites of
cellular digestion. First, the route from the Golgi, which is
taken by newly synthesized lysosomal enzymes. Second,
the endocytic route, whereby components taken up from
the extracellular fluid are directed to Iysosomes via the
endosomes. Third, the more obscure autophagic pathway
by which cells digest their own organelles and cytoplasmic
constituents.
Lysosome biogenesis is especially interesting at present
because it is one of the few cellular pathways for which
a sorting mechanism has been described at the molecular
level; that is, a mechanism which enables the cell to target
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a molecule specifically from one organelle to another. Early
after synthesis in the endoplasmic reticulum lysosomal enzymes, in contrast to all secretory proteins, are selectively
phosphorylated on key man nose residues in their oligosaccharide side-chains. This covalent modification serves as
an "address signal" that enables these proteins to bind to a
sorting receptor, the mannose-6-phosphate receptor (MPR)
in the TGN. The receptor, with bound lysosomal enzymes, is
then delivered into some pre-lysosomal compartment of the
endocytic pathway, thus effecting a meeting of the exocytic
and endocytic pathways (von Figura & Hasilik, 1986).
Our recent immunocytochemical studies in normal rat kidney
(NRK) cells have shown that the compartment where lysosomal enzymes are delivered is most likely a specialized late
endosome structure, which contains the bulk of the cell's
MPR. It is spatially very close to, but functionally distinct
from, the TGN (Griffiths et al., 1988). Our data indicate that
this pre-lysosomal compartment (PLC) has a pH significantly
below that of the TGN (which is believed to have a pH
between 6 and 6.5) and must be below that required to
dissociate lysosomal enzymes from the MPR (below pH
5.5). This PLC has unique structural features (Plate 10). The
most striking characteristic is that its lumen is packed to high
density with tubular membranes having a high concentration
of the MPR and an outer limiting membrane that contains
significant amounts of Lgp 120, a membrane protein purified from isolated lysosomal membranes. In our model, the
essential difference between the PLC and the bona fide
lysosome compartment (both of which have Lgp 120) is
that only the PLC has significant amounts of MPR. There
are also small amounts of MPR on the plasma membrane,
peripheral endosomes as well as the TGN. This agrees
with biochemical evidence that the re.ceptor is constitutively

PLATE 10
Cryo-sections of aldehyde-fixed NRK cells that were thawed and
labelled with anti MPR (215k) and protein A gold (9 nm). Details
are shown of the internal membranes (arrows) in the MPR-enriched
pre-lysosomal compartment. Bars=0.15 m.

recycling between these compartments although the reason
for this extensive recycling is not yet clear.
These studies have taken advantage of two wellcharacterized low temperature blocks in transport. At 1620°C, both the transport from the peripheral endosomes to
the PLC (Marsh et at., 1986) as well as all outward traffic
from the TGN (Griffiths et at., 1985) is effectively blocked.
Plate 11 shows the working model we have developed.

In collaboration with Alasdair McDowell, we have recently
shown that the structure of this PLC is not an artefact of
specimen preparation, such as chemical fixation, since it is
evident in hydrated cryo-sections (Plate 12). Furthermore,
we now find the same structure in a wide range of cultured
cells and tissues.
We are now in the process of making a detailed quantitation
of the localization of the MPR. A prerequisite for this is to
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PLATE 11
Our current model of the compartment involved in endocytosis and
recycling. 1: coated pit; 2: peripheral endosome; 2a: structure we
propose to be a transport vesicle between 2 and 3 (both 2 and 2a
are proximal to the 20° endocytosis block); 3: the MPR-Lgp enriched
-PLC; 4: the TGN; 5: the MPR-negative/Lgp-positive Iysososome.

:J)

PLATE 12
Hydrated cryo-sections of NRK cells that had internalized Ct-2
macroglobulin conjugated to 15 nm colloidal gold (A2) under conditions in which the majority of the gold particles are in the PLC. In
this technique cells are cooled so rapidly that no ice crystals can
form (vitrification) cryo-sectioned and visualized (without thawing
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or further chemical treatment) at -150°C in the cold stage of the
electron microscope. The membrane structures (arrows) appear
very similar to those seen after conventional fixation, chemical
contrasting and drying (Plate 11). Micrographs taken by Alasdair
McDowall.

know the surface areas of all the cellular compartments
which contain the receptor. We have recently completed
two extensive stereological studies in baby hamster kidney
(BHK) cells of the sizes of the Golgi stack and the TGN
(Griffiths, Fuller, Back, Pfeiffer & Simons, submitted for
publication) as well as the endocytic compartments (Griffiths, Back, Swift & Marsh, submitted for publication). These
data will now provide the framework for the quantitative
immunocytochemical study of the MPR.
The latter studies were also crucial for a quantitative study
we did in collaboration with Bo van Deurs (University of
Copenhagen - who spent 3 months here on an EMBO
short-term fellowship) and Sjur Olsnes & Kirsten Sandvig
(University of Oslo). These groups have worked extensively
on the internalization of the toxin ricin and were interested
in the precise localization of ricin after endocytosis. They
especially wanted to know how much, if any, of this toxin
reaches elements of the Golgi complex. Using markers
developed in our earlier studies to mark the compartments
of interest, we could show that, of the 107 ricin molecules
that bind to the BHK cell surface, only 1% reaches the
Golgi complex, after internalization. Of the latter, most,
if not all, was localized to the TGN. Recent data from
other groups have shown that ricin must enter the exocytic pathway for the ricin a-chain to be translocated
into the cytosol. The latter appears to be a prerequisite
for the toxicity of ricin which is due to an inactivation of
ribosomal function. It now appears likely that the TGN,
but not the endosomes, supplies the right milieu for the
toxin translocation. If confirmed, this observation should
facilitate studies aimed at elucidating the mechanisms by
which the ricin a-chain actually trans locates across the
membrane.
Iris Killisch, in collaboration with Hartmut Beug, has worked
on the immunolocalization of erbB, epidermal growth factor
(EGF) receptor and transferrin receptor in chicken erythroblasts. The data indicate that, unlike the EGF receptor, which
is known to be targeted to Iysosomes in the present of EGF,
the erbB molecule, as well as the transferrin receptor, is
primarily localized to the plasma membrane, coated pits,
peripheral endosomes, and the PLC but not Iysosomes.
These studies suggest that the erbB molecule may be constitutively recycling, a hypothesis which will now be tested by
biochemical studies. The finding that significant amounts of
both erbB and transferrin receptor are localized to the PLC,
but not Iysosomes, suggests that the PLC may be the last
compartment on the endocytic route from which receptors
can recycle. Karin R6misch is now addressing this question
in more detail with respect to the transferrin receptor.
We have also been collaborating with Erich Nigg (Lausanne)
on the localization of the regulatory subunit of the cAMPdependent protein kinase (type II) in bovine kidney epithelial
cells. An exciting finding is that this protein appears to be
especially concentrated on the cytoplasmic side of the PLC,
as well as on membranes of peripheral endosomes and
the plasma membrane. The significance of this data is not
yet clear but it is intriguing that all endocytic compartments
which appear to have receptors involved in recycling also
appear to have the kinase.

Bernard Hoflack, who has made the antibodies against the
(215k) MPR, has been studying a second receptor which
performs the same function as the MPR. This protein, which
he first identified (Hoflack & Kornfeld, 1986) is now referred
to as the 46k or cation-dependent MPR (as opposed to the
cation-independent 215k MPR). Both receptors have now
been cloned and sequenced by Kornfeld's group. Bernard
Hoflack has raised a number of antibodies against the
smaller receptor and our immunocytochemical data now
indicate that this receptor is in the same structures as the
215k protein but, relative to the latter, appears to be more
in peripheral endosomes and less in the PLC. It is far from
clear why cells have two receptors for (apparently) the same
purpose. He is now studying the possibility that the small
receptor is targeting a different class of lysosomal enzymes,
perhaps to an earlier station in the pathway, than does the
large receptor.
A puzzling phenomenon about the PLC is the fact that it
contains lysosomal enzymes in detectable amounts, and is
acidic. An obvious question which arises is whether this
organelle is itself active in degradation. A clue may come
from recent work we have done in collaboration with Jean
Gruenberg and Kathryn Howell. This project involves the
localization of the vesicular stomatitis virus (VSV) G-protein
that has been inserted by low pH fusion into the plasma
membrane of cultured cells and then allowed to internalize.
Under appropriate conditions the bulk of the G-protein will
be completely degraded in Iysosomes. An intriguing finding
is that at intermediate times after endocytosis, and coincident with the G-protein reaching the PLC, there are two
characteristic proteolytic cleavages which occur resulting in
the removal of about 40k from the G-protein. This opens
the possibility that the PLC may playa role in a controlled
(partial) proteolysis of proteins. It is tempting to speculate
that this compartment may play a role, for instance, in
antigen processing in cells such as macrophages.
A major goal in the years to come will be to follow the elusive
third pathway of the Iysosomes, the autophagic route. For
this, the recent innovation in Kai Simons' group of using
permeabilized cells will be important in allowing us to have
direct access to the cytosol in order to develop markers for
this route.
Other collaborations
With Ajit Varki (La Jolla): On the use of influenza
C as marker on cryosections to localize the site of
9-0-acetylated sialic acids, which function as receptors
for the virus.
With Jean Davoust: On the low-pH block in endocytosis
and exocytosis.
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Nucleolar and nuclear envelope proteins from Saccharomyces cerevisiae

Scientists: E.C. Hurt
Predoctoral fellow: K.T. Button
Student: T. Schimmang
Technical assistant: H. Kern

The role of the nucleus in genome organization, ribosome
biogenesis and nuclear transport is not fully understood. We
are using yeast to study nuclear transport and ribosome
biogenesis because of the availability of genetic approaches
which make a mutational examination of these complex
biological processes possible.
Very little is known about how the yeast nucleus and the
nuclear envelope are formed. However, if the multiple roles
of the yeast nucleus are to be studied, information about
its components and biogenesis is essential. Owing to the
absence of reliable isolation procedures for yeast nuclei, a
detailed biochemical and immune cytochemical characterization of this organelle has not yet been achieved.
We have therefore designed a new isolation procedure for
yeast nuclei with the aim of identifying and characterizing
major constituents of the yeast nucleolus and nuclear envelope, including the nuclear pore complexes.
The purification of yeast nuclei was achieved by subcellular
fractionation and sucrose density gradient centrifugation.
The nuclei were obtained in good yield and not significantly
contaminated by other cell organelles. Most of the purified
nuclei were intact and contained the nuclear envelope and
nuclear pores. Thus, the nuclei could be used as a starting
material to purify nuclear components.
Isolated nuclei were subfractionated into soluble, insoluble
and membrane fractions against which polyclonal antibodies
were raised. From these immune sera, antibodies reacting
with nuclear envelope proteins and components of the nucleolus were selected and affinity-purified.
In characterizing the antigens recognized by the affinity-

purified antibodies we discovered proteins located in the
nuclear envelope and in the yeast nucleolus. The two nuclear envelope proteins (M r =20,000 & 40,000) reacting with
the antibodies are bona fide membrane proteins, since they
partition into the Triton X-114 phase and cannot be extracted
by alkaline pH. Neither protein co-fractionates with endoplasmic reticulum (ER)-membranes and both are located in
the nuclear periphery as shown by indirect immune fluorescence. Whereas the 20k protein is constitutively present in
the nuclear envelope, the 40k protein seems to be cell-cycle
regulated in that it changes its distribution and concentration
within the nuclear envelope as the cell progresses through
its life cycle. With the help of the antibodies we can now
study the function and biogenesis of these nuclear envelope
proteins in yeast. It is conceivable that nuclear membrane
proteins follow a different route for insertion into the envelope compared with proteins which are co-translationally
inserted into the ER-membrane.
In addition, we have identified a major protein (M r =38,000)
which is located in the nucleolus. In yeast, very little is known
about the structure and the components of the nucleolus.
Indirect immune fluorescence and immune cytochemistry
on yeast cells using the antibody affinity-purified against
this protein revealed that it is located predominantly on the
nucleolar surface. Thus, it might be a structural protein of
the nucleolus or play a role in ribosome biogenesis and
ribosome transport. We are currently cloning the gene of the
nucleolar protein which will enable us to study its function
and biogenesis in the yeast cell. Furthermore, we intend to
use this nucleolar protein as a probe to search for yeast
mutants defective in nuclear and nucleolar import. This
mutational approach should help us to identify the essential
components of the nuclear import machinery including those
of the nuclear pore complex.
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Differentiation Programme

Introduction

With its 9 groups working in related areas, one of the major
goals of the Differentiation Programme is to clarify the mechanisms of growth control, differentiation and development of
mammalian and avian cells.
The main focus here is to understand how oncogenes and
proto-oncogenes function in neoplastic and normal cells.
Many of these studies are carried out with the help of
retrovirus vectors that can be used to introduce efficiently
foreign genes into a variety of different tissues such as
embryonic stem cells, haematopoietic progenitor cells or
fibroblasts.
The large group of oncogenes/proto-oncogenes can be
broadly subdivided into two categories: (1) those that act at
the cell surface (such as growth factors and their receptors)
or in the cytoplasm (such as the src and ras genes, believed
to be components of the signal transduction pathway); and
(2) those that act in the nucleus, either as DNA-binding
proteins that can be activated by an externally provided
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hormone (such as the thyroid hormone receptor gene erbA)
or following factor-mediated stimulation of a growth factor
(such as fos, myc and myb).
The oncogenes/proto-oncogenes which are investigated in
the Differentiation Programme in most detail are the following: cytoplasmic oncogenes which include the tyrosine
kinase encoding v-src, v-erbB and v-sea oncogenes, the
c-src activating polyoma virus middle T antigen, as well
as the ras gene (as studied in Saccharomyces cerevisiae).
Among the nuclear oncogenes, research efforts concentrate
on the function of the c-foslv-fos, v-erbA and v-myb genes.
In another project genes are being studied that are activated following serum growth factor stimulation of quiescent
fibroblasts. Here efforts concentrate on putative transcriptional regulator genes whose function may be essential for
the induction of the cell cycle.
In the following each research group provides a summary
of the research which they conducted during the past year.

Mechanisms of viral oncogene action in avian haematopoietic cells

Scientists: H. Beug, T. Graf
EMBL fellow: M. Zenke
External fellows: J. Golay, M. Introna, S. Ness
Predoctoral fellows: U. Fuhrmann, T. Metz, G.E. Sterneck*
Technical assistants: G. Ooderlein, S. Grieser, A. Marknell*, C. Walter-Moller

We are utilizing various oncogene-transducing avian retroviruses that cause acute leukemias and transform chick
haematopoietic cells in culture. This enables us to obtain
homogeneous populations of cells corresponding to different
haematopoietic lineages at different stages of differentiation.
Remarkably, certain types of viral oncogenes transform
exclusively erythroid cells while others transform cells of the
myeloid lineage.
Some of the most important questions which we would like
to answer are:
How do viral oncogenes affect the growth and differentiation of erythroid and myeloid cells?
What is the molecular basis of the observed target cell
specificity?
How do oncogenes co-operate in haematopoietic cell
transformation?
In recent years we have been studying most extensively
two virus strains, each of which causes leukemias within
a period of less than a month and each of which carries
two oncogenes which have been acquired by an ancestral
retrovirus during evolution. The first, avian erythroblastosis
virus (AEV), causes an erythroblastosis and carries the verbA and v-erbB oncogenes, where the former corresponds
to a truncated and mutated version of the thyroid hormone
receptor gene while the latter corresponds to an altered
version of the epidermal growth factor (EGF) receptor gene.
The second model is the E26 leukemia virus, which causes
a mixed erythroblastosis/myeloblastosis and contains the
v-myb and v-ets oncogenes. Results obtained in the last
year in these and related model systems will be described
in the following.

Erythroblasts transformed by the ts-v-sea
oncogene: a model system to study
erythroid gene expression

In last year's report, we described a new retrovirus (ts
1-S13) containing a temperature-sensitive v-sea oncogene,
whose tyrosine kinase activity can be inactivated at the
non-permissive temperature. This virus, like the v-erbB containing AEV, is capable of transforming erythroid cells in vitro
and can be used to study terminal differentiation. We have
utilized t51-S13 (which offers several advantages over AEV)
to study the expression of erythrocyte-specific genes (Plate
13A) after shift of cells transformed by the virus at 37°C to
the non-permissive temperature (42°C) (in collaboration with
M. Hayman, D. Engel & B. Vennstrom at EMBL). We found
that transformed, self-renewing erythroblasts growing at the
permissive temperature expressed low levels of (t- and
,B-globins, band 3 (the erythrocyte anion transporter), band
4.1, spectrin and an
kDa pr:;tein, probably representing ankyrin. In addition, erythrocyte-specific enzymes such
as carbonic anhydrase and 8-aminolevulinic acid synthase
(ALA-S), the first enzyme in porphyrine biosynthesis, were
also weakly expressed. Likewise, a low mRNA expression
corresponding to the above proteins could be demonstrated
in these cells. Furthermore, we could demonstrate that
the mRNA for some erythrocyte-specific genes ((t- and
,B-globin, band 3 and ALA-S) was strongly upregulated
early after shift to the non-permissive temperature, while
mRNA specific for other genes was upregulated late «48 h
after shift, carbonic anhydrase) or not at all (band 4.1).
Finally we found that the low mRNA levels detected for
some genes at 37"C further decreased for some genes
(carbonic anhydrase, band 3, ALA-S) 2.5 to 5 hours after
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shift to 42°C, suggesting that these genes are expressed
at an enhanced level in transformed erythroblasts due to
the action of the v-sea oncogene and that this enhanced
expression is abolished as soon as the oncogene kinase
activity is destroyed by thermoinactivation. These results
indicate that in temperature-induced differentiation of ts-sea
erythroblasts expression of erythrocyte-specific genes is not
co-ordinately regulated but rather involves complex regulatory mechanisms that appear to be specific for the individual
genes (Knight et a/., 1988).
Oncogene cooperativity in erythroid cells:
The v-erbA oncogene of AEV inhibits
erythroid differentiation in the absence of
a primary transforming oncogene
In earlier work (Kahn et a/., 1986a & b) we demonstrated that
v-erbA cooperates with oncogenes inducing self-renewal in
infected erythroid progenitor cells by (a) arresting the spontaneous terminal differentiation occurring in these transformed erythroblasts, and (b) by altering the rather stringent growth requirements of these cells for external pH
and ionic strength. In collaboration with the group of M.
Hayman, we have constructed a retrovirus containing v-erbA
together with the ts-v-sea oncogene. Erythroblast clones
transformed by this virus were completely arrested for terminal differentiation at the permissive temperature. When
shifted to the non-permissive temperature the cells exhibited an aberrant but largely immature differentiation phenotype, characterized by an erythroblast-like morphology,
absence of nuclear condensation, elevated but low levels
of haemoglobin and continued expression of erythroblast
antigens, together with a low level expression of erythrocyte
antigens (Plate 1B). In addition, the differentiation-arrested
cells continued to proliferate at a reduced rate for 5-10
cell divisions, after which they withdrew from the cell cycle
and disintegrated. Finally, we found that the cells, although
unable to differentiate terminally at the non-permissive temperature, still required erythropoietin for survival and proliferation. These results show that v-erbA blocks the expression
of many, but not all traits characteristic of erythroid cell
differentiation.
Mechanism of the v-erbA-induced differentiation
arrest involves an inhibition of erythrocyte
anion transporter gene transcription
In collaboration with the laboratories of O. Engel, B.
Vennstrom & M. Hayman we have studied the effect of the verbA oncogene on expression of erythrocyte-specific genes
(see above). For this we constructed recombinant retroviruses containing the ts-erbB or ts-sea oncogene either in
the absence or presence of a functional v-erbA oncogene
and used them to transform erythroblasts. After induction of
differentiation at 42°C, the respective cells were analysed for
protein and mRNA expression of genes encoding globins,
red cell skeleton components and red cell enzymes. We
found that v-erbA selectively inhibited transcription of the
band 3 erythrocyte anion transporter gene and led to a
reduced expression of the carbonic anhydrase and ALA-S
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genes. In contrast, v-erbA did not grossly alter the expression of p-globin, spectrin, band 4.1, p-actin and Na+ K+
ATPase. Run-on transcription experiments confirmed that
the effect of v-erbA on anion transporter mRNA expression
occurred at the transcriptional level. These results indicate
that the v-erbA-induced differentiation arrest is not caused
by a general inhibition of erythrocyte-specific gene expression, but rather by the selective suppression of a few genes
important for the formation of normal erythrocytes (Plate
1B).
We also found that in ts-erbB and in ts-sea transformed
erythroid cells which were well along the pathway to terminal
differentiaton the v-erbA oncogene likewise inhibited anion
transporter expression and to a lesser extent that of ALAS. This was demonstrated by exploiting the observation
that temperature-induced differentiation of v-erbA containing
ts-erbB and ts-sea erythroblasts was blocked in media
at neutral pH (7.2) but proceeded normally in a specific,
alkaline medium (pH 8.1, Beug et a/., 1982). This suggests
that some v-erbA function is inactivated in alkaline medium,
an observation that enabled us to study the effect of verbA reactivation by medium shifts. For this purpose tserbBlts-sea erythroblasts were first induced to differentiate
at 42°C and pH 8.1 for 2 days and then placed in pH
7.2 medium at 42°C for increasing lengths of time. We
found that band 3 protein and mRNA dropped to low levels
within 3 to 8 hours after the shift. These results support the
notion that the selective suppression of erythrocyte-specific
genes is directly caused by v-erbA rather than being a
consequence of the differentiation arrest caused by the
oncogene.
Significance of the v-erbA-induced inhibition
of band 3 expression for erythroblast
transformation
Taken together, the results described above indicate that
erythroblasts transformed by v-erbB or v-sea alone express
significant amounts of band 3, and that this can be completely inhibited by v-erbA. We therefore hypothesized that
the expression of band 3 might be the cause of the observed
stringent pH requirement for growth of the v-erbB transformed cells (Kahn et a/., 1986b). Possibly the abnormally
high activity of band 3 in the immature cells is toxic to the
cells unless this activity is either "balanced" by the pH and
ion concentrations in the culturb medium, or suppressed by
v-erbA. To test this, the effects of an inhibitor of band 3
activity (OIOS, 4,4'-diisothiocyanostilbene-2,2'-disulfonate)
was tested on v-erbB-transformed erythroblasts. In the presence of the drug the cells incorporated [3H]-thymidine at
levels comparable to those of the untreated cells containing
v-erbA+v-erbB. As expected, the cells ceased to incorporate
eH]-thymidine and eventually died in the absence of the
drug. Likewise, OIOS prevented the extensive vacuolization
preceding this medium-induced cell death. These results
therefore suggest that the narrow pH requirements for
growth of v-erbB transformed erythroblasts are alleviated by
v-erbA through suppression of synthesis of band 3 protein,
possibly because the latter is toxic in immature erythroid
cells.
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E26 leukemia virus is capable of transforming
multipotential haematopoietic stem cells
As mentioned above, the E26 leukemia virus has the unique
capacity to alter the growth and differentiation properties
of cells in two lineages. Furthermore, it is able to transform bone marrow cells in vitro which have markers corresponding to cells of the erythroid and myeloid lineage,
respectively. This observation raised the question whether
or not the virus is also capable of transforming multipotential
haematopoietic precursor cells. Experiments performed in
another laboratory (Moscovici et al., 1983) as well as in
ours had indeed suggested that E26 is capable of inducing
transformed colonies containing both erythroid and myeloid
cells, provided that very early embryo cells (2-day old
blastoderm cultures), presumably enriched for multipotent
progenitors, are used for infection. These findings did not
rule out the possibility, however, that the mixed colonies
were artefacts which arose by the infection of aggregates
from precursor cells already irreversibly committed to the
erythroid and myeloid lineages respectively. In order to
assess the clonal origin of the mixed colonies we used the
retroviral integration sites as markers. We found a single
integration site in approximately 60% of the mixed colonies,
strongly suggesting that the v-myb-v-ets containing E26
virus is capable of hitting a multipotential progenitor cell. In
addition, we found that possibly both oncogenes are needed
for this effect since a mutant of E26 lacking v-ets essentially
only transforms myeloid cells while no transforming potential
at all could be detected for a mutant lacking the v-myb gene.
We are now trying to determine whether or not E26 virus is
capable of maintaining the proliferation of an uncommitted
population of multipotential cells. This could open up a
new approach to study the committment process leading
to erythroid/myeloid cell differentiation such as by using
temperature-sensitive mutants in the v-myb and v-ets genes
respectively. In the following section two such mutants are
described.

The ts21 mutant of E26 virus exhibits a point
mutation in the DNA binding domain of v-myb
In earlier work we have isolated a series of mutants of
E26 virus that were selected for their ability to transform
myeloid cells at the permissive but not at the non-permissive
temperature. Myeloblasts transformed by these mutants
can be induced by temperature shifts to differentiate into
macrophage-like cells in a reversible fashion (Beug et al.,
1984; Beug et al., 1987). In contrast, erythroblasts transformed by these mutants are not temperature-sensitive
(Beug et al., 1984). One of these mutants, ts21 E26, has
been molecularly cloned (in collaboration with Lars Frykberg
and Bjorn Vennstrom) and its v-myb and v-ets oncogene
sequenced. These experiments demonstrated a point mutation in the DNA binding repeat domain of the v-myb
gene, predicting a change from a threonine to an arginine.
The biological significance of this mutation was verified by
experiments in which mutant and wild-type myb fragments
were exchanged. Surprisingly, when the v-ets gene was
deleted from the ts21 mutant, the virus was only weakly
temperature-sensitive. This raised the possibility that either
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a function of v-ets contributes to the temperature sensitivity
of ts21 or that the v-myblv-ets fusion protein suffered a
conformational change following deletion of the v-ets domain which affects the stability of the protein. Evidence
for the latter interpretation was obtained by demonstrating
that when the non-mutated 3' terminus of v-myb of ts21
(including v-ets) was removed and replaced by the 3' terminus of the v-myb gene of AMV (another naturally occurring
leukemia virus) the mutant reacquired its full temperature
sensitivity.

The ts1.1 of E26 virus exhibits a mutation
in v-ets and is not only temperature-sensitive
for erythroid cell transformation, but also
shows an altered phenotype in myeloid cells
In an attempt to isolate the converse type mutant as
described before, erythroid colonies transformed by a
mutagen-treated E26 virus were screened for temperature sensitivity. In this assay, we isolated a mutant designated ts1.1 E26. In contrast to transformed erythroblasts
which could be induced to differentiate into erythrocytes,
myeloblasts remained undifferentiated when shifted to the
non-permissive temperature. Interestingly, however, these
"myeloblasts" exhibited an unpredicted phenotype where the
cells contain granules characteristic of immature neutrophil
granulocytes. An analysis of the myeloid target cells transformed by ts1.1 and wild-type virus demonstrated that the
mutant is capable of inducing the synthesis of granules in
myelomonocytic cells while wild-type E26" is not. Molecular
cloning of the mutant and analysis by fragment exchange
as well as sequencing revealed a point mutation in the
3'-part of the v-ets gene causing a predicted change from
a histidine in the wild-type to an asparagine in the mutant.
These results suggest that a point mutation in an oncogene
can lead to different responses in two different lineages and
that the phenotype of myeloid cells can be reversibly altered
between granulocyte and macrophage-type cells by a single
gene product.
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Function of the fos oncogene

Scientist: R. MOiler
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Predoctoral fellows: T. Jenuwein*, H. Mblders*
Students: M. Neuberg, M. Schrbter*
Technical assistants: J. Hunter, D. MOiler, C. Winter

The c-fos proto-oncogene (for a review see Muller (1986)
encodes an acidic phosphoprotein of 380 amino-acids that
is located in the nucleus and forms a tight but non-covalent
complex with a group of proteins (p39) in fibroblasts. The
c-fos/p39 complex seems to be associated with chromatin
in vivo and binds DNA in vitro suggesting a role in gene
regulation. This is supported by the recent observation that
the promoter of the 0'1 (III) collagen gene as well as the
Rous sarcoma virus long terminal repeat are stimulated
in cells expressing a v-fos oncogene (Setoyama et al.,
1986). The c-fos is transiently induced by growth factors,
hormones, neurotransmitters and other extracellular signals
in a wide variety of systems. This observation has led to
the conclusion that the function of the c-fos protein may be
associated with the regulation of other genes in response to
external signals.
Our work has mainly been concerned with a detailed
structural and functional analysis of the fos protein. Four
projects carried out in 1987 are described below. These
include a characterization of the fos protein complex by
two-dimensional gel analysis, the role of phosphorylation in
DNA binding, the determination of the structure of chicken
c-fos and analysis of the transregulatory properties of the
fos protein including its interaction with specific promoter
elements.

Two-dimensional gel analysis of
the fos/p39 protein complex
(collaboration with R. Bravo)
Both the c-fos gene product and its associated protein p39
are found in a variety of forms differing in their relative
molecular mass (Mr). While the c-fos protein from growth
factor-stimulated fibroblasts appears as a broad, diffuse
band of M r =50,OOO-70,OOO on SDS polyacrylamide gels,
its associated protein p39 gives rise to a sharp band.
Depending on the precise conditions, additional bands in
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the range of 40,000-46,000 are coprecipitated by fos antibodies but the nature of these proteins remains obscure.
We therefore initiated a study to elucidate the biosynthesis
and biochemical properties of c-fos, p39 and the other
coprecipitated proteins by metabolic labelling experiments
followed by immunoprecipitation and two-dimensional gel
electrophoresis.

C-fos is an acidic protein that forms a tight, but non-covalent
complex with the basic p39. Both proteins exist in many
different forms. c-fos is post-translationally modified in at
least two different ways. Phosphorylation of the c-fos protein
is suggested by (1) the incorporation of 32p-orthophosphate;
(2) the presence of modifications that both increase the
apparent Mr and render the protein more acidic; (3) the
removal of such modifications by alkaline phosphatase; and
(4) the presence of phosphoserine. There is, however, at
least one other type of modification that increases the M r
of the protein without changing its charge to any detectable
extent. Although the addition of residues such as acetyl or
methyl groups, which frequently occur in nuclear proteins,
may be possible, the nature of these modifications remains
to be investigated.
In contrast to the c-fos protein !1e p39 is more basic during
a chase period. These post-translational modifications could
be due to the addition of basic residues to the protein
or could be the consequence of blocking side-chain carboxyl groups. Later during the biosynthesis of p39, proteins of even higher pi and increased M r appear (p41 and
p43). V8 peptide maps indicate that these proteins share
3 methionine-containing peptides with p39. In addition, p41
contains one peptide not occurring in p39, while p43 harbours two such peptides. These data strongly suggest that
p41 and p43 are modified forms of p39 and differ from the
latter protein in specific domains of the protein, raising the
intriguing possibility that these proteins may be generated
by differential usage of start codons, by differential splicing
or by post-translational addition of oligopeptides.

Phosphorylation of fos protein correlates
inversely with its affinity for DNA
(collaboration with M. Renz & R. Bravo)
It has been shown previously that transforming c-fos and
v-fos proteins are modified to a lesser extent than the
growth factor-induced c-fos gene product (Kruijer et al.,
1984; Muller et aI., 1984). On the basis of this correlation it
has been suggested that the post-translational modification
may be a mechanism to down-modulate the transforming
potential of c-fos protein. It was therefore of interest to
investigate whether phosphorylation influences the affinity
of the c-fos/p39 complex for DNA. To address this question,
a nuclear extract from serum-stimulated NIH3T3 cells was
passed over a double-stranded DNA-cellulose column and
the flow through (FT) and eluates were immunoprecipitated and analysed by two-dimensional gel electrophoresis.
These experiments have shown that lower Mr forms (1
and 2) were undetectable in the FT, suggesting that these
proteins have a stronger affinity to DNA than the higher M r
forms, i.e., elute at higher salt concentrations. These results
could be confirmed and extended by comparing the binding
behaviour of c-fos/p39 from alkaline phosphatase-treated
and untreated nuclei. While no phosphatase-treated c-fos
protein appeared in the flow through or in the low saft eluate,
-40% of the untreated c-fos protein did so. These findings
can be combined with the intriguing hypothesis that phosphorylation may affect the biological activity of c-fos protein
via a modulation of its direct or indirect DNA-binding activity.
It is possible that the mechanism by which phosphorylation
down-modulates the DNA-binding properties of the c-fos
protein complex is the increase of negative charges on the
protein.
Identification of evolutionarily conserved
domains in fos protein
To identify functionally important domains in the fos gene
product we have studied the evolutionary divergerlce between chicken and mammalian fos proteins. A cDNA containing the entire chicken c-fos coding region was isolated
and its nucleotide sequence determined. The deduced 367amino sequence was compared with that of the mouse
and human proteins. This comparison revealed a highly
conserved domain (98% homology between mouse and
chicken) in the centre of the protein (85 amino-acids) that
coincides with a region known to be indispensable for transforming activity. It represents a highly charged, a-helical
region containing structures involved in nuclear transport,
DNA binding and interaction with p39 and shows a restricted
homology with the DNA-binding domain of the yeast transactivating protein GCN4 (Vogt et al., 1987); a point mutation
in this region (E-138 -+ V-138) activates its immortalizing
potential. In view of these observations demonstrating its
functional importance, it is plausible that this domain shows
the highest degree of conservation at the amino-acid level.
Unexpectedly, two other regions were also found to be
highly conserved. When screening for possibly significant
structures in these regions we detected in the C-terminal
domain a potential DNA-binding Zn-finger motif fitting with
the proposed consensus (Miller et al., 1985; Berg, 1985).
Although the formation of such a structure remains to be

proven it is possible that the Zn-finger may be involved
in transactivation of certain genes. In addition to this, the
3'-terminus of the c-fos gene may have negative-regulatory
functions involving the formation of mRNA secondary structures. Practically no clue exists regarding the function of the
conserved N-terminal domain, except that it contributes to
the stability of a C-terminally truncated protein. In addition,
truncation of the N-terminal 39 amino-acids significantly decreases the transforming capacity of FBJ-MSV v-fos protein,
but not of the more potent FBR-MSV fos oncogene product.
It is possible that domain I contains structures of minor
functional importance that may interact with internal regions
of the protein (e.g. in domain III).
Transactivation of gene expression by
fos protein: Involvement of a binding
site for the transcription factor AP-1
(Collaboration with P. Herrlich, Karlsruhe)
An intriguing result regarding the function of the fos protein
has recently been obtained with the gene encoding the
adipocyte lipid-binding protein 2 (aP2) which is induced during the differentiation of preadipocytes to adipocytes (Distel
et al., 1987). The aP2 gene contains a regulatory element
(fat cell-specific element, FSE-2) 124 bp upstream from the
cap site representing a binding site for a protein complex.
The c-fos protein appears to be a crucial component of this
complex since its binding to the FSE-2 element is disrupted
by fos-specific antibodies. In addition, the fos protein complex is cross-linked by UV to the FSE-2 element.
Upon closer inspection of the FSE-2 element we identified
a potential binding site for the transcription factor AP-1 (Lee
et al., 1987; Angel et al., 1987) located between nucleotides
-113 and -120. AP-1 is one of several proteins binding
to the enhancer regions of the SV40 early transcription
unit and the human metallothionein IIA gene and has been
shown to stimulate transcription of these genes in vitro. AP-1
activity is induced when cells are treated with the tumour
promoter TPA. It was therefore of interest to investigate the
effect of the fos protein on and its interaction with an AP-1
binding site (also referred to as TPA responsive element
TRE). We have analysed, in transient expression assays,
the transregulatory effect of the fos protein on a variety of
eukaryotic promoter elements containing binding sites for
the transcription factor AP-1. A significant transactivation
was observed with a collagenase promoter-CAT construct.
The AP-1 binding site (TRE) could be shown to playa
key role in the transactivation since the introduction of 5
copies of the TRE rendered the thymidine-kinase (TK) gene
promoter highly responsive to fos protein. Accordingly, the
inhibition of endogenous c-fos protein expression by antisense mRNA led to a reduction of CAT expression from this
construct. Analysis of a variety of mutant fos genes demonstrated that proteins with impaired DNA-binding properties
were also unable to transactivate. Gel retardation assays
showed specific binding of fos protein complex to a synthetic
TRE-containing oligonucleotide, which could be blocked
by fos-specific antibodies. These results suggest that fos
protein modulates gene expression by participating in a
transcription complex interacting with the AP-1 binding site.
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Our current experiments address the question of whether
the fos protein binds directly to the AP-1 binding site or
whether it interacts with AP-1 or related transcription factors. For this purpose, we have started to purify the fos
protein to be used in gel retardation and DNase footprint
assays. Another goal in the future will be to establish in
vitro transcription assays to be able to analyse the effect of
fos protein on promoter elements like AP-1 under defined
conditions.
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Modulation of DNA binding of the c-fos protein by phosphorylation
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We have studied the biosynthesis and biochemical properties of the c-ros gene product and its associated protein (p39) in growth factor-stimulated fibroblasts. c-ros
is a markedly acidic protein that is extensively posttranslationally modified by phosphorylation and another type
of modification not changing its relative molecular mass
(M r). More than 10 different forms of the c-ros protein can
be identified by two-dimensional gel analysis. In c-ros transformed celis, however, most of the highly modified forms are
missing. The affinity for DNA of less phosphorylated c-ros
protein complexes is higher than that of the highly modified
ones. The transforming potential of the c-ros protein and
its affinity for DNA thus seems to be inversely correlated

with the extent of its phosphorylation. In contrast to c-fos,
p39 is a basic protein that is rendered even more basic
by post-translational modification. Two other forms of p39
differing in specific domains of the protein (p41 and p43)
were also found to be complexed with c-ros.
Reference
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Transforming functions of viral and cellular erbA and erbB oncogenes
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Technical assistants: K. Nordstrom, C. Raynochek

We have studied the transforming properties of retroviral
oncogenes and their cellular counterparts with the goal
of understanding the mechanisms of activation of protooncogenes. Our main efforts have been concentrated on
the activities of the erbA and erbB oncogenes of the avian
erythroblastosis virus (AEV), a virus that transforms both
fibroblasts and erythroblasts.

The erbB gene
The v-erbB oncogene encodes part of the receptor for
epidermal growth factor (EGF): most of the ligand binding
domain and 73 amino-acids from the carboxy terminus have
been deleted. As a consequence, autophoshorylation sites
on tyrosine thought to be important for regulating the phosphotyrosine kinase activity of the receptor are lacking. The
viral protein is therefore thought to mediate constitutively
mitogenic signalling.
V-erbB appears to induce self-renewal of the virus-infected
erythroblasts without completely blocking their capacity to
differentiate to erythrocytes. These cells are also rendered
independent of erythropoietin (EPa), a haemopoietic growth
factor normally required both for replication and maturation
of erythroid precursor cells. This has led to the suggestion
that v-erbB in erythroblasts, a cell which normally does not
express EGF receptors, replaces the activity of the EPa
receptor. In addition, the v-erbB transformed cells do not
grow in standard tissue culture media, since they have very
narrow pH and ion concentration optima for propagation.

constructs were made with and without active v-erbA genes.
Our results, obtained in collaboration with Hartmut Beug,
have demonstrated that all the various EGFr genes, except
those that lack all the autophosphorylation sites, transform
erythroblasts in vitro. However, without an active v-erbA
gene transformation by EGF-binding receptor genes was
achieved only in the presence of the ligand. This allowed
us to investigate the mitogenic activity of EGF and compare this with that of erythropoietin in erythroblasts. The
results showed that the complete EGFr although sustaining
growth was, unlike v-erbB from wtAEV, unable to support
spontaneous differentiation of the erythroblasts, even at low
concentrations of hormone. In contrast, EGF receptors that
lack two of the c-terminal autophosphorylation sites allowed
the cells to mature. This supports the idea that the c-terminal
domain confers substrate specificity to the EGFr which was
lost or diminished in the truncated versions. These mutant
receptors would therefore, due to reduced specificity, be
able to act upon pathways normally recognized by the EPa
receptor.
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Transforming effects of the human EGF receptor
To understand better the contribution of the erbBIEGFr
gene to transformation, v-erbB of AEV was replaced by
a complete human EGFr cDNA or with truncations thereof
constructed by A. Ullrich and collaborators (Plate 14). These

6

AEV·H like v-erbB

.J

Complete receptor

PLATE 14
Structure of EGFr proteins replacing v-erbB in AEV constructs.

Testing of the effect of the various EGFr genes on fibroblasts
revealed that none of them was as efficient as v-erbB from
AEV in transformation. However, all of them were able to induce some anchorage-independent growth although genes
encoding ligand-binding domains became more efficient in
the presence of EGF, and truncation of extracellular and
c-terminal regions further enhanced the transforming effect.
This suggests that these alterations increase the transforming effect, but also that the additional point mutation,
present in v-erbB but absent in the EGFr constructs, further
potentiate the transforming capacity. A detailed analysis of
several parameters of fibroblast transformation showed that
receptor molecules with ligand binding domains conferred
morphological transformation upon binding EGF. The fact
that receptor 4 also mediated these effects demonstrates
that the lack of detectable high affinity EGF binding sites of
this receptor does not grossly impair intracellular receptor
activity. However, in no instance were the parameters of
transformation induced to the same extent as by v-erbB,
again suggesting that the viral gene was rendered highly
transforming by mutation. Alternatively, the human receptor
molecules might be inherently less efficient than the avian.
Analysis of v-erbB genes in new isolates of AEVs
Last year we examined further the importance of mutations
in erbB for transformation. In collaboration with Hartmut
8eug we isolated from one chicken and cloned a set of new
erbB-transducing viruses. These have distinct transforming
activities (Table 1). Some of them (88, A3) have transforming properties similar to those of wtAEV; C2 transforms
erythroblasts efficiently, but fibroblasts only mildly; and P1
transforms exclusively erythroblasts, however only when its
erbB gene is co-expressed with v-erbA.

Table 1
Transforming properties of new erbB-transducing v!ruses
Virus Isolation scheme
Molecular cloning
from explanted
leukemic blood cells
B8,A3 Selection for fib.
transformation

Ebl. transf.

+ v-erbA -v-erbA + v-erbA -v-erbA

P1

+

-

-

-

+++

++

N.T.

++

+++

++

+

+

+++

++

+++

+++

in vitro

Selection for ebl.
transformation
in vitro. Cloned
v-erbS (AEV ES4)
C2

Fib. transf.

S1 analysis showed that the P1, A3, 88 and C2 erbB genes
had identical deletions in their 3'-termini (corresponding to
72 amino-acids in the avian EGF receptor), whereas the 81
gene lacked 220 nucleotides in this region. In addition the
erbB genes of C2 and 81 were fused to gag sequences in
an identical manner; taken together, the data suggest that
the viruses originate from one progenitor virus that captured
the erbB gene. Finally, the erbB gene present in P1 does

not differ in sequence from the corresponding part in c-erbB,
whereas erbB of C2 has one nucleotide change, leading to
one amino-acid replacement in the tyrosine kinase domain.
Although the contribution to transformation of the addition
of gag to erbB in C2 has not yet been clarified, the data
nevertheless support the hypothesis that mutations in erbB
potentiate its transforming capacity.
The chicken c-erbB gene and its protein product
To be able to compare the normal function of the c-erbB
gene with those of the v-erbB genes we isolated a complete
cDNA for chicken c-erbB. Nucleotide sequence analysis,
done in collaboration with D. Givol, J. Schlessinger & colleagues, revealed that the homology to the human receptor
is 73% in the ligand binding domain and 97% in the tyrosine
kinase region. However, the avian receptor bound mammalian EGF with an affinity
OOx lower than the human
receptor. Surprisingly, human transforming growth factor a
(TGF-a) binds equally or even better to the chick EGFr
than to the human EGFr. Moreover, TGF-a stimulates DNA
synthesis 100-fold better than EGF in mouse and chicken
cells expressing the avian receptor. The differential binding
and potency of mammalian EGF and TGF-a by the avian
c-erbB protein is contrasted with the similar affinity of the
mammalian receptor towards the two growth factors. One
possible explanation for the differential binding is that the
divergence of TGF-a from birds to mammals is much less
extensive than that of EGF. Another possibility is that TGF-a
is indeed the original ligand for the EGFr whereas EGF
developed later.
The erbA gene
The v-erbA oncogene cooperates with v-erbB and other
primarily sarcoma-inducing oncogenes in the transformation of erythroblasts. V-erbA is non-transforming by itself
and cannot induce self-renewal of erythroblasts. Instead,
it blocks the residual capacity of the v-erbB cells to differentiate terminally. V-erbA also allows the v-erbB transformed cells to grow in standard tissue culture media by
considerably broadening their pH/salt optima for growth.
Last year we showed that the c-erbA protein is a receptor
for thyroid hormone (T3, T4) which has homology with
steroid hormone receptors, and that the v-erbA protein,
which indeed has a nuclear location, is defective in binding
ligand. This suggested that the v-erbA protein acts as a
hormone-independent transcription factor negatively or positively affecting the transcription of genes, the expression of
which either is required for or which inhibits differentiation
and growth of erythroid precursor cells.
To tackle these problems we have first investigated why the
v-erbA protein does not bind ligand. 8y making chimeras between the viral and cellular protein we showed that at least
two mutations in the C-terminal half of the v-erbA protein are
required for abolishing thyroid hormone binding, whereas
the presence of only one of them conferred intermediate
affinity for ligand. Addition of gag sequences to the c-erbA
protein had no effect on the binding of T3.
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These chimeric genes are now used to study the effects of
v-erbA and c-erbA on the transcription of erythroid-specific
gene expression to answer the question of whether or not
the c-erbA protein up-regulates e.g. band 3 expression,
which the viral protein appears to down-regulate in a constitutive fashion (see section by Hartmut Beug).

Collaborative projects

Many of the projects outlined above have been done in
collaboration with the groups of Hartmut Beug and Thomas
Graf. In addition, we collaborate with Dr. Ulf Petterson,
University of Uppsala, on the transforming properties of
murine retroviruses carrying bovine papilloma virus genes;
and with Dr. Kenneth Nilsson, University of Uppsala, on
the differentiation-inhibiting effects of the myc oncogene in
human haemopoietic cells.
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Our research program aims to analyse the regulation and
function of genes which may operate in stem cell differentiation and development. For these studies the method of
gene transfer is used as a powerful tool in three developmental systems: (1) Transgenic mice are produced by
introducing recombinant genes into the germ line of mice by
microinjection of DNA into fertilized eggs or by infection of
early embryos with retroviral vectors. (2) A complementary
approach uses embryonic stem (ES) cells as target cells
for gene transfer by retroviral infection or DNA transfection. Genetically altered ES cells can be introduced into
mouse embryos for analysing the consequences of foreign
gene expression in vivo in chimeras and their transgenic
offspring. (3) We are also using haemopoietic stem cells
for gene transfer, again exploiting retroviral vectors for the
infection of murine bone marrow cells. The specific goals of
these approaches are to analyse the developmental and cell
type-specific gene expression in vivo, to assay the function
of growth control genes in mammalian differentiation and
development and to study the molecular events leading to
tumour formation.

and were characterized by an increased osteoblastic activity. At a low frequency some older animals developed bone
tumours, mainly chondrosarcomas. Currently we are investigating in collaboration with R. MOiler (EMBL), J. Schmidt
(GSF, MOnchen) & D. Komitowski (DKFZ, Heidelberg) the
target cell of c-fos action in these mice and the steps leading
to the transformation of the bone-forming cells.

c-fos expression in transgenic mice

Liver-specific gene expression
studied in transgenic mice

DNA constructs can be introduced stably into the germ line
of mice by microinjection into the pronucleus of the fertilized
egg. We have continued our efforts to study the function of
the proto-oncogene c-fos in vivo by analysing a number
of transgenic mice, which carry different c-fos constructs in
their germ line. Several mouse lines were obtained which
express stably the c-fos genes from the human metallothionein promoter in various tissues. Whereas constitutive
c-fos expression in organs such as pancreas, kidney and
brain does not seem to interfere with their normal growth
and differentiation, a specific effect was observed on bone
development. Lesions occurred mainly in the long bones

In a different set of transgenic mice, which express the
c-fos gene from a murine major histocompatibility complex
H2-promoter, stable expression was seen predominantly
in the haemopoietic organs such as the spleen and thymus. These mice have enlarged spleens and hyperplastic
thymuses, which contain an altered thymocyte population.
More mature thymocytes are present in this tissue and
these mice are also immune-deficient. It appears that c-fos
specifically stimulates the proliferation of thymic epithelial
cells, which influences T cell development (Plate 15). No
malignancies have yet been observed in these animals
and the mechanism by which c-fos excerts this proliferative
effect is under investigation.

We have also continued to analyse the cell type-specific
expression of foreign liver-specific genes in transgenic mice.
A number of mice carrying the human 0:1-antitrypsin (0:1 AT)
or the human 0:1-acid glycoprotein gene showed accurate
cell type-specific and inducible expression. For the 0:1 AT
transgenic mice we were able to demonstrate that two
different promoters are used for the expression in liver ctnd
macrophages. In a different series of experiments using
the C-reactive protein (CRP) gene, which is a major acute
phase reactant in man, but not in mouse, we could also
show that this gene is exclusively expressed in the liver.
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PLATE 15
Thymic epithelium from control (A) and the H2-c-fos transgenic (8)
mice stained with a specific cytokeratine antibody.
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Most importantly, this expression is strictly dependent on
experimentally induced inflammation (Plate 16). The goal
of these studies, which are carried out in collaboration with
Gennaro Ciliberto and Riccardo Cortese, is to characterize
the DNA elements responsible for the developmental and
cell type-specific expression of these genes and to discover
whether these elements can be used as inducible promoters
for expressing heterologous genes.

Gene expression in transgenic mice
obtained by infection of preimplantation
embryos with retroviral vectors
We have continued to investigate the potential of retroviral vectors to introduce and express genes in transgenic
mice. Previously we and other laboratories have shown
that the retroviral long terminal repeat (LTR) is inefficient
at expressing genes under its control in transgenic mice
derived either by embryo infection or by the introduction of
ES cells carrying retroviral vectors. Consequently we have
used vectors expressing genes from an internal thymidine
kinase (TK) promoter. Several transgenic lines were obtained by infection of embryos with the MMCV-neo vector,
which contains the neomycin resistance gene (neo) linked
to the TK promoter and a v-myc gene expressible from the
5' LTR. All MMCVneo transgenic mice expressed the neo
gene efficiently and, as expected, the v-myc gene was found
to be inactive.
As a consequence of these results a number of retroviral
vectors were constructed all of which contain an internal TK

PLATE 16
Inducible human C-reactive protein expression in transgenic mice.

promoter which is being used to express viral oncogenes
such as polyoma middle T antigen (PymT), v-src and v-fos
as well as the murine homeobox-containing gene (Hox 1.1)
and the human epidermal growth factor receptor (HERc)
gene. Transgenic strains were obtained with v-fos, Hox 1.1
and the HERc gene and these mice are currently being
analysed for expression of the TK-driven foreign gene. We
are also planning to use these viruses in an attempt to
immortalize particular cell types. In addition, we are testing whether a tissue-specific promoter such as the insulin
promoter may function correctly in the context of a retroviral
vector in transgenic mice.

Studies using mouse embryonic stem (ES) cells
We have continued our investigations into the use of embryonal carcinoma (EC) and ES cells as an alternative route
for introducing new genetic information into mice. We are
also exploiting this system to study the effect of the various
growth control genes on stem cell differentiation in vitro as
well as on growth control and differentiation in early embryos
in vivo.
In one series of experiments we focused on the function
of the oncogene c-src/v-src and the polyoma middle T
antigen (PymT) which alters the tyrosine kinase activity
of pp60 c-src . Initially, we have studied the effects of v-src
expression on the differentiation of EC cells and found that
high v-src expression in F9 and PC13 cells did not disrupt
their differentiation potential, whereas P19 cells expressing
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v-src had a "differentiated" morphology. These latter cells
were unable to respond to signals that normally induce differentiation along the neural or muscle pathways. Currently
we are testing the consequences of v-src expression on
development in chimeras obtained from v-src-expres3ing
ES cell clones.
In collaboration with Sara Courtneidge we are also investigating the effects of the PymT on early mouse development.
Several ES cell clones expressing PymT were isolated and
used to generate chimeras, which were found to be specifically arrested in development at midgestation (Plate 17).
The abnormal embryos displayed extensive disruption of the
blood vessels due to the appearance of multiple cavernous
haem angiomas. These haemangiomas were used to establish immortalized endothelial cell lines, which express PymT
and the endothelial cell-specific differentiation marker von
Willebrand factor. These results suggest that PymT acts in
endothelial cells as a single step oncogene and that ES cells
provide a valuable system for the study of growth control
during embryogenesis.
To analyse further the possible role of fos proteins in early
development, we have also derived ES cell clones which
express a v-fos gene. Chimeric mice were obtained, one
of which transmitted the transgene to offspring and some
of these developed cataracts in their eyes. At present we
are analysing the mice to find whether the foreign gene
is expressed and whether fos expression is the cause of
the observed phenotype. Finally, we are also investigating
whether the introduced genes described above or other
known growth factors can influence the growth and differentiation of ES cells in vitro.

PLATE 17
Polyoma middle T antigen expression disrupts blood vessel formation in chimeric embryos derived from selected embryonic stem
cells.
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Gene transfer into bone marrow cells
with retroviral vectors
The genetic manipulation of the haemopoietic system with
retroviral vectors provides an opportunity to analyse the
expression and function of genes in a well-characterized
differentiation system that can also be manipulated both in
vitro and in vivo. In the past 3 years we have established
in collaboration with G. Keller from the Basel Institute for
Immunology an efficient protocol for the introduction and
expression of genes into murine bone marrow cells using retroviral vectors which carry the selectable neo gene.
These experiments allowed us to use the integration site
as a lineage marker and we were also able to demonstrate
that stable expression of the neo gene from the viral LTR
promoter can be detected in mice that were reconstituted
for over one year.
The experiments with the selectable neo gene were the
basis for studies using recombinant viruses which carry
growth control genes such as the v-src or the HERe gene in
addition to the neo gene. In one set of experiments using a
vector with the v-src gene, efficient expression was found in
all haemopoietic organs of bone marrow reconstituted mice.
An increased number of myeloid precursors was found in
the in vitro colony assay suggesting that the expression
of the src gene can alter the pattern of differentiation of
the infected precursors. Eventually several src-expressing
animals developed a histiocytic leukemia. This approach
provides a tool for defining the role of individual genes
in the differentiation of multipotent stem cells and may
eventually serve as a basis for future gene therapy protocols.
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The aim of the group is to characterize gene products that
are preferentially synthesized in growing cells or specifically
induced by mitogens.
During the year we have continued our studies on (a)
cyclin, a cell cycle-regulated protein that we had previously
cloned and demonstrated to be the auxiliary protein of
DNA polymerase-6 and (b) the characterization of cDNA
clones that we have shown to represent mRNAs specifically
induced by serum growth factors in quiescent mouse 3T3
cells.
Cyclin

Existence of two populations of cyctin
during the cell cycle

Synthesis of cyclin is barely detectable in quiescent cells
but its amount is 40% of that in growing cells 24-48 h after
they have entered Go.
Immunofluorescence studies revealed that after formaldehyde fixation of both quiescent and early G 1 cells a nucleoplasmic distribution of cyclin could be clearly detected,
but was undetectable after methanol treatment. However,
extraction of these quiescent or early G1 cells with Triton
X-100 completely eliminated the nucleoplasmic staining,
suggesting that this population of cyclin is loosely bound
to nuclear structures or free in the nucleoplasm. In Sphase cells the existence of two populations of cyclin has
been demonstrated: one is nucleoplasmic as in quiescent
cells and is easily extracted by detergent and another is
tightly associated to specific nuclear structures (detected
after methanol fixation). By using antibromodeoxyuridine
immunofluorescence to detect the sites of DNA synthesis,
it was shown that the nuclear structures to which cyclin is
associated during the S-phase correspond to the replicon
clusters.
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The conclusions drawn from the immunofluorescence studies are further supported by the analysis of the Tritoninsoluble material from [35 Sj-methionine-labelled cells on
two-dimensional gels. The results demonstrate that 70-80%
of cyclin is extracted by Triton X-100 treatment of S-phase
cells as determined by autoradiography and immunoblotting,
suggesting that the previously existing cyclin and the newly
synthesized one follow the same pattern of distribution.
Many of the properties of cyclin are shared by DNA
polymerase-a and the observation that it is required for
SV40 DNA replication in vitro leads us to believe that cyclin
belongs to a replicative complex that possibly assembles
during G1/S, permitting DNA synthesis, and disperses at
the end of the S-phase.
DNA damage induces an immediate change
in cyctin distribution in quiescent cells

The results mentioned above prompted us to investigate
whether during unscheduled DNA synthesis similar changes
in cyclin population were observed. These studies were
done in human fibroblasts as these cells have an active
DNA repair mechanism. Cells were always made quiescent
before UV radiation or
with alkylating agents in order to have initially only one population of cyclin in the cells.
Immediately after UV irradiation or treatment with alkylating
agents, cyclin becomes resistant to detergent extraction
and detectable by immunofluorescence after methanol fixation. Antibromodeoxyuridine immunofluorescence showed
that the sites of DNA repair presented a distribution pattern
similar to that of cyclin.
Experiments done with cells previously deprived of their
internal ATP pools showed that also in this situation cyclin becomes resistant to detergent extraction UV radiation.
However, the population of cyciin that would be expected in
the sites of DNA synthesis (detected after methanol fixation)
is not present in these cells, in agreement with the observa-

tion that they are unable to repair DNA. This suggests that
cyclin initially associates to a prereplicative complex which
then becomes directly involved in DNA synthesis.

Growth factor inducible genes
We have completed the cross-hybridization of 2,500 cDNAs
obtained from a differential screening of )'NM 1149 cDNA
library prepared using poly (At RNA from serum-stimulated
cells in the presence of cycloheximide (see 1986 Report).
After all phases of the collection were tested 86 independent
sequences were found including c-fos, c-myc, c-myb, 13actin and the genes KC and JE (Cochran et al., 1983).
Northern blot analyses have shown that the mRNAs corresponding to all selected cDNAs are induced by serum in the
presence of cycloheximide, confirming the results obtained
by differential screening. The sizes of the mRNAs vary form
15Kb to less than 1Kb.
The induction of these mRNAs shows a continuous spectrum of kinetics, that may arbitrarily be classified into two
main types. The first group of mRNAs reaches its maximum
level of induction approximately 30 min after stimulation
and decays rapidly to undetectable levels. A second clear
type of kinetics consists of those mRNAs whose maximum
levels are reached after 2 h of stimulation, remaining at high
levels for 8 h or slowly decreasing to lower levels after 4 h.
Protein synthesis inhibition in all cases superinduced the
mRNAs, being most evident in those whose expression is
very transient.
The half-life of these mRNAs varies widely, the shortest
being 10-15 min and the longest 4 h or more. The addition
of cycloheximide dramatically prolongs the half-life of all
mRNAs.
Studies of the transcription of these genes showed that
some of them reach a maximum level after 15-30 min after
stimulation returning to basal levels within 60 min. In contrast, other genes have an increased level of transcription
for at least 8 h. Due to the very low level of transcription in
quiescent cells, it is difficult to determine the fold induction
of transcription after serum stimulation but in any case it is
500 or more for the most responsive genes. Cycloheximide
prolongs the transcription period of all the genes. However,
the levels of transcription were not significantly affected.

Sequencing and expression of p27
We have previously demonstrated that protein p27 is induced by serum in quiescent 3T3 cells and that it co localizes
within the actin network by double immunofluorescence.
A cDNA library was constructed in the expression vector
pEXI using poly (At RNA from serum-stimulated cells and
screened with a polyclonal anti-p27 rabbit antibody. The
clones obtained were tested by hybrid arrested in vitro
translation and probed to specifically-inhibit the translation
of p27 mRNA. The deduced amino-acid sequence predicts
a protein of 201 amino-acids (M r 23,425). No similarity has
been found so far with published sequences.

The expression of p27 mRNA is undetectable in quiescent
cells but a significant level is observed 1 h after serum
stimulation reaching a maximum of 50-100 fold after 8 h.
A high expression of p27 mRNA is maintained for 10 h
reaching low levels after 24 h. The size of the mRNA is
approximately 1.5 Kb.
Expression of p27 mRNA and its protein is very low or
undetectable in all tissues and cell lines analysed so far.
However, human, mouse, rat and chicken non-established
fibroblasts express very high levels of p27 mRNA and
protein, suggesting that p27 is possibly fibroblast specific.

Sequence and expression of a
"zinc finger" protein
(collaboration with P. Chavrier & P. Charnay)
Our collection of 86 non-overlapping clones was screened
with a Kruppel (Kr) finger probe under low stringency conditions. One single clone (AC16) with a 2.3 Kb insert gave
a positive signal. This clone corresponds to a gene named
Krox-20 by Chavrier et al., 1988.
The deduced amino-acid sequence predicts a protein of 445
amino-acids with an Mr of 48,434. This polypeptide contains
sequences repeated in tandem with similarity to the finger
consensus sequence: Cys-X2-Cys-X3-Phe-Xs-Leu-X2-HisX3-His. Krox-20 encodes three zinc fingers located between
positions 280 and 358. The most significant similarity is
observed with the finger of the human transcription factor
SP1 (Kadonaga et al., 1987). SP1 binds to the SV40 GC
boxes and is required for efficient transcription of the early
promoter.
Northern blot analysis showed that Krox-20 mRNA (3.2Kb)
is undetectable in quiescent cells increasing to significant
levels after 15 min of serum treatment. The maximum level
was reached between 30-60 min (90-fold induction) and
decreased to undetectable levels after two hours. The halflife of Krox-20 mRNA is approximately 10-15 min which is
prolonged 5-10 times when cycloheximide is added.
Nuclear run-on experiments showed that transcription of
Krox-20 genes increases dramatically after serum stimulation (approximately 200-fold) but is very transient. Protein
synthesis inhibition also increased the transcription activation period.
The availability of this large collection of genes will allow
us to idenfity sets of genes that are specifically induced by
one or several growth factors. This knowledge will be of
great value (1) for understanding which of the early events
triggered by each growth factor is essential for the induction
of a specific set of genes, and (2) for the identification of
the regulatory elements responsive to the different transcriptional activations observed with each growth factor.
The sequence of these mRNAs and characterization of
their products will be essential for the understanding of the
genetic programme involved in the initial events leading to
cell proliferation as well as for future studies concerning their
possible role in cell differentiation.
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Molecular mechanisms of eukaryotic
gene expression
The nature of the molecular mechanisms involved in the regulation of gene expression constitutes one of the challenging
questions of cell differentiation and development. The mechanisms responsible for the specificity of gene transcription
are particularly interesting, since gene regulation often occurs at the transcriptional level. One model consistent with
available data is that transcriptional activation of specific
genes during cell differentiation involves the appearance or
disappearance of regulatory molecules which interact with
specific DNA sequences close to or within the gene. These
regulatory molecules, able to modulate initiation of transcription, are termed trans-acting factors, while the target DNA
sequences are called cis-acting elements. We have chosen
to search for such cis- and trans-acting factors involved
in transcriptional modulation in two systems: they concern
respectively the tissue specificity of retroviral enhancers and
the regulation of cell proliferation.

Tissue specificity of retroviral enhancers
The Friend helper murine leukemia virus (Fr-MuLV) and
the Moloney murine leukemia virus (Mo-MuLV) are nondefective, oncogenic type C viruses that have been extensively studied and possess closely related genomes. They
give rise to different diseases after injection into newborn
NFS mice: the Fr-MuLV induces primarily erythroleukemia,
whereas the Mo-MuLV gives rise to T-cell lymphomas. The
analysis of recombinant viruses has revealed that a strong
determinant of the distinct pathogenic phenotypes of the two
viruses is located within the U3 region of their long terminal
repeats (LTR), suggesting that the disease specificity might
be related to tissue-specific regulation of viral transcription
(Chatis et al., 1984). Indeed, we have shown, using transient
expression assays, that the U3 region of each virus contains
a transcriptional enhancer and that the two enhancers have
different cell type specificities (B6sze et al., 1986). These

differences correlate with the different pathogenic properties
of the two viruses, although not explaining them completely.
In particular, while both enhancers are equally active in
erythroid cells, they behave very differently in T-Iymphoid
cells where the Mo-MuLV enhancer is 20 to 50-fold more
active than the Fr-MuLV enhancer.
The nucleotide sequences of the enhancer regions of the
two viruses are highly similar. A reasonable hypothesis is
that some of the differences between the two nucleotide
sequences are responsible for the different activities of the
two enhancers in T-Iymphoid cells, because they are located
within a cis-acting element which regulates the activity of the
enhancer specifically in this cell type. We have addressed
this question by the construction of a series of hybrid and
mutant enhancers. We have indeed localized a sequence
element, present in several copies within the enhancer,
which regulates its activity in T-cells without affecting it
in erythroid cells (Thiesen et al., 1988). This element is
therefore one of the determinants of the tissue specificity
of the enhancer and is likely to control, at least in part, the
disease specificity of the virus.

Potential transcription factors involved in
the regulation of cell proliferation
(collaboration with the group of R. Bravo)
Zinc fingers are DNA-binding domains and were first discovered in transcription factor lilA (TFIIIA), a protein required
for initiation of the transcription of Xenopus laevis 5S RNA
gene and which binds to a DNA region approximately 50
nucleotides long, internal to the gene. Zinc fingers consist
of tandemly repeated units of 28 to 30 amino-acids, containing two cysteines and two histidines at invariant positions
(Brown et al., 1985; Miller et al., 1985). It was proposed
that each of these units folds as an independent domain,
centered on a zinc ion coordinated by the cysteines and
histidines, and binds to DNA in a sequence-specific manner.
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Recently, we have cloned a number of mouse genes encoding zinc fingers, on the basis of cross-hybridization with the
zinc finger DNA region of Kruppel (Kr), a Drosophila segmentation gene of the gap-type (Chavrier et al., 1988a). The
expression of some of these genes is modulated during cell
differentiation and development. We have characterized in
greater detail two of the genes, which were named Krox-20
and Krox-24. Each of them encodes a protein with three zinc
fingers and is activated during G O/G1 transition in cultured
cells (Chavrier et aI., 1988b; Lemaire et al., 1988). Mouse
N1H3T3 fibroblasts can be brought to a quiescent state (Go)
by serum deprivation. They can be subsequently stimulated
to re-enter G 1 and proliferate by exposure to serum or
purified growth factors. Serum stimulation of quiescent cells
leads to rapid and transient accumulation of Krox-20 and
Krox-24 mRNAs, with kinetics similar to those of the c-fos
proto-oncogene. The induction does not require de novo
protein synthesis. It is therefore possible that Krox-20 and
Krox-24 belong to the category of immediate-early genes
whose activation is required for quiescent cells to respond
to mitogenes and proliferate. In the mouse, both genes are
expressed in a tissue-specific manner: Krox-20 is predominantly active in the thymus and Krox-24 in the thymus and
the brain.
Interestingly, although the amino-acid sequences of the two
predicted proteins appear to be different along a large part
of their length, they are nearly identical in the zinc finger
region. Moreover, the fingers of Krox-20 and Krox-24 are
highly similar to the three fingers of the transcription factor
Sp1. Therefore, Krox-20 and Krox-24 are likely to encode
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DNA-binding proteins which recognize identical target sites
on the DNA, and are possibly involved in the control of
cell proliferation at the transcriptional level. We are currently
trying to define the precise functions of the two genes and
the DNA targets of their products.
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The RAS gene products positively regulate the progression
of yeast through the G1 phase of the cell cycle. This
conclusion is based upon the observation that yeast cells
in which the function of the RAS2 protein is constitutively
activated by a point mutation cannot stop in G1 (Toda et a/.,
1985). In contrast, cells with a disrupted RAS1 gene and
with a nonfunctional RAS2 gene are found prevalently as
unbudded, G1-arrested cells (De Vendittis et a/., 1986a).
Besides their effect on growth, mutations which either activate or impair the function of the yeast RAS gene products
affect metabolic parameters, like glycogen levels, as well as
adaptative responses such as sporulation and thermotolerance.
In addition to RAS, other cellular components like CDC25,
adenylate cyclase (CYR1), and several protein kinases
have been found to be positive regulatory elements of the
pathway which controls the growth of yeast cells and related
functions (Toda et a/., 1985; De Vendittis et a/., 1986a;
Fasano 1986; Toda et a/., 1987).
During the past few years it has been established that the
modulation of intracellular cAMP levels and the consequent
function of cAMP-dependent protein kinases plays a key
role in mediating the effects of RAS proteins. However,
many aspects remain to be clarified. We have chosen to
concentrate on two of these problems. The first concerns the
number and the identity of the cellular components involved
in RAS-dependent cellular responses. Second, we wish to
determine if all the effects of RAS are mediated by cyclic
AMP.
To answer these questions it was necessary to use an
approach that was not biased by any ad hoc assumptions
about the identity of the cellular elements regulated by RAS.
Therefore, we constructed a yeast strain (TS1) in which
the RAS1 gene was deleted and the RAS2 gene replaced

by a mutant allele encoding a defective gene product, not
allowing growth at 37° C. By isolating and characterizing
extragenic revertants able to grow at the nonpermissive temperature, we hoped to identify new elements of the growth
control pathway. This approach led to the identification of
a mutant adenylate cyclase that was able to bypass the
requirement for functional RAS genes. Using this mutant
we could also show that adenylate cyclase was regulated
by RAS proteins (De Vendittis et a/., 1986a).
A recent extensive analysis of the growth properties of
several ras2-ts strains showed that a severely impaired
RAS2 function, in the absence of a functional RAS1 gene,
leads to a loss of the ability of yeast cells to grow by
respiration. Interestingly, adenylate cyclase mutants as well
as a set of newly isolated suppressing strains are able to
bypass the growth defect of ras2-ts growing by respiration.
However, the suppression of ras2-ts growing on glucose is
restricted to a smaller set of genes (see below).
We have also continued the biochemical characterization
of wild-type and mutant RAS and adenylate cyclase gene
products, a prerequisite for a further analysis of the pathway
at the molecular level.
Summary of the research activity
Yeast strains with an inactive RAS1 gene and
with a partially inactive RAS2 gene product
cannot grow on nonfermentable carbon sources
Saccharomyces cerevisiae strains with a disrupted RAS1
gene and with an intact RAS2 gene grew well on both
fermentable and nonfermentable carbon sources. By replacing the wild-type RAS2 gene with randomly mutagenized
alleles, we found a mutant yeast transform ant that was not
able to grow on nonfermentable carbon sources at 37° C.
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We called this mutant TS1. The nucleotide sequence of
the mutated RAS2 gene cloned from TS1 cells showed
two mutations that predicted the replacement of glycine at
position 82 and 84 of the RAS2 gene product by serine
and arginine, respectively. After constructing mutant genes
harbouring one of the two mutations, we found that only by
using the double mutant could we reproducibly transfer the
phenotype described above to RAS2 recipient yeast cells.
Therefore we conclude that both mutations are necessary
for the expression of the phenotype of TS1. Using the same
strategy, we also isolated a mutant with a single mutation,
predicting the replacement of aspartic at position 40 of the
RAS2 gene product by asparagine. The phenotype of this
mutant (TS3) was similar to that of TS1, even though spontaneous revertants arose with greater frequency than with
the latter. A triple mutant was constructed by recombining
TS1 and TS3. This mutant, called TS31 , was unable to grow
at any temperature using nonfermentable carbon sources,
while it grew on glucose at 30°C, but not at 37°C.
Using an in vitro assay, we found that the adenylate cyclase
activity of membranes purified from yeast cells with the
mutated RAS2 (and with a wild-type adenylate cyclase)
was severely impaired. The altered biochemical properties
of the mutants segregated with the inability to grow on nonfermentable carbon sources, thus showing that a partially
defective RAS2 function selectively impairs the growth of
yeast by respiration. We do not know if the positive effect of
RAS2 on respiration is mediated by cAMP, and this issue
will be the object of future investigations.
Isolation and characterization of general and
specialized suppressors of rasr ras2-ts
The conclusion that the RAS2 gene product is important for
respiratory growth suggests the existence of other cellular
elements that positively regulate growth and respiration.
This was investigated by isolating yeast genes which, by
overexpression, could suppress the inability of TS31 to grow
on non-fermentable carbon sources (petite phenotype). In
parallel, we also searched for genes able to suppress the
temperature-sensitive growth of TS31 on glucose-containing
media. We identified two genes, besides the previously
described adenylate cyclase (De Vendittis et al., 1986a),
that are capable of suppressing a defective RAS2 upon
overexpression on a multicopy vector.
The first gene encodes a truncated version of the previously
described cAMP-dependent protein kinase TPK3 (Toda et
al. 1987). TPK3 was able to suppress the temperaturesensitivity of TS31 cells growing on glucose as well as their
petite phenotype. We conclude that TPK3 is a pleiotropic
suppressor. The same suppression profile was found for a
highly overexpressed adenylate cyclase gene.
The second gene, which we called KOM1, encodes a protein related to the protein kinase family. Upon overexpression of the gene, we found that suppression of the petite
phenotype of TS31 took place in the absence of suppression
of the temperature-sensitive growth on glucose. Therefore,
KOM1 is a specialized suppressor, inactive in yeast cells
growing on glucose.
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A possible explanation for these findings could reside in the
inability of KOM1 to be expressed in yeast cells growing
on glucose. Therefore, we characterized the pattern of expression of the chromosomal KOM1 gene in yeast cells
growing in different conditions. The KOM1 transcript was
found prevalently in yeast cells growing by respiration and
was almost undetectable in cells growing on glucose. Gene
disruption experiments showed that yeast cells with an inactive KOM1 could not grow on nonfermentable substrates
and gave petite colonies on glucose-based media.
To get an insight into the mechanism of suppression of ras2ts by the overexpressed KOM1, we measured the amount
of wild-type and temperature-sensitive RAS2 proteins in
membranes of yeast cells with either disrupted or overexpressed KOM1. We found that the expression of RAS2 was
not dependent on KOM1. We therefore conclude that the
suppression of a ras-deficient function by overexpression
of KOM1 is probably mediated by a bypass mechanism.
The possibility that KOM1 might be a downstream element
of the RAS -protein kinase pathway was also supported by
the finding that the petite phenotype of kom 1- strains was
reproduced by severely impairing the function of the RAS2
gene, in a ras 1- background (see preceding section).
Future efforts will involve the search for suppressors of
the conditional lethal phenotype of kom 1- strains. This
could lead to the identification of additional elements of
the RAS -dependent pathway, specifically involved in the
control of the respiratory function. Moreover, the analysis
of the effects of activating mutations of RAS and adenylate
cyclase in kom1- strains should clarify whether or not
effects of RAS on cell proliferation require the function of
KOM1. A negative answer could indicate that the control of
respiration is mediated by a specialized subset of functions
controlled by RAS and KOM1, not overlapping with those
involved in growth control.
Biochemical characterization of the RAS and
adenylate cyclase gene products
Polyclonal antibodies were raised against bacterially expressed yeast RAS2 (De Vendittis et al., 1986b) and adenylate cyclase. Immunoblot analysis of yeast extracts led to
the identification of the adenylate cyclase gene product as
a protein with a molecular weight of 225,000. An in vitro
complementation assay using purified RAS2 protein and
membranes from a ras 1- rae?- yeast strain with overexpressed adenylate cyclase showed that the GTP-bound
form of the RAS proteins, and not the GOP-bound form, was
active in the stimulation of adenylate cyclase (De Vendittis et
al., 1986 & 1987). The availability of an adenylate cyclasespecific antiserum will enable us to test whether adenylate
cyclase is phosphorylated in vivo, as suggested by genetic
data (De Vendittis et al., 1986a).
Future research will also involve the use of these antibodies
to characterize by immunoblot the expression of the different
elements of the pathway during different growth conditions.
The same technique will be used for studying the effect of
either dominant or recessive mutations of any element of
the pathway on the expression of the other elements. This

should allow us to define: (i) the role of external factors
influencing the steady-state level of the components of the
pathway; (ii) the effect of either activating or inactivating
mutations of a given element on the steady state level
of other elements (positive or negative, forward or feedback regulation at the level of expression). Reconstitution
experiments will be performed with completely or partially
purified wild-type or mutant components. This will enable us
to describe in terms of activity, and not only of expression,
the relationship between the elements of the pathway.
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Tyrosine phosphorylation
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In this group, we are interested in how phosphorylation of
proteins at tyrosine may playa role in growth regulation,
transformation and differentiation. We have chosen to investigate the role of tyrosine phosphorylation by studying a
family of tyrosine kinases, the src family, with emphasis on
one family member, the prototype pp60 c -src.

Our work can be broadly divided into three main areas:
transformation by polyoma virus middle T antigen, with
particular regard to the role of pp60 c- src ; the identification
and characterization of new members of the src family; and
the regulation and function of pp60 c-src in normal cells.

pp60 c-src is located at the inner surface of the plasma mem-

Transformation by middle T antigen

brane, with a myristic acid coupled to the amino-terminal
glycine residue being in part responsible for membrane
binding. The carboxy-terminal half of the molecule contains
the catalytic activity, which is negatively regulated by tyrosine phosphorylation. Thus, when phosphorylated at a
tyrosine close to the carboxy terminus pp60 c-src is inactive;
dephosphorylation of this residue restores activity. While
the exact function of pp60 c-src is unknown, it is thought to
be important both in differentiation and in growth control.
A role for pp60 c-src in differentiated cells is proposed from
the observation that it is expressed to high levels, and with
high kinase activity, in certain differentiated cell types, e.g.
neurons, platelets and macrophages. However, pp60c-src
is also expressed at lower levels in all other cell types,
and here perhaps its function is in growth control. This is
supported by the observation that forms of pp60 c-src with
unregulatable kinase activity (e.g. the transforming protein
of Rous sarcoma virus pp60 v - src, and the pp60 c-src bound
to middle T antigen) transform cells.
Other members of the src family show a very high degree
of sequence homology to pp60 c -src. In particular, all have
the potential to be myristylated at their amino-termini, all
contain a catalytic kinase domain, and all have a tyrosine
residue near their carboxy-terminus which could be involved
in regulation of enzyme activity. Some, like c-src, have the
proven potential to mutate into an oncogene, and perhaps
this will be common to all. The expression of some family
members, like pp60c-src itself, is ubiquitous, while others are
restricted to certain cell types.
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The transforming protein of polyoma virus middle T antigen
forms a stable complex with pp60 c-src , as a consequence
of which the regulatory phosphorylation site of pp60 c-src is
masked, resulting in a stimulation of kinase activity. Complex formation with and activation of pp60 c-src is required
for transformation. In studying this complex in more detail,
we have also recently demonstrated that a third protein of
molecular weight 81 ,000 co-immune precipitates with middle
T antigen and pp60 c -src. This p81 protein becomes phosphorylated on tyrosine residues during in vitro kinase assays,
presumably by pp60 c- src . We can detect a p81 protein complexed with middle T antigen and pp60 c-src in all cell lines
containing middle T antigens which are transforming, but
not in all cell lines containing non-transforming mutants of
middle T antigen. We conclude from this that the presence of
p81 in the complex is required for transformation. However,
some mutants of middle T antigen are able to complex with
p81 and pp60 c-src yet fail to transform, suggesting that other
events are also required for transformation (see below).
What might the p81 be? Since it had been previously reported that both polyoma virus- and Rous sarcoma virustransformed cells show an increased turnover of phosphatidylinositol (PI), and an activity able to phosphorylate
PI was found in immune complexes containing their transforming proteins (Whitman et al., 1985; Sugimoto et al.,
1984), we asked whether p81 was a PI kinase. Our results
show a complete correlation between the presence of the
p81 protein in immune complexes of pp60 c-src and middle

T antigen, and our ability to detect PI kinase activity in
these same immune complexes, suggesting that indeed p81
is a component or a regulator of a PI kinase. It is very
stably associated with the complex of middle T antigen and
pp60 c-src can also re-associate with these compounds after
dissociation with urea in vitro. It is unlikely therefore that the
association is merely fortuitous.
Phosphatidylinositol is a low abundance component of
plasma membranes which, after phosphorylation by PI kinase(s) is subsequently cleaved to generate two second
messengers, inositol trisphosphate (which acts to mobilise
calcium from intracellular stores), and diacylglycerol (an
activator of protein kinase C). An increase in turnover of
PI, and subsequent activation of C kinase and other serine/threonine kinases, is commonly observed shortly after
treatment of quiescent cells with certain growth factors, as
well as in many transformed cells. The events leading to
activation of this PI cycle are not yet well understood, but it
is possible that regulation occurs at the level of the kinase(s)
which phosphorylate PI, and/or the phospholipase which
cleaves PIP 2.
If the middle T-driven association between pp60 c-src and
p81 were to be physiologically relevant, one might expect
it to lead to a change in PI kinase activity. Therefore we
have analysed whether the PI kinase activity is regulated
by phosphorylation. To do this, immune complexes containing the three proteins were treated with potato acid phosphatase, which removes phosphate groups from serine,
threonine and tyrosine. The immune complexes were then
subsequently assayed for their ability to phosphorylate both
exogenous protein and lipid substrates. While phosphatase
treatment reduced the tyrosine kinase activity of pp60 c-src
only 2-fold, the PI kinase activity was completely abolished.
These results strongly suggest that tyrosine phosphorylation
of the PI kinase by pp60 c-src causes an increase in enzyme
activity. The p81 protein is also phosphorylated in vivo
in polyoma virus-transformed cells, suggesting a possible
explanation for the increase in PI turnover observed.
What is the nature of the protein:protein interactions within
the complex? We believe that middle T antigen binds directly
to pp60 c-src , since some mutants exist which complex with
pp60 c-src yet do not have associated p81. We can further
propose that p81 also binds to pp60c-src , since p81 (and
PI kinase activity) is also found associated with the highly
related tyrosine kinase pp60v-src . Our model for the function
of middle T in the complex is therefore currently as follows:
firstly, by binding to pp60 c-src middle T antigen masks a
regulatory phosphorylation site and therefore activates the
enzyme; secondly, p81 (a PI kinase normally transiently
associated with pp60 c-src ) becomes stably associated with
pp60 c-src, phosphorylated on tyrosine and thereby also activated.

We wish to study p81, and its associated PI kinase activity
in more detail. Such an analysis is hampered by the lack
of antibodies which recognize p81. Indeed, at the moment
we are only able to study the protein in complex with
middle T antigen and pp60 c-src . We are therefore currently
undertaking a purification of the complex. In this way, we

should be able to obtain sufficient p81 for microsequence
analysis, antibody production etc. We will then be in a
position to study, for example, the protein and associated
enzyme activity in normal cells in response to treatment with
growth factors known to stimulate the PI cycle.

Interaction of middle T antigen with other proteins
As mentioned above, some mutants of middle T antigen
form a complex with pp60 c-src and p81, yet are unable to
transform. It is possible then that other interactions of middle
T with the cell are also required. Indeed it has been show
that in chicken cells, middle T is also able to bind to another
cellular tyrosine kinase, the product of the c-yes oncogene
(Kornbluth et al., 1987). Interestingly, the c-yes protein is a
member of the src family of tyrosine kinases, and shows
a high degree of homology with pp60 c-src . It is possible
that middle T antigen can interact with many members of
this class, and that these interactions could be important
in transformation. The expression of most members of the
src family is restricted, but at least three (src, yes and fyn)
are expressed in fibroblasts (Semba et al., 1986), the cell
type we mostly use to study transformation by middle T
antigen.
We wish to analyse the yes and fyn proteins in more detail,
both to study their possible interactions with middle T antigen, and to investigate the control of their enzyme activities.
To do this we must first generate antibodies against the
proteins, since available antibodies against the yes protein
are specific for avian cells, and the fyn protein has not yet
been identified (only a cDNA sequence and RNA expression
analysis have been reported). We have chosen to make antibodies against peptides corresponding to defined, unique
regions of the two proteins. We have preliminary evidence
that, using antibodies reactive against two different peptides,
we have identified the product of the fyn gene as a 60k
phosphoprotein with associated kinase activity. We are thus
in a position to characterize the protein in more detail, and
this is currently in progress.

Regulation of the kinase activity of pp60 c -src
As mentioned above, the kinase activity of pp60 c-src is
regulated by its degree of phosphorylation at a site (tyr
527) near its carboxy-terminus. By analogy with reversible
phosphorylation of protein at serine which occurs as a consequence of hormone-induced growth stimulation, tyrosine
phosphorylation of proteins in vivo may be regulated to a
great extent by the action of tyrosine-specific protein phosphatases. We are currently purifying such phosphatases.
These studies have recently been facilitated by the use of a
partially purified, highly active, canine tyrosine kinase which
is used to prepare highly phosphorylated substrates. We
have now identified several distinct phosphatase activites
using 32P-labelled enolase as substrate. One of these,
a basic protein of approximate molecular weight 50,000,
appears particularly promising as an activator of pp60 c-src
in vitro. Our attempts to purify this protein to characterize it
further continue.
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Biological Structures Programme

Introduction

The work of the Biological Structures Programme aims at
putting the "molecular" into "molecular biology". We are
attempting to understand the structural basis of biological
regulation and function. The pursuit of this goal requires
the use of a broad range of techniques. The groups of the
Programme employ methods ranging from those classically
associated with structural biology such as x-ray crystallography and electron microscopy through those usually associated with other disciplines, including biochemistry, genetics
and cell biology. The projects in the Programme are directed
towards two general areas of interest: nucleic acid - protein
interactions and the structure and assembly of membrane
proteins and complexes.
The past year has seen a number of successes in the
Programme. One major result is the production of a low
resolution map of the voltage gated membrane pore, by a

combination of crystallographic and site-directed mutagenesis. This and the other crystallographic projects in the
Programme have taken advanta£j3 of the greater speed
afforded by the two area detectors which have been installed
for the collection of x-ray diffraction data. Other accomplishments during the past year include the mapping of
functional regions in maltoporin and in the W -ATPase, the
study of two-dimensional crystals grown on lipid layers, the
prediction of antigenic sites in the capsid of hepatitis B virus,
the characterization of a complex of DNase I with an oligonucleotide, the study of membrane protein sorting during virus
formation, the production of a transformed phenotype by the
introduction of a yeast ATPase into a mammalian cell, the
characterization of mutants of the regulatory protein Rop
and the establishment of a system for identifying assembly
mutants of ferritin.
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fragment, which starts at position 389). This did not give
an isomorphous derivative, a possible explanation being
that the cysteine was inaccessible (Dao-Pin et al., 1987).
The addition of a decapeptide before the cysteine (Plate
18) enabled us to obtain a mercury derivative. Our new
native crystal was the mutant with the cysteine and the
decapeptide. This crystallized under conditions practically
identical to the original wild-type material. The crystals had
the same unit cell dimensions and only small intensity
changes. The mercury derivative was measured on an area
detector and the resulting Patterson map could be readily
solved in terms of two sites. Refinement on the basis of the
centric reflections gave an R factor of 39.9%. The calculated
phases were used to solve the platinum map, which also had
two sites.

Colicin A

This protein is a toxin that kills sensitive E.coli cells by
forming an ion channel in their inner membrane. The protein consists of 592 amino-acids but a thermolytic fragment consisting of the last 204 amino-acids can form the
ionic channel. This fragment was crystallized (Tucker et al.,
1986). Early attempts to obtain heavy-atom iscmorphous
derivatives were unsuccessful: some mercurials produced
too little intensity change, while a platinum derivative produced an uninterpretable Patterson map. More recently (in
collaboration with C. Lazdunski & F. Pattus whose report
should also be consulted) site-directed mutagenesis was
used to introduce a cysteine in place of a serine at position 404. (This is amino-acid number 16 of the thermolytic
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AAA.GAT.GAG.CGG.GAG.CTG.CTT.GAA.AAA.ACC
Lys Asp Glu Arg Glu Leu Leu Glu Lys Thr

PLATE 19

On the basis of the two derivatives a low resolution (6 A)
map was calculated. This showed clearly the outline of the
molecule (Plate 19), whose dimensions are approximately
34x 47x 36 A. A number of putative a-helices are visible.
According to the unit cell dimensions it was predicted that
the crystallographic asymmetric unit should contain two
molecules (Tucker et a/., 1986). This was born out in the
map. We then examined the position of the Hg and Pt
heavy atoms. The line connecting the midpoints of the two
Hg and of the two Pt atoms is clearly a two-fold axis, and
it makes angles of 87 0 and 88 0 with the lines joining the
homologous heavy atoms (ideally this should be 90 0 ). An
equally convincing map could be obtained on the basis of
the Hg isomorphous and anomalous data, the figure of merit
being about 69%. We are now trying to extend the data to
higher resolution.

Other work

The search for heavy atoms for adenovirus DNA-binding
protein is being hampered by the high sodium chloride
present (2M), which causes precipitation of the heavy
atoms. We were unable to find another solvent with less
NaCI, but finally we discovered that samarium and dysprosium derivatives could be obtained if the buffer was changed
from phosphate 7.2 to acetate 5.8. After extensive work
on the samarium derivative, which involved measuring and
processing native data in the synchroton in Hamburg and
derivative data on film in Heidelberg, we were unable to
solve the resulting Patterson map, which is probably due to
the change in the c-axis by about 1%. We intend to pursue
this by either changing the native conditions or by searching
for other rare earth compounds. These measurements, as
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well as the colicin measurements mentioned earlier, were
made in collaboration with Paul Tucker, first from film data
and more recently through use of the area detectors. The introduction of these detectors is making the task of searching
for derivatives etc. considerably easier and indeed the data
that enabled us to crack the colicin problem were collected
during the trial runs on one of the machines.
In collaboration with the Biozentrum Basel we have obtained
reasonable crystals of phosphoporin. The best crystals are
hexagonal, with probable space group P6322 a=b=123 A
c=112A and they diffract to about 3A. Crystals of the
DNA-binding proteins P6 and Pi 0 of the bacteriophage
1;29 have also been obtained, but we are still trying to
obtain conditions for optimum diffraction. Work on arrestin
(see last year's report) is being hampered by chemical
heterogeneity. More crystals of Rop mutants were obtained
and the structure of the RM3 mutant (insertion of alanines
on either side of Asp30) was solved. We are now mapping
a series of active and inactive mutants in an attempt at
structure-function correlation. In a recent development crystals of P68, a member of the annexin family of proteins
(Burgoyne, 1988), were obtained. The crystals are small,
but their diffraction appears to be excellent.
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Deoxyribonuclease I (DNase I), an endonuclease from
bovine pancreas, interacts with DNA in a sequencedependent manner, as is obvious from the cutting rates
which vary substantially along a given DNA sequence. The
complex cleavage pattern suggests that it is not a single
varying helix parameter that is recognized by the enzyme,
but rather a combination of several local as well as global
parameters. In our attempts to define the structural basis
of the sequence-dependent DNA-recognition, we have cocrystallized DNase I with short pieces of DNA and have
solved and refined at 2 A resolution the structure of a complex of DNase I with the self-complementary octanucleotide
(GCGATCGC)2 ("Octa I").
The structure of the complex was solved by molecular
replacement methods (see last year's research report) and
has now been refined at 2 A resolution using an FFT version of the Hendrickson-Konnert reciprocal least squares
refinement program. The refinement converged after a total

of 80 cycles at an R-factor of 0.187 for the 30"-reflections
in the 6 to 2 A resolution range resulting in a model with
good stereochemistry and giving a detailed picture of the
protein-DNA interactions (Suck et al., 1988).
HPLC analysis of the dissolved crystals had shown before
that the co-crystals contained a 1:1 mixture of an octa- and
a hexanucleotide suggesting that a nicked double-strand is
bound to DNase I. To our surprise, the difference density
did, however, show only seven instead of the expected eight
base-pairs. The explanation for this finding is that DNase I
removes a dinucleotide (pGpC) from the 3/ -end of one of the
strands of the duplex prior to crystallization. The sticky ends
created in this way hydrogen-bond across a 2-fold rotation
axis in the crystal to form a quasi-continuous double-helix
of 14 base-pairs. The packing diagram shown in Plate 20
illustrates that only 2 x 7 base-pairs can be accommodated
in the C222 1 -crystals, since the 5' -terminal G's stack onto
the H118 residues of 2-fold related DNase I molecules.

PLATE 20
Packing in the DNase I-Octa I co-crystals viewed along the a-axis.
Nicked octamer duplexes form a quasi-continuous double-helix 14
base-pairs long across a 2-fold axis via hydrogen bonding between
their single-stranded 5' -ends.
73

PLATE 21

Stereoscopic view of the protein-DNA contacts in the DNase I-Octa
I complex. Shown are the interactions of the 14-mer duplex with
one enzyme molecule.

Y20B
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Y20B

Apart from a few side-chains in direct contact with DNA, no
conformational change occurs in DNase I on binding of the
oligonucleotide. The C",-positions of the free and the DNAbound enzyme can be superimposed with an rms-difference
of 0.37 A. In contrast to the remarkable constancy of the
protein, the DNA appears to be significantly distorted, locally
as well as globally, highlighting again the intrinsic flexibility of
DNA and demonstrating the difficulties in predicting proteinnucleic acid interactions. The averaged helix parameters, in
particular the mean slide value close to zero and the mean
rise per residue of 3.5 A, indicate the B-type conformation of
the oligonucleotide. Locally, these parameters as well as the
backbone torsional angles vary quite substantially and some
values are clearly affected by protein contacts. In particular,
the unusual stacking interaction of Y73 with a deoxyribose
ring (Plate 21) affects the backbone conformation as well as
the base orientation at this position. Globally, the DNA also
deviates significantly from ideal helix geometry in showing a
bend of about 21.5° towards the major groove which leads
to a widening of the minor groove by about 3 Acompared to
normal B-DNA. Clearly, this bend is a consequence of the
tight interactions of DNase I in the minor groove which is
completely filled by side chains Y73 and R38 (Plate 21).
Surprisingly, only one of the six phosphate groups from
both DNA-strands in direct contact with the protein forms
a salt-bridge. In an uncleaved DNA a second salt-bridge
would presumably be formed by R9 with the scissile phosphodiester group. Altogether six base-pairs and two adjacent phosphates are covered by DNase I on one side of
the double helix (Plate 21). The essential features of the
complex, namely binding of an exposed loop around Y73
in the minor groove of B-type DNA and ionic or hydrogen
bond interactions with phosphates from both strands agree
with the model we predicted earlier (Suck & Oefner, 1986;
Oefner & Suck, 1986).
What does the structure of this complex tell us about
the mechanism of sequence-dependent DNA-recognition
by DNase I? The x-ray study fully supports the notion
proposed by us and also by Drew & Travers (1984) that
the groove width is the most important individual helix
parameter determining the cutting frequencies. Given the
observed bend of the DNA it appears, however, that also
the stiffness or bendability of a DNA-sequence determines
its sensitivity towards DNase I. The often widely differing
cutting rates of neighbouring phosphodiester bonds cannot,
however, be explained by the rather slowly varying groove
width or stiffness of a DNA and therefore other local helix
parameters must be involved in the recognition process. We
are examining a series of DNase I co-crystals with different
DNA-sequences to define these local parameters.
From biochemical studies, H131 is known to be essential for
enzymatic activity and we proposed earlier a mechanism
involving acid-base catalysis by the E75-H131 pair (Suck
& Oefner, 1986). In the complex under study, H131 is
located in the immediate neighbourhood of the cut and

this mechanism appears likely. Definite conclusions are,
however, not possible, since the scissile bond is not present
in the complex but instead cleaved prior to crystallization.
More insight into the catalytic step is expected from cocrystals with a different DNA-sequence, where we know
from HPLC-analysis that the cleavage continues in the
crystal. Completely unexpectedly, soaking of DNase I-Octa
I co-crystals with Mn 2 + leads to a second cut four base-pairs
away in the opposite strand suggesting that DNase I has two
active sites separated by approximately 15 A. This would
explain the cutting of DNA near or at the same site with
Mn 2+ -activated DNase I. We are further investigating this
reaction.
In collaboration with A. Worrall & B. Connolly from
Southampton University (U.K.) we have started a project
aimed at generating mutants of DNase I by chemical synthesis and expression of the gene in E.coli. From the
known amino-acid sequence of DNase I the DNA-sequence
was deduced according to the preferred codon usage in
E.coli and unique restriction sites were incorporated along
the gene for subsequent cassette mutagenesis. The total
construction consists of 816 base-pairs including a ShineDalgarno sequence, start- and stop-codons as well as
EcoRI and Hind" I restriction sites at the termini suitable
for cloning into the polylinker site of the pDOC55 plasmid.
Thirty-two 51 mers have been synthesized using the facilities
in Southampton and here at EMBL (Brian Sproat), purified,
5' -phosphorylated and annealed in pairs to give doublestranded fragments with 7 base-pair overlaps which are
now being joined by T4 DNA-ligase. Guided by the threedimensional structure of the DNase I-Octa I complex, active
site mutants will be produced to study the enzymatic mechanism as well as mutants which affect the DNA-interactions
and are likely to either eliminate or enhance the sequence
dependence of the DNase I cleavage reaction.
In collaboration with W. Kabsch from the MPI fOr medizinische Forschung (Heidelberg), we are continuing the
x-ray structure analysis of the skeletal muscle actin-DNase
I complex. Using a Nicolet area detector, data sets to
a resolution varying between 3.5 and 4.0 A have been
collected for several heavy atom derivatives, among them
a mercury, a samarium and a lead derivative. These data
sets are presently being evaluated.
References
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Structure and function of ionic channels: two-dimensional crystallization in lipid monolayers
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The research of this group is aimed at determining the structural elements responsible for the gating of ionic channels
by membrane potential and those responsible for selective
permeation of ions and solutes through these channels. Two
channel-forming proteins, differing by the type of secondary
structure elements building the channel, colicin A and LamB
protein are under investigation.

Colicin A
Colicins are bactericidal proteins encoded by a plasmid
and exported by strains of bacteria harbouring the plasmid. These colicins kill sensitive E.coli cells by binding
to a specific receptor on the outer membrane of the cell,
after which they are translocated across the membrane(s)
and reach their target inside the cell. Colicin A belongs to
the "membrane active" group which depolarizes the inner
membrane. We have shown that colicin A forms voltage
dependent channels reminiscent of channels from excitable
membranes. These colicins provide a very attractive system to study protein export, protein translocation through
membranes and also to understand the structural basis
of membrane excitability. This year, our main efforts have
been directed to the study of the C-terminal thermolysin
peptide (M r 20,000) which carries the pore-forming domain
of colicin A.
The interaction of the C-terminal peptide with negativelycharged phospholipid vesicles has been studied by fluorescence and circular dichroism (CD) spectroscopy, gel
filtration, electron microscopy, analytical centrifugation and
chemical modifications. This peptide oligomerizes in the
presence of a negatively-charged phospholipid dimyristoyl
phosphatidylglycerol (OMPG). The lipid complex contains
8-9 peptide monomers and 180-200 lipid molecules. The
transition between the monomeric soluble form of the
COOH-peptide is not accompanied by drastic changes in
secondary structure but by reorientation of a-helices into
an inside-out conformation.
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One of the mutations described previously (Baty et al., 1987)
was shown to affect the voltage-sensitive gate of the channel
without impairing formation of the lipid complex with OMPG.
In order to unlock the problems encountered by the crystallographers trying to solve the structure of the COOH-peptide
from its crystal, cysteine mutants were designed on the
basis of our channel model (Pattus et al., 1985) in collaboration with O. Baty & C. Lazdunski (CNRS, Marseille). The
five mutants obtained were both active in vivo and in vitro.
Two mutated COOH-peptides were isolated and crystallized.
One gave a mercury derivative suitable to solve the peptide
structure (see report by O. Tsernoglou).

E.coli porins
The characterization of maltoporin channels (LamB protein)
has been continued. Maltoporin channels are voltage independent and display selectivity towards maltose and maltodextrins. Maltoporin mutants were purified and reconstituted in planar lipid bilayers (collaboration with the group of
M. Hoffnung, Pasteur Institute, Paris). These mutants could
be classified into three groups according to their properties
in vivo: Class A (substitution at !JOsitions 259 and 382) does
not affect maltose transport, class B (positions 163 and 245)
decreases maltose transport down to 20-30%, and class C
(position 18) almost completely abolishes selective maltose
transport. Our in vitro study revealed that class A does not
affect the pore properties in contrast to class B substitutions.
The class B maltoporins are still able to form channels but
display specific features and altered specificity for maltose
and maltodextrins. The substitution (gly18-val) alters trimer
stability and impedes pore function (class C mutant). These
data, in combination with the asymmetric orientation of the
protein within the bilayer, indicate that residues 245 and
163 do not belong to the selectivity filter. Mutations at these
sites cause hindrance at the mouth of the pore on the outer
domain of maltoporin.

Two-dimensional crystals in lipid monolayers
As discussed in the previous report, lipid monolayers may
be used to create a favourable template for two-dimensional
crystallization of proteins. We have used three different
systems and obtained encouraging results (see report by
Kevin Leonard).
Publications during the year
Baty, D., Knibiehler, M., Verheij, H., Pattus, F., Shire, D.,
Bernadac, A. & Lazdunski, C. (1987). Site-directed mutagenesis of the COOH-terminal region of colicin A: Effect
on secretion and voltage-dependent channel activity. Proc.
Nat!. Acad. Sci. USA, 84, 1152-1156
Collarini, M., Amblard, G., Lazdunski, C. & Pattus, F. (1987).
Gating processes of channels induced by colicin A, its

C-terminal fragment and colicin E1 in planar lipid bilayers.
Eur. Biophys. J., 14,147-153
Dargent, B., Rosenbusch, J. & Pattus, F. (1987). Selectivity
for maltose and maltodextrins of maltoporin, a pore-forming
protein of E.coli outer membrane. FEBS Letts., 220, 136142
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Dargent, B. (1987). Contribution I'etude structurale et fonctionnelle des proteines formant des pores de la membrane
externe d' Escherichia coli. These presentee pour obtenir Ie
grade de Docteur de l'Universite d'Aix-Marseilie II (Faculte
des Sciences de Luminy)
Other reference
Pattus, F., Heitz, F., Martinez, C., Provencher, S.W. &
Lazdunski, C. (1985). Eur. J. Biochem., 152, 681-689
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Enveloped viruses as models for membrane protein sorting

Scientists: S.D. Fuller, C.-H. von Bonsdorff*
Trainee: M.-E. Johnston*
Visiting workers: M. Adrian*, D. Bamford*, R. BurneU*, P. Metcalt*
Technical assistants: P. Buck, M. Cyrklaft*

Our group is studying the structures and assembly pathways
of a number of enveloped viruses. The budding of these
viruses requires the coupling of highly accurate sorting of
membrane components with the envelopment of the viral
nucleocapsid. We hope to use our understanding of these
systems as a guide to the formation of intracellular transport vesicles where the selection of particular membrane
proteins is linked to the introduction of curvature to the
forming vesicle (Simons & Fuller, 1987). During the past
year we have extended our studies of the simple icosahedral
membrane viruses, Sindbis and Semliki Forest virus, and
begun studies of more complex and less well characterized
membrane viruses. We have also initiated direct studies of
sorting during vesicle formation through studies of mixed
virion formation and of the mechanism of retention of soluble
proteins in the lumen of the endoplasmic reticulum. Much of
our work utilizes cryo-electron microscopy in combination
with image reconstruction and so involves improving techniques for studying fragile membrane structures.
Alphaviruses

involved in assembly more precisely. We are able to form
crystals routinely from the virus (Plate 22A), however they
are not yet of sufficient quality for high resolution x-ray
diffraction studies. We are continuing with this work by
manipulating the carbohydrate composition and preparation
of the virus to identify the factors limiting the growth of crystals as well as screening variants for greater stability. The
alphaviruses form defective interfering particles containing
a shortened genome and displaying a smaller size when
viewed in negative stain. This smaller size is difficult to reconcile with the T=3/T=4 complementary structure described
above. Our studies with the cryo-electron microscopy of
unstained specimens indicate that the defective particle
has the same size as the standard virus but collapses
when exposed to negative stain. We are also using threedimensional reconstruction of cryo-electron micrographs of
virions treated with low levels of detergent to look for differential interaction of spikes with the nucleocapsid.
Hepadnaviruses

These viruses, which include Sindbis virus and Semliki
Forest virus, are positive-stranded RNA viruses in which
an icosahedral capsid made from a single protein species
is enveloped by a membrane containing a single type of
icosahedrally arranged spike protein complex. A previous
reconstruction of virus in vitrified water showed that the
core displays T=3 icosahedral symmetry while the spike
proteins are arranged with T =4 symmetry (Fuller, 1987).
This gives rise to differing classes of interactions in the virion
and to a model of assembly in which an ordered hierarchy
of interactions is responsible for the coupling of sorting to
vesicle formation (Fuller, 1987).

These viruses are a family of enveloped, partially doublestranded DNA viruses which include hepatitis B virus. Although the overall organization of the virion is similar to
that of the alphaviruses, a number of special features
make this virus particularly interesting (Ganem & Varmus,
1987). These include the secretion of particles containing
the surface antigen of the virus, HBsAg, and lipids but no
core protein or genome from infected cells. Our aim is to
understand the mechanism by which the same antigen can
be used to form the virion and these non-viral particles.
Antigenic response to hepatitis B infection is a complicated
phenomenon and one aim of our work is to obtain a structural basis for the understanding of this response.

We have grown three-dimensional crystals of Semliki Forest
virus in an effort to understand the nature of the interactions

Our studies of the surface antigen particle have been conducted in collaboration with Don Ganem of the University of
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PLATE 22A

PLATE 22B

Three-dimensional crystals of Semliki Forest virus. The largest
crystals are 0.25 mm across.

Cryo-electron micrograph of hepatitis surface antigen isolated from
ground squirrel serum. Both tubular and disk forms can be seen.
The bars in 8,D,E and F represent 100nm.

PLATE 22C

PLATE 22D

The predicted folding of the hepatitis B core antigen. The positions
of antigenic sites which are exposed (e1) and concealed (e2) in the
intact capsid as well as that of the inserted sequence in the duck
hepatitis virus (D) are marked.

Cryo-electron micrograph of Uukuniemi virions showing the virion
spikes and the lipid bilayer.

......
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PLATE 22E

PLATE 22F

Cryo-electron micrograph of bacteriophage ¢6 showing several of
the putative assembly intermediates.

A mixed virion of vesicular stomatitis virus showing the G protein
interspersed with the haemagglutinin.

PLATE 22G
Immunofluoresence micrograph of a Vero cell with an antibody
to its carboxy terminus showing the restriction of protein disulfide
isomerase to the endoplasmic reticulum.
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California at San Francisco Medical School. We have studied particles produced in an L-cell line transfected with the
short form of the S gene of the virus and particles from the
ground squirrels infected with the species-specific ground
squirrel hepatitis virus. Negatively-stained preparations of
the surface antigen particle show approximately spherical
particles with no apparent organization and tubular structures. Our cryo-electron micrographs show a disk-like structure (seen "en face" in Plate 22B) which retains rotational
symmetry and appears closely related to the tubular form.
The organization is lost either after negative staining or after
treatment with high salt during purification.
The hepadnavirus core is believed to be icosahedral and
its size would suggest that it is a T =3 structure. With Pat
Argos of the Biocomputing Programme we have compared
the amino-acid sequences of the hepadnavirus capsids with
those of non-enveloped viruses which are known to have
T =3 or T =3-like structure. A clear homology is seen with the
vp3 protein of mengo virus. Alignment of the hepadnavirus
sequence with that of the known structure of the mengo
virus protein (Luo et al., 1986) allows us to predict its folding
(Plate 22C). This folding is consistent with the observed
behaviour of antigenic sites in the core since the site at e1
is exposed in the intact capsid while that at e2 is buried
(Salfeld, 1985) and with the position of the inserted sequence (D) in duck hepatitis virus. The folding model should
serve as a guide to future studies of antigenic sites which
will also serve to refine our understanding of the structure.
The observation that the capsid proteins of this family of
enveloped DNA viruses have a similar fold to those of
non-enveloped viruses and our previous observation (Fuller
& Argos, 1987) that the capsid proteins of alphaviruses
have a similar fold indicates a much closer relationship
between viruses of different classes than had previously
been suspected.
Bacteriophage ¢Y6
In collaboration with Dennis Bamford (University of Helsinki)
we have begun work on the enveloped bacteriophage ¢Y6.
We want to establish a structural basis for understanding
the assembly of this virus which proceeds through a series
of distinct morphological stages ranging from an open dodecahedral cage through a filled icosahedral structure to an
enveloped virion (Plate 220). The extensive genetics available for this system should allow a more detailed dissection
of the assembly process of this virus than is possible for any
eukaryotic one.
Uukuniemi
This representative of the Bunyavirus family presents a
fascinating problem in assembly since it has an icosahedral envelope containing two types of spikes organized by
a tri-partite strand-formed nucleocapsid. Three-dimensional
reconstructions from cryo-electron micrographs (Plate 22E)
should reveal the internal organization responsible for assembly.

Pseudotype formation
We are using infection of an NIH 3T3 cell line which
expresses high levels of the influenza haemagglutinin to
produce vesicular stomatitis virions containing both its own
G membrane protein and the haemagglutinin. The efficiency
of incorporation can be assayed using the ability of the
mixed virions to infect filter-grown epithelial cells through the
apical surface (Fuller et al., 1984). Cryo-electron microscopy
of the mixed virions indicates that the two proteins are
found mixed on the intact virion surface (Plate 22F) although
they segregate in disrupted virions. Hence the heterologous
spikes are incorporated through lateral interactions with the
G proteins rather than through direct interactions with the
internal proteins of the virus.
Retention of proteins in the endoplasmic reticulum
In collaboration with John Tooze and Rainer Frank we have
developed antibodies to the portions of two soluble proteins
which are responsible for their retention in the endoplasmic
reticulum (Munro & Pelham, 1987). We are using these
antibodies to probe the mechanism of retention of these
proteins as well as characterizing the control of expression
of these proteins in cells (Plate 22G).
Publications during the year
Von Bonsdorff, C.-H., & Simons, K. (1987). In: Togaviridae in
Animal Virus Structure: Eds. Nermut, M.V. & Steven, A.C.;
Elsevier, Amsterdam, pp. 159-171
Fuller, S.D. & Argos, P. (1987). Is Sindbis a simple picornavirus with an envelope? EMBO J., 6, 1099-1105
Fuller, S.D. (1987). The T =4 envelope of Sindbis virus
is organized by complementary interactions with a T =3
icosahedral capsid. Cell, 48, 923-934
Simons, K. & Fuller, S.D. (1987). The budding of enveloped
animal viruses: A paradigm for membrane sorting. In: Biological Organization: Macromolecular Interactions at High
Resolution: Eds. Bunett, R. & Vogel, H.J.; Academic Press,

New York, pp. 139-150

Howell, K.E., Reuter-Carlson, U., Devane, E., Luzia, J.P. &
Fuller, S.D. (1987). One antigen, one gold? A quantitative
analysis of immunogold labelling of plasma membrane 5'nucleotidase in frozen thin sections. Eur. J. Cell BioI., 44,
318-327
Petterson, R.F. & von Bonsdorff, C.H. (1987). Bunyaviridae
in Animal Virus Structure: Eds. Nermut, M.V. & Steven, A.C.;
Elsevier, Amsterdam, pp. 147-157
Tooze, J., Fuller, S.D. & Tooze, S.Q. (1987). Sorting of
progeny coronavirus from condensed secretory proteins occurs at the exit from the trans-Golgi network of AtT20 cells.
J. Cell BioI., 105,1215-1226
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Other references
Fuller, S.D., von Bonsdorff, C.-H. & Simons, K. (1984). Cell,
38, 65-77
Ganem, D. & Varmus, H.E. (1987). Ann. Rev. Biochem., 56,
651-693
Luo, M., Vriend, G., Kamer, D., Minor, I., Arnold, E., Rossmann, M.G., Boege, U., Scraba, D.G., Duke, G.M. & Palmenberg, A.C. (1987). Science, 235, 182-191
Munro, S. & Pelham, H.R.B. (1987). Cell, 48, 899-907
Salfeld, J. (1985). Dissertation, Ruprecht-Karls-Universitat
Heidelberg, F.R.G., Kapitel 2, pp. 25-55
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Structure and function of the eukaryotic proton pump

Scientist: R. Serrano
External fellows: P. Eraso, J.M. Pardo*, F. Portillo
Predoctoral fellow: A. Cid
Visiting scientist: C. Garcia-Vallejo*
Supernumerary: C. Montesinos<>

Eukaryotic plasma membranes contain chemiosmotic systems (primary active transports) which play important energetic and regulatory roles. The sodium pump (Na+ ,K+ATPase) of animal cells and the proton pump (W -ATPase)
of protozoa, fungi and plants drive the active transport of
nutrients and control ion homeostasis. Signalling concentrations of W,K+ and Ca 2+ seem to participate in the regulatory
circuit of cell proliferation and therefore these primary pumps
are pace-makers for cellular activities.
We are approaching the structure, mechanism and physiological role of the eukaryotic proton pump by utilizing
yeast as a model system. In addition to the opportunity for
biochemical and genetic studies, the unique feature of yeast
is the possibility of gene replacement through homologous
recombination. Only in this organism is it possible to replace
a wild-type chromosomal gene by an homologous copy
mutagenized in vitro. Therefore, a mutational analysis can
be made probing genes under natural conditions.
Dissection of functional domains of the
yeast W·ATPase by directed mutagenesis
On the basis of biochemical studies and sequence similarities we have proposed a model for the functional domains
of cation-pumping ATPases (Serrano, 1988). We are testing
this model by mutagenesis of its critical amino-acids (Plate
23). Mutant ATPases were generated in M13 and introduced
into yeast replacing the Wild-type gene. Mutations of the
three aspartate residues in the kinase domain greatly decreased the activity of the enzyme and yeast growth was
severely impaired. In addition, the preference for ATP over
other nucleotides exhibited by the wild-type enzyme was
lost. This confirmed their participation in the ATP binding
site. Mutation of lysine 474, which also forms part of this do-

main, results in complete loss of activity. Mutations of a glutamate residue of the proposed phosphatase domain result
in inactive enzyme which accumulates the phosphorylated
intermediate. This confirms its participation in the hydrolysis
of this intermediate. Mutations in the hypothetical transduction domain also confirmed its assigned role because the
resulting enzymes showed uncoupled activity (ATP hydrolysis without proton pumping). Particularly interesting was
the essential role of intramembrane proline335, which by
cis-trans isomerization may contribute to the conformational
change associated with coupled transport. Another remarkable result is the formation of phosphorylated intermediate
when the wild-type aspartate378 is replaced by asparagine.
This mutation results in an active enzyme and suggests
that a novel chemical reaction may be involved during the
catalytic cycle. The transmembrane domain has remained
elusive, because an intramembrane glutamate involved in
the binding of the inhibitor dicyclohexylcarbodiimide is not
required for the operation of the ATPase. Therefore, the
critical residues in the transmembrane transport pathway
have not yet been identified. We plan to saturate this transmembrane domain with mutations in order to clarify this
issue. In addition, expression of gene fragments coding for
the different domains may facilitate the characterization of
this chimeric enzyme. We hope to reconstruct its natural
history by finding the ancestors of the different domains.
Characterization of temperature·sensitive
mutants of the yeast H+·ATPase
Random mutations generated in vitro with hydroxylamine
and resulting in thermosensitive growth have been sequenced. Three of them (Ala547-Val, Gly254-Ser and
Thr212-lIe) map in regions conserved in the family of
ATPases with phosphorylated intermediate (Plate 23).
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PLATE 23
Location of the mutagenized amino-acids within the proposed structure of the yeast plasma membrane ATPase (Serrano, 1988). Regions 1 to 8 correspond to the hydrophobic stretches proposed to be
transmembrane a-helices. Regions a to j correspond to sequences
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with significant similarity in all the ATPases with phosphorylated
intermediate. The proposed functional domains of the enzyme are
indicated.
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The other mutation is a double change (Asp91-Tyr and
Glu92-Lys) in the N-terminal domain. This later mutation
causes synchronous growth arrest at the non-permissive
temperature (37°C), with cells containing buds without nuclei. The other three mutations arrest growth either as
unbudded cells or as cells with abortive buds without nuclei (Plate 24). This suggests that the plasma membrane
ATPase is required both at the "start" of the cell cycle
and at a later step required for DNA synthesis. Since
the ATPase is required for nutrient uptake and also the
"start" of the cell cycle is controlled by the availability of
nutrients, a defect in nutrient uptake may explain growth
arrest as unbudded cells. On the other hand, an increase
in intracellular pH precedes the initiation of DNA synthesis
and may be the signal for it. As this increase is probably
caused by the ATPase, it is also plausible that a defect in
its activity causes growth arrest with abortive buds without
nuclei. Proton efflux from whole cells and ATP hydrolysis in
purified plasma membranes were more thermosensitive in
the mutants than in the wild-type. The Ala547-Val mutation,
which maps within the putative ATP binding site, results
in an enzyme exhibiting altered regulation by glucose. In
wild-type yeast, incubation of the cells with glucose before
homogenization induces changes in the specific activity,
Km, pH optimum and vanadate sensitivity of the enzyme.
In this mutant, the ATPase in glucose-starved cells exhibits
similar kinetic parameters to the glucose-activated wild-type
enzyme. Although the mechanism of regulation by glucose
is not known, these results suggest that a point mutation
can mimic the covalent modification triggered by glucose.
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Tight control of the amount of
yeast plasma membrane ATPase
The activity of the yeast plasma membrane ATPase in growing cells is increased by low pH and by glucose, conditions
which result in a higher demand for proton pumping. The
amount of enzyme and of its corresponding mRNA are
not significantly modified under these conditions, suggesting
that the changes in activity reflect regulatory modifications
of the enzyme. This contrasts with the situation in bacteria
and animal cells, where the amount of plasma membrane
ATPase increases in response to a higher demand for ion
transport. Previous work has indicated that decreasing the
amount of yeast plasma membrane ATPase seriously impairs growth. We have now demonstrated that overproduction of the enzyme is also detrim'Jntal to the cell, resulting in
slower growth and decreasing the copy number of plasm ids
containing the ATPase gene. In addition, controls at the level
of protein synthesis and/or degradation prevent the ATPase
from increasing proportionally to its mRNA. The reason for
such tight control of the amount of ATPase is not known.
The enzyme is a major component of the yeast plasma
membrane and there may be structural constraints related
to the integrity of the membrane. On the other hand, the
plasma membrane ATPase is a major ATP consumer and
there may be constraints related to the energy balance of
the cell. In any case, these results justify that in the case
of yeast a change in the demand for ion transport is met
by modulating the catalytic activity and not the amount of
enzyme.

PLATE 24
Morphology of the temperature-sensitive ATPase mutants after
growth arrest at 37° C. Left: phase contrast; Right: DAPI staining
of nuclei.

Expression of the yeast plasma membrane
ATPase in Escherichia coli

The expression of a functional yeast ATPase in the bacterial
membrane could have interesting consequences from the
point of view of bioenergetics. There are bacterial mutants
devoid of the FO.F1 bacterial ATPase and the yeast enzyme
could promote their growth under certain conditions, either
by catalyzing oxidative phosphorylation or by energizing the
membrane. Contrary to our expectations, expression of the
yeast ATPase in wild-type bacteria is extremely toxic and
growth stops completely in about 10 min after induction,
when the yeast enzyme accounts for only a few percent
of the bacterial membrane. Expression was much better
tolerated by a mutant devoid of bacterial ATPase and this
situation resembles the toxicity of colicins described some
time ago by Salvador Luria. The colicins deenergize the

bacterial membrane by creating ion channels and in wildtype cells this activates the bacterial ATPase which then
exhausts the ATP pool. In mutants without bacterial ATPase
only the membrane damage occurs, without compromising
the energy charge of the cell. It is therefore very plausible
that the yeast ATPase creates ion channels in the bacterial
membrane. In addition, the yeast enzyme produced in bacteria has very low specific activity, two orders of magnitude
lower than the enzyme produced in yeast. We have investigated the possibility that this may be due to incompatibility
of the bacterial lipids. However, the yeast ATPase seems
to have relatively unspecific lipid requirements, with both
unsaturated fatty acids and negatively-charged polar heads
required for activity. These are provided by the bacterial
membrane. Therefore, the most likely possibility for the low
activity of the yeast ATPase produced in bacteria is the lack
of covalent modification. Phosphorylation of a regulatory site
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is the most plausible post-translation modification lacking in
bacteria.

Expression of the yeast proton pump
in animal cells
In collaboration with Dr. R. Perona (Inst. de Investigaciones
Biomedicas, Madrid) we have expressed the yeast ATPase
in fibroblasts. The main goal of this project is to probe the
hypothesis that an increase in intracellular pH may be an
important proliferative signal in eukaryotic cells. Our results
indicate that fibroblast lines expressing the yeast ATPase
become transformed, producing foci and agar colonies in
tissue culture and tumours in nude mice. They also show
an increase in intracellular pH. Therefore, by manipulation
of the cell pH with a foreign proton pump we obtain similar
effects to those obtained with oncogenes. This suggests
that the intracellular pH is a critical second messenger for
oncogene action and it can be predicted that oncogenes
will be found corresponding to the known proton pumps of
animal cells or to their regulatory systems.

Structure of the yeast plasma
membrane ATPase
In collaboration with Prof. E. W. Weiler of the Universitat
Osnabruck, we have made four monoclonals against the
yeast ATPase. Unfortunately, they only reacted with denatured enzyme and not with native ATPase, therefore they
cannot be used for topographical studies. In collaboration
with Dr. B. Monk (University of Dunedin, New Zealand),
we are making antibodies against peptides corresponding
to critical sequences of the ATPase and they will be used to
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probe its transmembrane structure.
Small two-dimensional crystals of purified ATPase have
been obtained and studied by negative staining by Kevin
Leonard. They suggest that the enzyme exists as a large
oligomer of about 15 nm, which could correspond to an
hexameric structure with a central cavity. This structure has
been previously described in the yeast and plant plasma
membrane by freeze-etching electron microscopy and a
collaboration has been established with Prof. H. Moor (ETH,
Zurich) to clarify this point further. The main technical obstacle to high resolution analysis is the difficulty of obtaining
larger crystals.

Cloning of the plant proton pump
The proton pump also seems to playa central role in the
growth of plant cells and we have cloned the ATPase gene
from a genomic library of Arabidopsis thaliana. We are
sequencing the gene and it shows great similarities with the
yeast ATPase.

Publication during the year
Eraso, P., Cid, A. & Serrano, R. (1987). Tight control of the
amount of yeast plasma membrane ATPase during changes
in growth conditions and gene dosage. FEBS Lett., 224,
193-197

Other reference
Serrano, R. (1988). Biochim. Biophys. Acta (Reviews in
Biomembranes), in press.

Cryo-electron microscopy of periodic specimens

Scientist: J. Lepault
Student: J.-F. Menetret

Cryo-electron microscopy of vitrified specimens allows the
static, as well as the dynamic, study of biological objects in
their native aqueous environment. In order to characterize
vitrified biological systems better we studied collagen fibres.
In addition, we continued our projects on maltoporin and
myosin filament structure.
Collagen
(in collaboration with A.W. McDowall)
It is well-known that collagen tendons have a characteristic structure depending upon their hydration. Therefore,
conventional microscopy failed to give a faithful image of
the native structure of collagen fibres. Electron micrographs
of cryo-sections of vitrified rat tail tendon display optical
diffraction patterns having intensities similar to those of x-ray
diffraction patterns of wet tendons. A quantitative comparison between x-ray and cryo-electron microscopy data (Plate
25c) shows that the information in the image is modulated
by a contrast transfer function. Although the section is ca.
200 nm thick, the information is mainly transferred by phase
contrast. This permits correction of images for the transfer
effect as we proposed previously, and reconstruction of the
true image of collagen. Such an image is similar to that
calculated from x-ray and sequence analysis data (Hulmes
it et aI., 1977). StUdying thin tendons by cryo-electron microscopy of vitified suspensions enabled us to visualize
within the tendon the mean distance between the collagen
molecules (1.5 nm). All our images suggest that tendons
are formed from nematic liquid crystals. In conclusion, this
work confirms the great potential of cryo-microtomy. Information obtained from micrographs of cryo-sections can
be corrected for the effect of the phase-contrast transfer
function to yield a result which is in agreement with that from
x-ray diffraction studies. In addition, the packing of collagen
molecules can be studied by cryo-electron microscopy.
Maltoporin
(in collaboration with F. Pattus & K. Leonard)
We continued our project on the structure of maltoporin. The
three-dimensional structure of maltoporin was calculated at
a resolution of ca. 2 nm by electron microscopy and image
analysis. The comparison of our data (crystal habit, recon-

struction) to those obtained on the matrix protein (Engel it et
aI., 1985) shows that two proteins having a similar function,
but no homology, may have an identical structure.
Time-resolved microscopy
(in collaboration with W. Hoffman, MPI f.
medizinische Forschung, Heidelberg)
We pursued our project with the dynamic study of insect
flight muscle (IFM) thick filament. We improved the images
of vitified IFM thick filament in rigor and relaxed conditions.
In both conditions IFM thick filaments have a characteristic
structure. When the conditions are changed and the filament
rapidly frozen, an intermediate structure is seen. These
results show that IFM thick filaments undergo a polar and
reversible transition between the rigor and relaxed conditions. In conclusion, the work we carried out shows that
cryo-electron microscopy is a powerful tool for the static as
well as the dynamic study of biological systems.
Publications during the year
Caldenty, J., Lepault, J. & Kellenberger, E. (1987). Isolation
and reassembly of bacteriophage T4 core proteins. J. Mol.
BioI., 195, 637-647
Lepault, J., Dubochet, J., Baschong, W. & Kellenberger,
E. (1986). Organization of double-stranded DNA in bacteriophage: a study by cryo-microscopy of vitrified samples.
EMBO J., 6, 1507-1512
Lepault, J., Dargent, B., Tichelaar, W., Rosenbusch, J.P.,
Leonard, K. & Pattus, F. (1988). Three-dimensional reconstruction of maltoporin from electron microscopy and image
processing. EMBO J., 7, 261-268
Other references
Engel, A., Massalki, A., Schindler, H., Dorset, D.L., & Rosenbush, J., P. (1985). Nature (London), 317, 643-645
Hulmes, D.J.S., Miller, A., White, SW. & Doyle, B.B. (1977).
J. Mol. BioI., 110, 643-666
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PLATE 25

(a)

Image of a section of a vitrified rat tail tendon. The axial
periodicity is equal to ca. 67 nm. Note the presence of a
longitudinal periodicity.

(b)

Optical diffraction pattern of an area of the image shown in
(a).

(c)

Ratio between the amplitude of Fourier components deduced
from cryo-electron microscopy and that calculated from x-ray
diffraction patterns. These data show that cryo-electron microscopy is transferred through a contrast transfer function
which can be approximated to a pure phase contrast transfer
function.
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Electron microscopy and computer image analysis

Scientist: K. Leonard
EMBL fellows: B. Bullard*, R. Ward*
Predoctoral fellows: G. Hutchinson, J.-F. Menetret*
Visiting workers: G. Hofhaus*, J. Trinick*, H. Weiss*
Scientific assistant: A. Lakey* (Muscular Dystrophy Group of G.B.)
Technical assistant: C. Ferguson

We are using computer analysis to obtain three-dimensional
information from electron micrographs of periodic biological
structures. We are at present working on two-dimensional
crystals of membrane proteins, on protein microcrystals and
on proteins adsorbed to lipid monolayers. We have also
started working on proteins specific to insect flight muscle.
Mitochondrial membrane proteins
(with Hanns Weiss, Universitat Dusseldorf)
Cytochrome reductase

In addition to a continuing investigation of the structure of
the whole complex in negative stain and frozen-hydrated, we
have recently been examining sub-complexes of the watersoluble sUbunits produced by dissociation of the enzyme.
Information about these may help us to interpret the packing
of the large "core-proteins" in the native enzyme.
NADH:ubiquinone reductase (Complex I)

We have commenced structural investigation of a smaller,
partially active Complex I found in Neurospora mitochondria which have been treated with chloramphenicol to suppress mitochondrial protein synthesis. This complex lacks
the mitochondrially encoded subunits and forms membrane
crystals with a smaller unit cell than the native enzyme. We
hope that a comparison of its structure with that previously
obtained for the native enzyme will enable us to position the
missing subunits.

Surface monolayers

With Franc Pattus (EMBL), we have been investigating
methods for adsorbing proteins to surface monolayers of
lipid in order to form two-dimensional crystals. We have
used both genetically engineered lipid-binding proteins (e.g.
ApoAHinked proteins, with Riccardo Cortese, EMBL) and
other proteins - for example, colicin A, cholera toxin,
and actin filaments. This system should provide the best
method for controlling and monitoring the production of
two-dimensional crystals.

Insect muscle proteins

Two new proteins from insect flight muscle, heavy troponin
and arthrin (heavy actin) have been isolated and are being studied by a combination of biochemical methods and
electron microscopy. Monoclonal antibodies, with and without gold or heavy metal cluster labels, are being used to
determine the relative positions of the two proteins in the
thin filament. The possibility that heavy troponin can form
a complex with tropomyosin will be investigated by high
resolution shadowing and by STEM mass mapping.
We are also studying the structure of isolated thick and
thin filaments from insect flight muscle by cryo-electron microscopy (with K. Holmes, MPI fUr medizinische Forschung,
Heidelberg).
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Gene Structure and Regulation Programme

Introduction

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

specific cells and tissues. The temporal and spatial regulation of gene expression is at the root of the phenomena of growth and differentiation, including of course their
pathological alterations, for instance cancer. For a long time
the molecular mechanisms responsible for the regulation of
gene expression have eluded investigation, but in the last
few years there have been major breakthroughs, largely
due to the development of recombinant DNA technology.
The various groups in the Programme of Gene Structure
and Regulation have developed and exploited a variety of
experimental systems in an attempt to reproduce regulatory mechanisms in vitro as a step toward understanding
them.
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Liver-specific gene expression

Scientists: R. Cortese, M. Bianchi, P. Di Nocera
EMBL & EMBO fellows: E. De Simone, G. Grimaldi, P. Monaci, S. Oliviero, M. Tripodi
External fellows: M. Frain, F. Gounari, G. Morrone, A. Nicosia, G. Swart
Predoctoral fellows: G. Paonessa, E. Hardon
Visiting worker: M. Beltrame*
Technical assistants: C. Blance, S. Stampfli
Supernumerary: P. Stevenson

The differential expression of genes is at the root of the
phenomenon of cell differentiation. The dominant paradigm
which guides most of the investigations in this field has taken
a defined form in recent years: cell membranes contain a set
of specialized receptor proteins which interact either with
other cells or with specific molecules present in the surrounding environment; their interaction produces a series of
biochemical reactions inside the cells, which ultimately affect
the activity and the specificity of gene expression within the
cell, leading to the establishment of the differentiated state.
At the moment there is a concentration of effort at the two
ends of this pathway and there is a substantial gap in our
knowledge of the region of the pathway that links the events
at the cell surface with the genes. To fill in the gap one
can attempt to proceed "downward", from the established
biochemical reaction induced by the signal-receptor interactions, or "upward", starting from the available information on
the properties of the cell-specific genes.

was studied by transfection in human hepatoma cell-lines, in
transgenic mice and in vitro. The main result of our previous
work is that, in general, the cloned genes contain, in their
5' flanking region, sufficient information for cell-specific transcription both in vivo and in vitro and that the same region
is essential for the induction or repression of transcription
caused by several macrophage secreted monokines. By
deletion and site-directed mutagenesis we have identified
several specific cis-acting elements and several proteins
that bind to them. During 1987 we have further characterized
this system. Several promoters from liver-specific genes can
be accurately and efficiently transcribed in vitro with nuclear
extracts from liver but not from spleen. On the basis of this
observation we have analysed in detail transcription from the
0;1 -antitrypsin (0;1 AT) promoter. From the results of experiments using transcription, site-directed mutagenesis, DNase
I footprint, gel retardation, oligo competition and protein
fractionation we have reached the following conclusions:

In the last few years we have investigated the mechanism
of gene expression in the hepatocyte. The spatial and temporal regulation of gene expression in liver is complex and
there are several induction-repression phenomena triggered
by hormones or xenobiotic substances. These phenomena
involve a large number of genes and there must be complex regulatory interactions which are responsible for the
maintenance of the differentiated state of the hepatocyte,
at the same time allowing for major changes in the specific
pattern of gene expression. We have concentrated mostly
on the regulation of transcription, and more recently, on
the identification of signal molecules which interact with
specific hepatocyte receptors and are responsible for inducing changes in gene expression. We have cloned and
sequenced several liver-specific genes and their expression

(1)
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(2)

(3)

the minimal segment
of liver-specific transcription contains the 5' flanking region from nucleotide
-137 to -2;
within this segment, in addition to the TATA box, there
are two domains, A and B, whose sequence is essential
for efficient transcription;
there is a liver-specific protein, LFa1, that binds specifically to the wild-type sequence of the A domain,
whereas several different proteins bind to the B domain in a mutually exclusive fashion. Of these only
one, LFb1, can be shown to be a transcriptional activator, and is specifically present in liver and absent
in spleen, whereas the binding of the others is not
required for transcription. In particular LFb2 is also
present in comparable amounts in spleen, whereas

(4)

Fb3 is liver-specific. The observation that these last two
proteins can bind to the B domain to the exclusion of
LFb1 suggests the possibily that they might function as
repressors.
LFa1 and LFb1 recognize sequences present in the 5'
region of several liver-specific genes. It is interesting
that, so far, only the 0:1 AT promoter binds to both,
whereas the other genes bind to either LFa1 or LFb1
(in combination with other proteins).

8
• •
PLATE 26

The complex between the 0:1 AT promoter and the various
liver-specific trans-acting factors is shown in schematic form
in Plate 26. LFa1 and LFb1 have been purified to homogeneity and work is in progress to clone the corresponding
genes. These data, together with preliminary information
on several other liver-specific genes, indicate that each
gene has binding sites for only a subset of all liver-specific
trans-acting factors, so that the transcriptional complex of
each gene, by virtue of the specific combination of its
components, has a unique structure. This could account for
the observation that liver-specific genes are transcribed at
widely different rates and in response to different stimuli.
Transcription of several liver-specific genes is affected by
treatment of the cells with the conditioned medium from
macrophage cultures (MoSN). This phenomenon is particularly interesting because in the liver hepatocytes are in close
contact with Kupfer cells, a specialized type of macrophage.
It is therefore an attractive possibility that the maintenance
cf the differentiated state in the hepatocytes depends on
the paracrine influence of the neighbouring macrophages.
We have concentrated on the haptoglobin gene which is
activated, and on the ApoA1 gene, which is repressed.
Dissection of the 5' flanking region of both genes has
allowed to identify the DNA sequence responsible for the
positive and negative response respectively. In parallel we
have identified the molecules present in the MoSN which
are responsible for these effects: Interleukin 6 (11-6) is a
strong activator of haptoglobin gene transcription whereas
treatment of cells with transforming growth factor j3 (TGF-j3)
represses ApoA 1 transcription. These observations are the
starting point for the investigation of the pathway that links
the events at the level of the cell membrane with the nuclear

events: we are trying to identify the trans-acting factors
whose concentration or activity is modified by IL-6 and
FTG-j3.
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Molecular genetics of protein folding and assembly

Scientist: G. Cesareni
External fellows: A. Luzzago
Predoctoral fellows: G. Bottaro*, J.A.H. Murray
Visiting workers: L. Castagnoli*, C. Cicala*, M. Helmer-CiUerich*, I. Pernice*, M. Scarpa*
Technical assistants: J.M.X. Hughes, D. Kirk*

This year the main interest of our group has been the identification and characterization of the "factors" that determine
the correct folding of a protein and the stability of its native
conformation. Work has also been carried out, by part of the
group, to characterize the molecular details of the interaction
between Rop/RNAIIRNAII in controlling the copy number of
CoIE1 plasm ids, and the regulatory mechanisms that control
the copy number and the stability of the yeast 2 p plasmid.
This work, together with the further characterization of some
yeast small RNAs, was introduced in last year's report, and
the results are discussed in the publications listed at the end
of this report.
Molecular genetics of protein folding

We have chosen two simple model systems to approach
some of the questions relating to protein folding and stability.
The proteins that we are studying are Rop, a 63 amino-acid
peptide involved in the mechanism that controls the copy
number of CoIE1 plasmids; and the H-chain of ferritin, an
iron storage protein with ferro-oxidase activity. Both peptides
are essentially a-helical, but differ in the degree of multimerization of the native protein. Rop is a dimer, while ferritin
assembles in a cage composed of 24 monomers, and is
therefore a simple model system with which to approach the
study of the assembly of complex multimeric structures. Our
approach is based on a combination of molecular and classical genetic techniques and involves collaboration with various groups which contribute different expertise: x-ray crystallography (Tsernoglou, EMBL; Kokkinidis, Crete; Harrison,
Sheffield); NMR (Rosch, MPI Heidelberg); microcalorimetry
(Hinz, Regensburg); computing (Argos & Sander, EMBL).

Rop

The structure of Rop has been solved at 1.7 A resolution
by Banner et a/. (1987); it is formed by two a-helices connected by a sharp bend. The monomer has a hydrophobic
surface that is involved in the formation of the dimer. Two
of the projects that we have started aim at understanding
the amino-acid sequence requirements, if any, of the bend
region and at defining the meaning of "complementary surfaces" in protein-protein interaction. To approach the first
point, we have isolated several mutations in the loop region
(Plate 27). However we have not succeeded in creating a
single mutant that does not fold properly. Some of these
mutations are as drastic as the insertion of two amino-acids
or a deletion of 5 amino-acids. This latter mutant has been
crystallized and the structure solved by Michael Kokkinidis.
The comparison between the wild- type and the mutant
structures in Plate 28 indicates that the deletion of 5 aminoacids does not drastically alter the Rop main chain scaffold,
and that a minor rearrangement in the loop region suffices
to reform the proper connection between the two a-helices.
Furthermore we have shown that the bend region of Rop
is rather insensitive to insertion of extra amino-acids (up to
14) and we propose that the compact structure of Rop can
be efficiently used as a scaffold for the insertion of simple
amino-acid sequences of predetermined structure and/or
function.
Although these results seem to point to a passive role for the
Rop loop in the folding process, a detailed thermodynamic
analysis allows us to order the mutations (substitutions,
deletions, insertions) in a hierarchical order according to
the stability of the resulting protein. These measurements
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PLATE 27
The mutants that have been constructed are indicated on schematic
structures of the Rap monomer.
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provide therefore a quantification of the "propensity to bend"
of the relevant amino-acid sequences.
As a simple approach to the second question (complementary protein surfaces), we have designed mutants that
should allow us to determine the penalty of introducing a "hydrophobic hole" between two otherwise closely interacting
protein surfaces like those involved in monomer-monomer
contact in the Rop dimer. Analysis of the melting temperatures of these mutants indicates that the substitution of
a leucine with a valine is tolerated, at least in the two
positions that we have tested, leu41 and leu48, but results
in a decrease in the stability of the mutant protein. Ala in
analogous positions results in unstable proteins. Detailed
thermodynamic analysis is in progress in the laboratory of
H.-J. Hinz in Regensburg.
Ferritin

Our interest in ferritin is twofold. First we should like to
understand the mechanism of iron uptake, and second we

96

are interested in the process of assembly of the monomer
into the native structure made up of 24 subunits. The first
project is in collaboration with the groups of P. Arosio in
Milan and of P. Harrison in Sheffield.
For the second project, we felt that the availability of a
simple genetic screening for ferritin assembly in E.coli would
greatly facilitate the identification and the analysis of interesting mutants and would allow us to make extensive use
of random directed mutagenesis.
The scheme that we have developed is illustrated in Plate
29. It is based on a fusion between the H-chain of ferritin
and the a-peptide of the enzyme ,B-galactosidase. The
two (in frame) coding sequences are separated by an amber codon. In an E.coli strain containing a supE amber
suppressor, approximately 90% of the amino-acid chains
terminate after the ferritin monomer. In the remaining 10%
of the cases the terminator is suppressed, and a fused
protein is synthesized. The fused protein can participate
in the assembly process and, because of the topology of

PLATE 28

Comparison between the structure of the wild type Rop (Banner et
al. 1987) and of the mutant carrying a deletion of five amino-acids
in the loop region.

>
PLATE 29

Schematic representation of the method used to isolate ferritin
assembly mutants. Rectangles and circles represent the ferritin
monomer and the a-peptide of ,B-galactosidase respectively.
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the carboxy term inus of ferritin, the a-peptide domain is
incorporated inside the apoferritin cage. As a consequence
no ,8-galactosidase activity can be identified inside the E.coli
cell. In the case of a ferritin assembly mutant however, the
a-peptide is not segregated into a close compartment, and
is free to perform its enzymatic function. The two situations
that we have just described can be easily discriminated on a
Petri dish by using a chromogenic substrate for the enzyme
,8-galactosidase. By using this method we have isolated
several mutations that do not allow for the formation of a
native apoferritin structure, and we have identified some of
the amino-acid contacts that are important for ferritin folding
and assembly.
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U snRNA gene transcription

Gene-specific chromatin (M. Beer)

We have continued our analysis of Xenopus laevis U snRNA
gene promoter structure. The genes under study this year
were U2, US and U6. The former two genes are transcribed
by RNA polymerase II. In both cases their promoters contain
an octamer motif (part of the distal sequence element (DSE),
or enhancer) and a functionally similar proximal sequence
element (PSE). There are however structures within the two
promoters which are not identical. The U2 DSE for example
contains a functional binding site for the transcription factor
Sp1, while the US DSE does not. Similarly the US DSE
contains a factor binding site not present in the U2 DSE.
Functionally the two DSE elements are also different. Mutation of individual factor binding sites within the US DSE
results in complete inactivation of the DSE. In contrast
mutation of individual factor binding sites within the U2 DSE
results in only a partial inactivation, indeed under some
(non-competitive) assay conditions these individual mutations have no measurable effect on U2 DSE activity. A factor
present in HeLa cell nuclei which recognizes and binds to
the octamer motif (present in all U snRNA gene promoters)
has been purified to homogeneity by oligonucleotide affinity
chromatography.

In studies of eukaryotic gene regulation the template activity
of naked DNA in the presence of cell extracts is explored.
The complexes formed by protein factors and the DNA are
believed to resemble the chromatin in the cell. However a
direct comparison between the complexes and chromatin is
not possible, since no general method exists for studying
gene-specific chromatin. Using the U2 genes of Xenopus,
we are attempting to develop such procedures. We are
cutting chromatin with restriction enzymes, chewing back
with T7 exonuclease (which digests the S' end), annealing
a biotinylated oligonucleotide which is complementary to
the protruding 3' tail of the gene of interest; then binding
to it streptavidin-colloidal gold. Such preparations can be
examined in the electron microscope, since the gold label
identifies the gene of interest. In addition the chromatin fragment labelled with gold can be separated by centrifugation.

In collaboration with the group of Alain Krol (IBMC, Strasbourg) we have investigated the Xenopus U6 gene promoter structure. Although this gene is transcribed by RNA
polymerase III (rather than polll) its promoter shows both
functional and sequence homology with the previously defined PSE and DSE structures of the U2 gene. Indeed it
was possible to demonstrate that at least one transcription
factor, that which recognizes the octamer motif, is capable
of binding to both promoters and enhancing transcription of
both genes.

The procedure for separating nucleic acid-containing structures by centrifuging after colloidal gold labelling is also
being exploited as a rapid method of separation of U2
transcription complexes from the crude extracts in which
they are formed.
RNA-protein interactions in U snRNPs
The major effort this year has gone into developing a
procedure for U snRNP assembly in vitro. This has been
successful for the U1 snRNP. Using U1 snRNA made in vitro
with T7 RNA polymerase and protein extracts either from
Xenopus eggs or HeLa cell nuclear extract we have shown
that structurally correct U1 snRNPs can be assembled in
vitro. The major benefits of this work so far have been the
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definition of binding sites on U1 RNA for various U1 RNP
proteins, and the surprising demonstration that although
there is a preferred pathway of order of addition of proteins
to the growing RNP, there is not a defined, unique, order
of assembly. Currently we are trying to determine whether
or not the assembled U1 snRNPs are functionally active,
which, for technical reasons, is extremely difficult. In addition
we are using the in vitro system to define better the binding
sites for individual U1 RNP proteins.
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Regulation of vaccinia virus transcription

Scientist: H. Stunnenberg
Predoctoral fellows: H. Lange, M. del Mar Vivanco-Ruiz*, B. Schwer, J.e. Vos
Visiting workers: J. Meyer*, J. Russo*
Technical assistants: J. Schmitt, L. De Magistris

Vaccinia virus is widely known for its role as a live vaccine
in the eradication of small pox. Furthermore, vaccinia virus
can be used as an eukaryotic expression system through
the insertion of foreign genetic information into an infectious
recombinant virus. This possibility caused a renewed interest in vaccinia virus with the major goal of constructing multipurpose live vaccines. We have focused our research on
studying the mechanisms involved in the temporal regulation
of gene expression and the molecular basis of its early to
late switch in specific transcription. Vaccinia virus is unique
with respect to its cytoplasmic location in the host throughout
its life-cycle. The viral genome consists of a double-stranded
linear DNA molecule of 187 kb with hairpin-loop structures
at its termini and potentially encodes 200-300 polypeptides
which include enzymes necessary for viral transcription and
replication. Furthermore, the regulatory sequences (early as
well as late) are virus-specific and are not recognized by
eukaryotic or prokaryotic RNA polymerases and vice versa.
Late vaccinia mRNAs are discontinuous
Vaccinia virus regulates its gene expression in a temporal
fashion. The activation of early genes prior to viral DNA
replication is accompanied by a shut-off of host transcription
and translation. Genes expressed after DNA replication are
classified as late (reviewed by Moss, 1985). Our and other
investigations indicate that the activation of the late genes
is not merely the consequence of the presence or absence
of activator or repressor molecules but rather the mode of
transcription changes upon switching from its early to late
phase. While early genes are transcribed from a contiguous
DNA segment as revealed by S1 mapping, primer extension
and cDNA cloning (Yuen & Moss, 1986) late transcripts
are discontinuously synthesized, containing an untranslated
leader sequence upstream of the coding body of the gene
which is not co-linearly encoded in the genome (Bertholet
et al., 1987; Schwer et al., 1987). We have shown that
the discontinuous leader consists of an almost discrete and
homopolymeric A-stretch of approximately 35 A-residues
preceded by a m7 -G cap structure, which we refer to as

a poly(A) head (Schwer et aI., 1987). The junction between
this poly(A) head and the coding body of the messenger
is located within a TAAAT sequence motif (Bertholet et al.,
1987; Schwer et al., 1987). This motif is highly conserved
and only present in late genes; mutations within it abolish expression (Hanggi et al., 1986). The fact that late transcripts
have a 5' poly(A) head raises intriguing questions about its
biological significance and the nature and specificity of the
vaccinia virus RNA polymerase in the different stages of the
infection cycle.
Late specific cell·free transcription system
The development of a cell-free system mediating accurate
transcription on exogenous DNA templates in vitro is a
prerequisite for studies on the mechanisms involved in
transcription regulation. We have established a cell-free
transcription system using Iysates of HeLa cells in the late
phase of virus infection. Late genes are faithfully transcribed
in this extract whereas cellular polll and pol III promoters are
not recognized. The in vitro transcripts synthesized in our
extract are indistinguishable from the mature in vivo RNAs
in that they have a poly(A) head of approximately 35 nucleotides at the 5' end which is not co-linearly encoded in the
externally added template. The poly(A) head is synthesized
de novo and its formation appears to be directly coupled to
the transcription of the gene. These. results are consistent
with a slippage mechanism as postulated for the late type
of phage T4 transcription in vitro (Kassavetis et al., 1986).
If transcription initiation starts on three A-residues in a row
positioned at the beginning of the RNA chain, the primary
pppApApA transcript might be laterally shifted in a 3'
5' direction and the proximal T-residue on the coding DNA
strand becomes unpaired. This T-residue can be transcribed
and as a consequence four A-residues are obtained at the
5'-end of the transcript. Several rounds of slippage and
transcription would result in a 5' terminal poly(A) sequence.
Longer runs of A-residues would probably be generated
at increasing ATP concentration. We have established that
late viral transcription initiation in vitro starts on the first
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or second A-residue of the TAAAT motif of the vaccinia
promoter using dinucleotide primers. The gradual decrease
in the level of runoff transcription and the simultaneous
reduction in the length of the poly(A) head at decreasing
ATP concentrations, which we obtain in vitro, is compatible
with the proposed slippage model. Finally, the microheterogeneity in the length of the poly(A) sequences observed
in vitro as well as in vivo might be an intrinsic property
of the slippage mechanism. Additional experiments have
to be done to provide conclusive evidence concerning the
mechanism of the synthesis of poly(A) head transcripts. The
data obtained in vitro are consistent with a slippage model,
but a novel type of primed initiation mechanism cannot be
ruled out yet.

Cis-acting sequences confer specificity
to the process of poly(A) addition
The conserved TAAAT sequence motif plays a crucial role
in the transcription regulation of vaccinia virus late genes.
It is not possible, however, to investigate the effect of
mutations within the conserved TAAAT motif on the process
of poly(A) addition because this sequence motif is essential
for transcription. We have, therefore, studied the effect
of mutations in the sequences flanking the TAAAT motif
(proposed consensus: T/A T/A TAAAT G Pu Pu) on the
level of expression and poly(A) addition. Introduction of
a pyrimidine into the purine stretch downstream of the
motif reduces the level of RNA synthesis. RNA sequencing
reveals that neither the presence of the poly(A) head nor the
junction site between the leader and sequences co-linearly
encoded in the genome are affected. We can show by primer
extension and subsequent m7 G cap selection of cDNA/RNA
hybrids that the number of A-residues present at the 5' -end
of mature, capped transcripts is variable depending on the
mutation. Wild-type 11 k transcripts obtain approximately
35 A-residues whereas transcripts from the mutant
(sequence -AAAGGA- downstream of the TAAAT motif)
have a more variable A-head of 20-35 nucleotides in length.
Our findings might imply that the poly(A) head at the 5'
termini of transcripts from different late vaccinia genes do
not necessarily have to be identical in size.
Vaccinia as a eukaryotic expression system
Several features which are characteristic for vaccinia virus
can be exploited in using the virus as an expression system.
First, foreign DNA (>25 kb) can be stably inserted into
an infectious virus. Secondly, vaccinia has a very wide
host range allowing infection of almost every eukaryotic
cell-line of different origin. This opens up the possibility
of studying tissue-specific post-transcriptional modifications
and testing whether these modifications have an effect on
the biological activity of the protein. We have developed
recombination vectors based on the strong 11 k late promoter which we have successfully used for the expression
of high levels of foreign polypeptides (up to 2-5 j-lg/1 06 cells
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in 12 hrs). We have expressed several different proteins
e.g the DNA polymerase-pTP replication complex of adenovirus, secretory proteins (e.g. interleukin-6, TGF, inhibin,
IGF I and antithrombin III). Furthermore, we could show that
post-translational modifications (glycosylation or phosphorylation), intracellular sorting and transpcrt into the nucleus are
occurring faithfully in vaccinia infected cells even in the late
stage of infection. Currently we are exploiting the system
with an emphasis on tissue specific processing of growth
factors (e.g. interleukin-6, IGF and TGF)
Expression of active adenovirus DNA
polymerase and preterminal protein
Initiation of adenovirus (Ad) DNA replication occurs by a
protein-priming mechanism in which the viral precursor terminal protein (pTP) and DNA polymerase (pol) as well as
two nuclear DNA-binding proteins from uninfected HeLa
cells are required. Biochemical studies on the pTP and DNA
polymerase proteins separately have been hampered due
to their low abundance and their presence as a pTP-pol
complex in Ad infected cells. We have constructed a genomic sequence containing the large open reading frame
from the Ad5 pol gene to which 9 base pairs from a putative
exon were ligated. When inserted behind a modified late
promoter of vaccinia virus the resulting recombinant virus
produced enzymatically active 140k Ad DNA polymerase.
The same strategy was applied to express the 80k pTP gene
in a functional form. Both proteins were overexpressed at
least 30-fold compared to extracts from adenovirus-infected
cells and, when combined, were fully active for initiation in
an in vitro adenovirus DNA replication system.
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Biochemistry of thyroid differentiation
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The biosynthesis of thyroid hormones requires a complex
array of functions, whose expression constitutes the differentiated phenotype of the thyroid follicular cells. Many of
the thyroid-specific functions (i.e. synthesis of thyroglobulin,
trapping of iodide, expression of a thyroid-specific peroxidase, presence of a functional thyroid-stimulating hormone
(TSH) receptor, a defined cellular morphology and a typical
tissue organization) have been described. In addition, the
availability of a rat thyroid cell-line (FRTL-5), which expresses in vitro most of the thyroid differentiated functions,
makes the thyroid system a convenient one to study the
maintenance of the differentiated state. We have previously
cloned both the cDNA and the gene for rat thyroglobulin.
In addition the promoter of the gene has been identified.
It consists of a short DNA fragment of 170 base pairs that
contains the transcription start site. This short DNA segment contains signal(s) for the thyroid-specific expression
of the thyroglobulin gene. It promotes transcription only if
introduced into the differentiated thyroid cell-line FRTL-5.

Definition of the cis- and trans-acting
signals necessary for the thyroid-specific
expression of the thyroglobulin promoter
We have shown that nuclear extracts prepared from the
FRTL-5 cells contain a protein (TSF-1) which binds to the
-70 region of the rat thyroglobulin promoter. We cannot
detect any TSF-1-like activity either in cell-lines that do
not express the thyroglobulin gene or in virally-transformed
FRTL-5 cells, which have also lost the ability to express
the thyroglobulin gene. A mutation in the TSF-1 binding
site abolishes both the binding of TSF-1 and promoter
activity suggesting that the observed binding is essential for
promoter function. In addition, the TSF-1 binding site, cloned
in front of the thymidine kinase promoter, stimulates transcription in FRTL-S cells. We conclude that thyroid-specific
expression of the thyroglobulin promoter is controlled, at

least in part, by the exclusive presence in the thyroid cells
of a transcription factor essential for the function of the
thyroglobulin promoter. To obtain enough material to purify TSF-1, we prepared nuclear extract from calf thyroid
and demonstrated that calf TSF-1 is able to recognize the
rat promoter as well as rat TSF-1. The protein has been
purified by chromatography on blue-sepharose, and affinity
chromatography on a sepharose column to which we covalently attached a synthetic oligonucleotide containing the
sequence of the TSF-1 binding site. In two purification steps
TSF-1 has been purified about 1ODD-fold, but still shows
several bands on SDS-PAGE. We are introducing several
other mutations in the thyroglobulin promoter in order to
identify all the signals necessary for promoter activity. We
have contructed first, by site-directed mutagenesis, a mutant
that contains two restriction sites in the promoter, which are
unique in the plasmid in which the promoter is inserted.
This will allow us to exchange rapidly segments of the
promoter with synthetic double-stranded oligonucleotides,
each carrying five base pair substitutions. We will then have
a collection of mutants which will cover most of the promoter
sequence and whose in vivo activity should identify all the
sequences essential for promoter activity.

Isolation of thyroid-specific genes
We want to extend our observations on the thyroglobulin promoter to other thyroid-specific genes, to determine
whether or not there is a common mechanism of selective
transcriptional activation. To this end we are constructing
a thyroid-specific cDNA library, which might also be useful
in the attempt to isolate the gene for TSF-1. The library
will be constructed in a A-based vector constructed by us,
which allows expression of the cloned cDNAs in animal
cells. We have also devised a new cDNA cloning procedure
which should allow the directional cloning of cDNAs with
high efficiency.
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Identification of genes necessary for
the maintenance of the differentiated
phenotype in thyroid cells
The expression of the thyroglobulin promoter is a differentiated phenotype of the FRTL-5 cells. We are fusing the
promoter to several markers which allow selection against
their expression. The three markers that we have chosen
are: a surface antigen (the lymphocyte-specific antigen T8),
the Eco-gpt gene and the gene coding for the catalytic
moiety of the diphteria toxin. We will then construct a cell-line
carrying all these markers under the control of the thyroglobulin promoter and we will select, after mutagenesis by
viral insertion, against their expression. The mutants should
be in the gene(s} responsible for the maintenance of the
differentiated phenotype in the FRTL-5 cell-line. The use of
a virus for mutagenesis should allow a simple recovery of
the mutated gene(s}.

sis. The thyroglobulin fragment, which is synthesized in
good yield in E.eoli fused to the S.aureus protein A, has
been purified, iodinated in vitro and shown to be able to
synthesize hormone in vitro. We have also shown that
the efficiency of hormone synthesis (as measured by the
ratio hormone/iodinated tyrosines) is higher than the one
obtained with other proteins iodinated in vitro (e.g. bovine
serum albumin) but is very close to the efficiency of the
entire thyroglobulin molecule. The next step will be to test
whether the hormone is iodinated at the tyrosine residue
known to be involved in hormone biosynthesis in vivo.

Publications during the year
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Structural requirements in the thyroglobulin
molecule for thyroid hormone biosynthesis
(In collaboration with Dr. L. Lamas, Dept. of Exp.
Endocrinology, Madrid, Spain)
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We have introduced into a prokaryotic expression vector a
segment of thyroglobulin cDNA, coding for 250 amino-acids
at the carboxyl-terminus of the protein. This region contains
one of the two main sites for thyroid hormone biosynthe-
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Structural and functional analyses of splicing complexes

Scientist: A.1. Lamond*
Technical assistant: U. Ryder*

Background information

The excision of ihtervening sequences, or introns, from nuclear mRNA precursors (pre RNA) involves the interaction of
the pre RNA with specific trans-acting factors. These factors
associate with the pre RNA to form a complex structure
that is termed a spliceosome. It is known from studies of
spliceosome assembly in vitro that the spliceosome is a
large structure (50-60S) which assembles in a stepwise
pathway. Multiple small nuclear ribonucleoprotein particles
(snRNPs), including U1,U2, U4, U5 and U6 snRNPs, are
sub-units of either the spliceosome or of pre-splicing complexes. Additional protein factors, which are at present
poorly characterized, are also required for spliceosome assembly. The interaction of the snRNPs and protein factors
with preRNAs is dependent upon specific cis-acting signals
on the pre RNA, which are primarily located at the 5' and 3'
exon/intron junctions. Using native gel mobility retardation
assays the assembly of mammalian spliceosomes in vitro
can be resolved into at least three kinetically separable
steps, involving the sequential binding of U2, U4, U5 and
U6 snRNPs in an ordered pathway. This assembly pathway
involves not only the binding of snRNPs, but also snRNP
release, as U4 snRNP appears to be absent from the mature
spliceosome although it is present in a pre-splicing complex. The analysis of mutant pre RNA substrates shows that
certain alterations of the conserved splice site sequences
block spliceosome assembly at different stages of the pathway. This can even result in the accumulation of normally
transient complexes, thereby greatly facilitating subsequent
biochemical characterization.
Prospectus

We are studying the pathway of mRNA splicing in mammalian cells with the aim of understanding how gene expression in higher eukaryotes may be regulated at the

post-transcriptional level. These studies are proceeding in
two major directions:
(a)

More detailed analysis of the structure and composition
of spliceosomes and pre-splicing complexes. Regions
of contact between the preRNA and snRNP complexes
during the different stages of spliceosome assembly
are being mapped using a combination of nuclease
protection and oligonucleotide interference assays. For
these hybrid interference mapping experiments we are
developing, in collaboration with Brian Sproat, modified
oligoribonucleotides which are resistant to ribonuclease
degradation. We are also attempting to improve methods for affinity purifying splicing complexes in order
to characterize the RNA and protein components in
greater detail. It is intended that this analysis will be
extended to include an examination of spliceosome
structure in the electron microscope. This should provide valuable information about the arrangement of
sub-units in the spliceosome and may also reveal
salient features of the preRNA-snRNP interactions.

(b)

The development of a suitable model system with
which to study the molecular mechanisms responsible
for modulating the activity of the splicing apparatus
presents a major challenge to further progress in the
field of post transcriptional control of gene expression.
Most of the current in vitro studies on mRNA splicing
have concentrated on the analysis of constitutively
spliced introns in crude extracts prepared from HeLa
cell nuclei. In order to extend our understanding of
splice site selection to cases where introns are spliced
in a cell type-specific fashion we are investigating the
efficiency of splicing extracts prepared from both alternative cell lines and tissue sources. The long term aim
of this project is to reproduce in vitro the phenomenon
of regulated splice site utilization.
105

Physical Instrumentation Programme

Introduction

Many of the planned features of the CryoSTEM built at
EMBL and the extensively modified VG commercial STEM
have now been largely completed. Together these instruments represent a wide range of capabilities which promise
to be important in several fields of biological research.
Increased emphasis can now be placed on applications. A
number of new collaborative projects have been set up and
it is expected that these will begin to yield results during the
coming year.
The implementation of the VME standard for the development of data acquisition systems is now well under control.
The CryoSTEM and the HB5-STEM are now interfaced to a
powerful 32-bit microprocessor and connected to the local
area network. The use of UNIX as an operating system
for electron microscopy will hopefully give us access to
well-designed, dedicated, image-processing software in the
future.
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Work is progressing on new detection systems for electrons,
to be implemented on the CryoSTEM. Detailed designs
of the silicon detectors have recently been sent to three
European manufacturers. The c'3sign of a multi-processor
system able to cope with the large amount of data has been
finalized.
After remodelling of the x-ray laboratory, two different commercial area detector systems were installed for the purpose
of evaluation during the coming year. Crystallographic software development (also in the context of an EEC collaborative effort) has continued.
The confocal beam scanning laser microscope, designed
as a successor to the previously developed stage scanning
device, is now available to the biologists.

Electron microscope development

Scientists: A. Jones, M. Haider, W. Tichelaar
Visiting workers: M. 8eer*, E. Carlemalm*, S. Lanio
Technical assistants: J. Khazaie, R. Morrison, G. Schafer

CryoSTEM

Multi-detector system

The Mark 1 version of the multi-detector system described in
last year's report has resulted in a new and interesting imaging mode. This detector system differs from its predecessors
in that one half of the conventional slit system is replaced by
a wedge-shaped scintillator-light pipe combination. In normal operation, the spectrometer is adjusted so that the unscattered and elastically-scattered electrons (producing the
bright-field and dark-field images, respectively) pass through
the slit system while the inelastically-scattered electrons are
collected by the wedge-shaped scintillator. With this system
it is possible to obtain simultaneously bright-field, elastic
dark-field and inelastic images, either alone or in combination using the CryoSTEM's analog image-processing
system.
This new geometry has the advantage over existing systems
that the dark-field image is now produced by elasticallyscattered electrons only. Since the image content of
inelastically-scattered electrons is intrinsically of lower resolution than that of elastically-scattered electrons, dark-field
images produced by the new system are expected to be of
higher resolution than conventional dark-field images.
Plate 30 shows images of the same area of gold islands
on a carbon foil substrate using 4 different imaging modes.
Of particular interest are the filtered and unfiltered darkfield images (Plates 30b & 30d, respectively). The images
show clearly that except in the very thin specimen regions,

the conventional dark-field image which is produced by
multiple-scattered electrons (elastic+inelastic) gives poorer
resolution than the filtered dark-field image.
Further development of the modular detector system

During the first tests of the modular detector system
(MDS), difficulty was experienced in aligning the various
components of the double-deflection electron spectrometer
(DOES) and the MDS because of hysteresis in the soft-iron
circuit of the corrector elements. The corrector elements
have now been replaced using material with a lower residual
magnetism.
An improved light pipe for the filtered-dark-field detector has
been installed in order to increase the collection efficiency
and a new alignment procedure has been developed to
reduce the setting-up time for the MOS.
Parallel read-out for the electron energy loss spectrometer

Because of the sensitivity of biological specimens to
electron-beam-induced damage, the efficiency of the detector system is of primary importance. This is particularly
so in the case of electron energy loss spectroscopy. The
use of parallel read-out (e.g. a linear diode array) instead of
the conventional slit/scintillator can reduce the total electron
dose by a factor equal to the number of elements in the
000 to 2000).
detector array
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PLATE 30

Images of a standard test specimen (gold islands on carbon substrate) imaged in (a) filtered bright-field, (b) filtered dark-field, (c)
inelastic and (d) conventional dark-field modes.

e)

b)

d)

c)

Since the diode array can itself be damaged by electron
beam irradiation, we have developed a detector system in
which the incident electrons are converted by a scintillator
into photons which are in turn transmitted by a fibre-optic
plate to the diode array (Plate 31).
This assembly, together with a small printed circuit board
to drive the diode array, is mounted in a bellows-sealed
housing (Plate 32) which allows the parallel-read-out system
to be inserted in place of the conventional detector system
without breaking the vacuum of the microscope. This enables a fast change-over from imaging to spectral mode.
The high dispersion of the DOES makes possible a theoretical energy resolution of dE
eV using commercially
available diode arrays. In practice, the thickness of the
scintillator and the coupling between scintillator and detector
are equally important. The scintillator is a compromise between high sensitivity (increased thickness) and high spatial
resolution (decreased thickness).
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PLATE 31
CCD coupling with a fibre-optic plate and phosphor scintillator.

phosphor
vacuumsealing

m

i

1111

(i..

IIrl+H+llti'i'i"i'illll
rlii'i'i'ii'iIIII+H+HIII'Tf'FfTiII!
Ifl+H+lll'Tf'FfTilll
11+++++1
11T
ITIT++++-HII
TITI1T f
1 7I+H+HI
T TII
T 11i'iTi'i'M11f++HT1

11.- fi beroptic
CCD

PLATE 32

The resolution produced by the prototype detector was
approximately 8eV because of poor coupling in the commercial diode arraylfibre optic assembly. This has now been
replaced and the new system will be tested at the beginning
of 1988.

a second microcomputer data acquisition system identical
to that installed on the CryoSTEM has now been installed
on the HBS. The microscope will now also be linked via
Ethernet to the central VAX computer cluster for off-line
image processing.

The data acquisition system to be used in conjunction with
this detector (designed in collaboration with Richard Kempf
& Christian Boulin) will allow the detector to be used in spot
mode, an averaging mode for small areas and an elemental
mapping mode. This latter mode is a new development
which has a number of important advantages over previous
methods.

At the same time, the old Scan-converter-based display system was phased out and replaced by an EMBL digital frame
buffer and TV mode displays as used on the CryoSTEM. A
new communication processor/computer interface unit was
also installed in order to facilitate the inter-processor coordination of the various microcomputer-controlled modules.
The digital scan generator was also modified to provide
maximum compatibility with the CryoSTEM.

To produce a map of a specific element, it is necessary to
acquire three distinct images, at different energies selected
by the spectrometer. The new system is designed to acquire
simultaneously up to twelve images at different energies, i.e.
to produce simultaneously four different elemental maps. As
well as reducing the electron dose (and beam damage),
this method also minimizes the effect of electron beam
fluctuations and eliminates problems in registration between
images due to specimen drift during the long exposure times
required for sequential images.
A colour monitor will permit simultaneous display of the
various images for analytical purposes.
The HBS-STEM

Data acquisition system and control electronics

The HBS-STEM was originally linked on-line to one of the
Nord-10 minicomputers. With the demise of this computer,

Finally, a microprocessor-based corrector control unit similar
to that on the CryoSTEM was constructed and installed on
the HBS spectrometer.

Low-voltage SEM
As mentioned in last year's report, this is a new instrument
which is being designed and constructed in collaboration
with Prof. H. Rose and his group at the T.H. Darmstadt
and I.C.T. Munich, a manufacturer of semiconductor test
equipment interested in the commercial application of the
new instrument.
The initial design phase is now complete and work has
begun on the construction of the prototype instrument.
Freeze-drying system for specimen preparation

(see Mass determination)
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Biological applications
The
(a)
(b)
(c)

principal capabilities of STEM are:
convenient mass determination;
the imaging of small heavy atom labels;
localization of elements through energy loss spectra.

So far, our application work (see below) has mainly been
carried out on the HB5-STEM. Although the technical development of the CryoSTEM continues, this instrument is now
operational as well. Accordingly, an increased effort is being
made to recognize areas in biology in which the unique
features of the STEM can provide essential information.
Thus, with the support of the Director-General, we have
for some time been searching for additional microscopists
with biological interest who have a commitment to STEM.
In August of this year, Prof. M. Beer arrived from Johns
Hopkins University, Baltimore, to spend a sabbatical year
with the group. Since his arrival he has helped to set
up collaborations, particularly with the Gene Structure and
Regulation Programme. Early in 1988, Dr. E. Carlemalm
joined us from the Biozentrum, Basel, and he is working
on these collaborative projects. Some of these projects are
discussed in a later section.

Mass determination
This technique is the best-established application of STEM.
Because of the high efficiency and linearity of STEM darkfield imaging, together with the on-line computer connection,
the STEM is the most suitable instrument for fast and
accurate electron microscopic mass determination. TMV is
usually used as an internal standard with this technique.
This year's projects have been in collaboration with Steve
Fuller (see his report for further details). In one project,
the spherical hepatitis surface antigen (HBsAg) particle is
studied. Our aim is to determine the number of HBsAg
molecules in this particle. This determination will contribute
to establish whether or not the particle is icosahedral like
the hepatitis B virus, and thus, whether particle and virus are
assembled by the same mechanism. The first sample investigated contained predominantly fragments of different sizes.
The mass of the most abundant fragment was measured to
be 7.5+ 1.2 x 105 Da. The mass found for larger fragments
and some presumably intact particles could be interpreted
as multiples - up to six - of this value. These data suggest
that the HBsAg particle may consist of six structural units of
about 7.5 x 105 Da.
In the other project Sindbis virus and Semliki Forest virus
(SFV) are being investigated. They belong to the family of
the well-studied a-viruses. The budding of these viruses
is used as a model system to study cellular membrane
sorting processes. The understanding of the assembly of
these viruses requires a thorough understanding of their
structure. STEM mass measurement can contribute to the
determination of the triangulation numbers for the icosahedral packing of these viruses. The mass of Sindbis virus
was measured to be 49+1.6x106 Da. This value constitutes a confirmation of the T=3 and T=4 symmetry found
for the nucleocapsid and coat, respectively, in an electron
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microscopical structural investigation of vitrified particles by
Fuller. A T=3/T=3 arrangement, which could be concluded
from earlier measurements for SFV, can be ruled out. A new
mass determination of SFV is in progress.
These mass measurements were carried out by Willem
Tichelaar during a visit to the STEM facility at the
Brookhaven National Laboratories to circumvent the limitation set by the temporary lack of a computer on the
HB5-STEM, and to learn techniques which have been developed there, e.g. freeze-drying, mass-mapping and labelling
with heavy atom clusters. Compared to air-drying, freezedrying produces improved preservation of the object, and
decreased formation of a residual salt meniscus around it.
It not only contributes to the reliability of mass measurement
but also permits mass mapping, i.e. the determination of the
mass distribution within an object. Moreover, it is an ideal
preparation technique for labelling experiments using heavy
atom clusters (see below).
Prompted by these studies, the HB5-STEM cold stage has
been modified to permit freeze-drying to be carried out in
situ in the microscope. In addition, a freeze-dryer is being
designed (in collaboration with J.-C. Homo, Strasbourg) to
permit this operation to be carried out in a separate vacuum
system. A transfer system needed to transport freeze-dried
specimens to the microscope under vacuum already exists
in prototype form.

The structure of Escherichia coli RNA polymerase
(in collaboration with M.G. van Heel, Berlin)
RNA polymerase, an oligomeric protein of Mr 440,000,
which has not yet been crystallized, shows a relatively large
number of views in the electron microscope. We wish to
obtain for the most characteristic views a signal-to-noise ratio (SIN) that is higher than for individual molecular images.
The SIN can be increased by averaging if the orientational
freedom of the molecule with respect to the support foil
is taken into account. This freedom can be accounted for
by correspondence analysis and classification, which are
main elements of the single-particle analysis method we are
applying to the core enzyme (M r 380,000).
We established a procedure that is tailored for RNA polymerase. When compared with other cases to which the
method was applied, the a priori insight into the (number of)
classes to be expected is less, and the number of different
classes found is higher. We concluded an analysis of a set
of approximately 1000 molecular images recorded in STEM
dark field. (Experience had shown that the high contrast
obtained in this imaging mode can be advantageous for a
relatively small complex like RNA polymerase.) The result
of the analysis shows the averaged images for ca. 12 of the
most characteristic views. An analysis of an equally large
data set recorded in TEM bright field is in progress.
The results of these two analyses will be compared. They
will be used as input for the method allowing the a posteriori
determination of the relative angular orientations of projections, thus enabling the calculation of the three-dimensional
reconstruction of the object.

Labelling with heavy atom clusters
Because of its high collection efficiency in dark field, the
STEM is the most suitable microscope to visualize heavy
atom particles for the purpose of high resolution labelling
of aperiodic biological objects. At present, the most promising labels are an undecagold cluster and an dodecatungsten cluster, first applied and in part developed by the
Brookhaven STEM group. They determined that these clusters have a diameter of ca. 1 nm, and can be visualized
using a dose of 104 e/nm 2 .
We have recently succeeded in visualizing the undecagold
cluster with the HB5-STEM.
We wish to apply the clusters in the high resolution labelling
of the regulatory light chain in myosin of the bay scallop,
Aequipectans irradians (in collaboration with W. Jahn, MPI
Heidelberg & A.G. Szent-Gyorgyi, Brandeis). The regulatory
light chain can be reversibly detached from scallop myosin,
and has been successfully labelled with the undecagold
cluster.

We have succeeded in preparing suitable specimens of
scallop myosin and in visualizing the unstained myosin in
STEM dark-field. The project will continue in the new year.
It is also planned to apply labelling techniques to the localization of the single-stranded rRNA segments at the
surface of ribosomes. These segments bind complementary
oligonucleotides. The synthesis of these nucleotides as well
as their coupling to the undecagold cluster has already been
carried out by Brian Sproat. These complexes will now be
bound to the ribosomes and their positions determined by
STEM examination.
Another project in an early stage of development is the analysis of the structure of spliceosomes. Spliceosomes, complexes of RNA and proteins, are implicated in the processing
of mRNA. They have been extensively studied biochemically
by many groups, including those of Mattaj and Lamond at
EMBL. However, there is almost no structural information
on them. Starting in January, when Erich Carlemalm will
join the group, we shall begin electron microscopic studies
of these assemblies.
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Microcomputers and interfacing

Scientists, Engineers: C. Boulin, E. Cistac, A. Epstein, R. Kempf, P. Leyendecker, P. Tucker
Trainee: G. Frey*
Visiting worker: P. Jarron*

Microcomputing is now a well-recognized tool for instrumentation development. Nevertheless, careful attention has
to be paid to hardware standards, as well as to software
modularity and compatibility if project development is to be
kept within an acceptable time limit.
Future instrumentation will certainly benefit from recent developments of microelectronics at the level of analog and
digital electronics and also at the level of detection devices
and advanced sensors. Following the progress of advanced
technologies is not always easy as it usually involves important human and financial resources. Collaborations with
other laboratories like CERN or research groups in industry
have been established in order to gain easier access to
these new technologies.
Protein crystallography

Collaboration in the EEC area detector software project has
continued. Autoindexing code, including code for the case
where no a priori unit cell or crystal system information is
available, was completed and tested in a local version of the
software. The software has also been adapted for use with
the Heidelberg area detector (HD detector).
For crystallographic applications, the point spread function of the HD detector was felt to be limiting (although
recent results from the Daresbury Laboratory suggest it
can be improved considerably). Consequently an evaluation
of commercially available systems was started. Test data
collections on one type of commercial system at the MPI
(Hamburg) and at the University of Groningen and on a
second type at the MPI (Heidelberg) failed to demonstrate
the superiority of one system over the other. During the latter
half of the year, the x-ray laboratory was remodelled to allow
the installation of three different commercial area detector
systems for the purpose of evaluation during 1988. To date,
two of the planned instruments together with their top level
processors (a pair of microVAX II) and processing software
have been successfully installed and evaluation has recently
started.
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Details about the first applications to structure determination can be found on page 70 (ct. report Demetrius
Tsernoglou).
Contribution to synchrotron radiation data acquisition
systems

The multiwire area detectors built by Andre Gabriel at the
Grenoble Outstation are useful devices to measure smallangle scattering patterns produced by synchrotron radiation.
The kinetic study of macromolecular changes needs very
fast data collection systems in order to get good quality
data. One key feature in such a detection system lies
in the digitization of the event coordinates. Our present
detection systems use the delay-line method and, therefore,
event locations are characterized by timing informations.
We have put our efforts into the reduction of the dead-time
implied by this time to digital conversion step and have
now reached the limit one can reasonably expect with this
kind of system. The LRS 4208 (LeCroy, Geneva) based XV
read-out system which has been designed and produced
now works with a total dead-time of less than 400 ns,
including the 250 ns delay-line propagation time. The time
resolution of the system is 1 ns and therefore produces x-ray
pictures of around 250 by 250 pixels. This system has been
tested successfully at up to 600 KHz during last summer at
HASVLAB in Hamburg.
Collaboration with the European Synchrotron Radiation Facility in Grenoble (C. Riekel) has been started to provide
an area detector for the new institute and a data collection
system for use with a conventional x-ray source. Design
considerations have been decided so that the move from
CAMAC- to VME-based instrumentation can be carried out
in a cost- and time-effective way. The new system will be
operational by the middle of next year.
Collaborations with the groups of H. Stuhrmann (University
of Mainz) and H.G. Haubold (KFA, JOlich) working at HASVLAB have been pursued satisfactorily.

PLATE 33
Functional bloc diagram of the CCO detector data pre-processing
system (coloured in grey) and its hardware environment.
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Detectors and associated electronics for STEM
Our efforts have gone into two main projects: (a) interfacing
of the charge coupled device detector (CCD detector) to the
main data acquisition system; and (b) design of the silicon
detectors and their associated analog and digital electronics.
The CCD detector system, coupled to the spectrometer, has
been re-engineered and will allow both spectra handling
and imaging mode for elemental mapping. The design of
the digital system (CCD read-out, spectrum accumulation,
integration of regions of interest) and the construction of the
individual boards have been completed. Plate 33 presents
a block diagram of the Eurocard-based system. The system relies on the use of the ECB bus for the general
microcomputer-based operations (initialization, parameters
handling and communications). The main components of
the system are: (1) a dual ported RAM accessible from
the AID data and from the dedicated bus; (2) a memory
with a fast adder to implement spectra accumulation and
preprocessing in the imaging mode; (3) a microsequencer
unit which will carry out all the synchronization and fasttiming operations using the control part of the dedicated
bus. Interfacing to the VME main data acquisition system
is possible using the standard interface developed last year
for the existing system. Further developments will include
an analog real-time display unit to drive an oscilloscope as
it could help the user in setting up the system. This module
will have access to the data from the AID converter (single
spectrum mode) or to the accumulated data via the dedicated bus. Provision has been made in the design to be able
to add a correction unit for response inhomogeneities and/or
dark-current subtraction. Software development is going on
in order to provide communication with the microscope and
with the VME-based data acquisition system. The system is
expected to be operational in the beginning of 1988.
Following the first trials at the end of last year with ion
implanted silicon detectors we have worked both at the
design of an optimized silicon quadrant detector geometry
and at the design of a digital signal processor which is able
to cope with the large number of counting channels (128x 8
bits) and the processing speed (in the order of 2 j.£s/pixel)
required to compute the four pixel values expressed as linear combinations of the 128 channel values. All the detector
specifications have been worked out with the collaboration
of P. Jarron from CERN and have been recently submitted
to three silicon detector manufacturers in Europe.
To reduce the number of components of the counting part
(128x8-bit wide counters) of the digital pre-processing system we also produced the specifications for a dedicated
integrated circuit which may possibly be realized as an ASIC
(application specific integrated circuit) in a multi-chip project.
The chip contains 16 counters, associated to shadow registers, which can be read on two byte-wide buses.
The digital signal processor has a parallel and pipelined
architecture (four parallel processors as an input stage and
two extra-levels of pipeline) in which each processor card is
identical. These processor cards are built around two 8-bit
slices (TI-74 AS888) running at 1OMHz. The prototype card
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has been tested recently and boards can now be produced
in quantity to assemble the mUlti-processor configuration.
Writing of dedicated cross-software for the digital signal
processor is going on.
VME-based data acquisition systems
This year has seen major improvements in the hardware
and software for the VME-based data acquisition for the
CryoSTEM and the old HB5-STEM.
Both microscopes are now equipped with state-of-the-art
VME systems running under the Unix operating system.
Each system has 6 Mbytes of memory which enables simultaneous acquisition of up to four images of 1024 by
1024 pixels. The acquisition interface is able to cope with
the highest speed of the microscope's scanning logic and
therefore allows acquisition rates of up to 1 j.£s per pixel
in the case of one image and 2 j.£s in the case of 2 or
4 simultaneous images. Local mass storage is provided
in the form of winchester disks (50 MBytes which will be
upgraded soon to 150 MBytes) and a 60 MBytes streamer
tape for local backup of pictures. The software for data
collection and display on the microscope, previously written
for the Versados operating system, has been rewritten and
its user-friendliness has been improved at the same time.
The connection to the VAX cluster has been achieved via
the Ethernet local area network to enable archiving and
processing of images. The image file format is compatible
with the laboratory standard to avoid further conversion
steps. The next main development will consist of the addition
of large frame stores (1024 by 1024) and the implementation of existing image processing software used by the
microscopists on the VAX computers.
The analysis of the activity on a VMEbus backplane using an
oscilloscope or a logic analyser is not always an easy task.
The need for a dedicated VMEbus "logic analyser" became
clear during the debugging and integration of master and
slave VME modules. The VMEbus debugger module fits on
a standard double eurocard and is designed to monitor up
to one hundred bus signals. A hundred bit wide fast memory
is used to store the sampled signals at up to 30 MHz. Up to
64 K-words of memory can be installed on a piggy-back
card. The module is fitted with two serial ports allowing
the connection to a host compter and to a standard video
terminal where a window of up to to 70 clock samples and
20 signals can be analysed. Menu-oriented software allows
the user to scan through the available memory and set new
triggering and sampling conditions. Alternatively, the front
panel Leds can be used to visualize the logic state of the
most important signals.
Software development for a laboratory robot
This project was done in collaboration with the Biochemical Instrumentation Programme. The programming of a
microcomputer-controlled (Tandon PCA-20) automatic sample injector has been evaluated in order to define and pro-

duce the tools needed to build a user-friendly biochemical
workstation. Directly writing programs for such robots, in
Basic or any other language, is feasible but requires a great
deal of effort from the non-expert user and often leads to the
generation of code which is not easily understood by others
and therefore difficult to maintain. We defined some highlevel instructions closely related to the biochemical tasks to
be implemented with the device. When used with a dedicated, menu-based editor, high-level instructions simplify
life for the user as he will not be forced to remember all the
instruction codes and their associated syntax. The result of
the editing session is compiled and produces an executable
Basic program. Developments have also been done on a
Apple Mac Plus microcomputer and go one step further
with regard to the program generation tools. A graphical
editor has been written and tested. It produces compatible
high-level instructions so that the compiler written for the PC
can be used. This kind of program edition will certainly, in the
future, become a standard tool for robot-based biochemical
workstations.

improvements have been made to ease management of
disk space. Utilities have been developed including various
fitting and graphical programs. To test the automated pattern
recognition program a numerical simulation module of single
channels has been added.
Graphical presentation has been developed to meet users'
requirements. Additionally, the hard-copy driver has been
modified to increase the speed of graphic output. On the
other hand, we propose to develop an interactive, dedicated,
graphics utility to facilitate the creation of figures for publication. The size of the software package and the increasing
number of users has led to the writting of a new version of
the user manual.
To provide statistical characterization of the electrical properties of the bilayer, the software has to deal with large
quantities of data and therefore is quite demanding in terms
of computing power. Consequently, we have looked at
possible improvement of the present configuration with the
addition of an arithmetic co-processor.

Hardware and software for bilayer data recording and
analysis

Publication during the year

A second system has been built this year and delivered to
the users. The existing software has been extended with a
new set of programs for automatic detection and processing
for the opening and closing of single channels. Due to
the large amount of data produced by the experiments,

Stuhrmann, H.B., Bartels, K.S., Boulin, C., Dauvergne, F.,
Gabriel, A., Goerigk, G. & Munk, B. (1987). Resonant
x-ray scattering of biological systems. In Biophysics and
Synchrotron Radiation: eds. Bianconi, A. & Castellano, C.;
Springer Verlag, Heidelberg, pp. 257-272
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Light microscope development

Scientists: R.W. Wijnaendts van Resandt, E.H.K. Stelzer, C. Storz
Visiting worker: E. Soini*
Technical assistants: R. Pick, R. Stricker

The group is engaged in the development and application
of confocal scanning laser fluorescence microscopes and
the development of a scanning device for two-dimensional
electrophoresis gels. The latter project has, however, been
completed and the group has put all its efforts into the
development of confocal microscopy.

Gel scanner
(C. Storz)
The electronic components, the hardware and the software
have been completed and the instrument was tested with
autoradiographs supplied by Rodrigo Bravo. According to
these tests the goals have been achieved and the EMBL
now has a working instrument. Additional tests using the
scanner to read image plates (Yuichiro Maeda, EMBL Hamburg) have also been successful. The responsibility for the
scanner has been transferred to the Hamburg Outstation
where they intend to modify it to suit their needs.

Confocal beam scanning laser microscope
The confocal beam scanning laser microscope is the successor to the stage scanning device. In contrast to our
older design the microscope keeps the object completely
at rest and moves instead the beam across the object. This
is accomplished by moving one mirror in two axes for the
x/y movement and the objective lens up and down for the
z-movement. The principal set-up is outlined in Plate 34
and Plate 35 reveals some of the details. Photomultipliers
serve as detectors and provide a confocal fluorescence, a
nonconfocal fluorescence and a confocal reflection signal.
The microscope is controlled by a VME bus-based computer
system and provides a direct link to the VAX cluster. Images
can therefore be transferred to either of the VAXes and
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processed in a more adequate environment. The image size
is now 512x512 pixels, although all components have been
designed for a 1024x 1024 pixel field. The software on the
computer controlling the microscope provides all features
to record simple images, focal series, sections parallel to
the optical axis, for the calculation of stereo images, etc.
The performance of the microscope has been checked in
reflection on a polished surface. The discrimination along
the z-axis is 0.41 J.lm FWHM. Scanning a thin layer of
rhodamine along the z-axis we measured a discrimination
of 0.41 J.lm FWHM along the optical axis. Both numbers
compare very well with what can be expected at a wavelength of 514 nm and a lens with an N.A. of 1.3. From this
we conclude that the microscope is in fact operated at the
physical limit.
The microscope has only been offered to the biological community at the EMBL since autumn 1987 and has, therefore,
been used mainly to check preparation techniques and to
observe samples that are otherwise not observable such as
e.g. cells grown on nontransparent filters.

Publications during the year
Stelzer, E.H.K. & Wijnaendts van Resandt, R.w. (1987).
Nondestructive sectioning of fixed and living specimens
using a confocal scanning laser fluorescence microscope:
Microtomoscopy. Proc. SPIE, 809,130-137

van Meer, G., Stelzer, E.H.K., Wijnaendts van Resandt,
R.w. & Simons, K. (1987). Sorting of sphingolipids in epithelial MOCK cells. J. Cell BioI., 105, 1623-1635
Stelzer, E.H.K. (1987). Zur Bedeutung des konfokal arrangierten Rasterlichtmikroskops in der Molekularbiologie,
Ph.D. thesis, Heidelberg

PLATE 34
The optical layout of the confocal beam scanning laser microscope.
The light source is an argon ion laser. The expanded and spatially
filtered beam passes a polarizing beam splitter. is partially reflected
by a glass plate and scanned with a special mirror turnable in
two axes. The scanned beam falls through a camera lens into a
microscope objective and forms a light point moving across the

object. The fluorescent light emitted in the object is collected with
the same lens. The lens behind the mirror focuses the light into a
pinhole in front of a filter and a photomultiplier. For the conventional
set-up the mirror below the microscope objective must be turned
so that a transmission image may be viewed directly through the
eyepiece or via the monitor as it is recorded with a video camera.

PLATE 35
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PLATE 36
Madin-Oarby canine kidney (MOCK) cells grown on glass. The cells
had been grown on glass until they formed a dense monolayer.
They were then labelled to visualize the microtubules. The dye
is Texas Red. The images (a) through (h) where recorded at
different focal planes in the cell. The recording was automatic
and every image was recorded under the same conditions. The
vertical distance between the focal planes is approximately 0.4
f1.m. Images (a) through (d) show the structure of the microtubules
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between the apical membrane and the nucleus, images (e) and (f)
show the structure surrounding the nucleus and images (g) and
(h) the structures between the nucleus and the basal membrane.
The nucleus has been stained with OAPI and fluoresces enough to
contribute to a weak background. The field size is 24 p.m. (Prepared
in collaboration with E. Karsenti & B. Bacallao; cf. report by Eric
Karsenti, page 32).

Molecular motions and formation of differentiated domains in cellular membranes

Scientist: J. Davoust
Predoctoral fellows: C. Butor, P. Cosson
Visiting workers: R. BOlow*, G.E. Pollerberg*
Technical assistant: M. Kail

In both the endocytic and secretory pathways, membrane
proteins and lipids are transported by vesicular carriers to
precise destinations in the cell. Many of the components are
following a single route to intermediate compartments such
as the endosomes or the trans-Golgi network (TGN) before
being segregated into distinct vesicles. The localization of
the compartments involved in these sorting events has
required the use of both morphological and biochemical
methods in combination with inhibitory treatments such as
reduction in temperature, energy depletion, or drug addition.
So far little was known about the influence of cytosolic pH on
membrane transport. We have found that the acidification
of the cytoplasm below pH 6.8 could provide a new tool
to arrest at various stages both the endocytic and the
exocytic transport of membrane proteins and lipids. Under
these conditions, we noticed that clathrin-coated pits and
vesicles were more stable and presumably were unable to
depolymerize at low pH.
During this year, we have also examined new aspects of
lipid endocytosis using fluorescent and radioactive phospholipid analogs implanted at the cell surface and we have
performed two collaborative studies: one on the surface
mobility of the L 1 cell adhesion molecule in neurones and
one on the mobility of the variant surface glycoprotein which
is anchored in the plasma membrane of Trypanosoma brucei
by a phosphatidylinostol lipid tail.
Influence of cytosolic pH on membrane traffic

The aim of this study was to analyse the effect of a modification of internal pH (pHi) on different steps of membrane
transport distributed in both the endocytic and the constitutive secretory pathways. Two cell-types were used: (1)
baby hamster kidney (BHK) cells acidified be changing the
external medium and (2) Na+ IH+ antiporter deficient cells
(in collaboration with J. Pouyssegur, Universite de Nice,
France).

The acidification of the cell cytoplasm experimentally produced by lowering the extracellular pH was shown to block
endocytosis of solutes and membrane protein in two distinct
steps in baby hamster kidney (BHK) cells: first the formation
of endocytic vesicles, and second the delivery of endocytic
markers from an early endosomal sub-compartment to later
elements of the pathway. The transport between these endosomal sub-compartments was more sensitive to acidic pH
than the initial step of internalization to the early endosome.
Reduction of cytoplasmic pH to 6.2 blocked endocytosis
completely whereas at pH 6.8 endocytosis was restricted to
a sub-population of early endosomes from which recycling to
the cell surface occurs. Clathrin-coated pits, which normally
concentrate receptors and ligands to be internalized, were
still present at the cell surface of the acidified cells without
being able to pinch off from the cell surface at pH 6.2. As a
possible interpretation of these data we propose that clathrin
coated pits and coated vesicles may be unable to uncoat
because of the acidic pH. Under these conditions, new
clathrin triskelions would not be available for the internalization of surface membrane protein or of markers present in
the fluid phase. These predictions are being tested directly
by microinjection of fluorescently-Iabeled clathrin triskelions
into living cells followed by laser microphotolysis.
The Na+ IH+ antiporter-deficient cell-lines offer also an interesting system to investigate these questions because of
their inability to regulate their intracellular pH in the absence
of bicarbonate. These cells can be shifted at the mildly
acidic pH of 6.2 in less than 2 min, using a prepulse of
20 mM NH 4 CI followed by a wash-out avoiding the possible
interference of external buffers. The wild-type parent cells
that were able to regulate efficiently their cytoplasmic pH
were used as a control. Cytoplasmic acidification below pH
6.8 drastically reduced both the receptor-mediated endocytosis of transferrin and the endocytosis of two different fluid
phase markers: lucifer yellow and horse-radish peroxidase.
Intracellular ATP levels were unaffected and the same number of clathrin-coated pits were present at the surface of
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acidified cells. When the cytoplasmic pH recovered, both
fluid phase endocytosis and receptor-mediated endocytosis
resumed with normal kinetics.
Low cytosolic pH also reduces the rate of intracellular transport from the Golgi complex to the plasma membrane. This
was shown in cells infected by the temperature-sensitive
mutant ts045 of VSV (in collaboration with Ivan de Curtis).
The mutated membrane glycoprotein G can be accumulated
at 39° C in the rough endoplasmic reticulum (ER) and then
chased to the TGN at 19° C. When shifted at the permissive
temperature of 31 ° C, the transport of G-protein from TGN to
the cell surface was inhibited by acidification of the cytosol
below pH 6.8. Electron microscopy showed that budding
vesicles containing VSV-G protein were present in the TGN
(in collaboration with Gareth Griffiths). Recent data have
shown that reduction in both endocytosis and exocytosis are
similarly affected by depletion of energy and by reduction
in temperature. Our results indicate that acidification of the
cytosol to a pH below 6.8 also inhibits membrane transport
in both endocytic and exocytic directions.
Intracellular transport and surface distribution of lipids
Our knowledge of lipid traffic is still in its infancy compared
to what is known about membrane protein traffic. We have
developed this year a new method for the implantation
of water insoluble fluorescent or radioactive phospholipid
analogs at the cell surface of BHK cells. One of these fluorescent phospholipids modified on its polar head group can
now be used as a specific marker of the endocytic pathway
in living cells as shown both by fluorescence microscopy
and subcellular fractionation. The disruption of the microtubules had no effect on the rate of lipid internalization but it
modified drastically the pattern of intracellular endosomes.
In double-labelled cells, the phosphatidylcholine analogs
remained associated at the cell surface for longer times than
phospholipids having an artificial polar head group. These
studies offer a complementary view to the well-established
pathway of internalization of the surface proteins. Our data
as well as those from other groups indicate that animal cells
are presumably able to sort lipids in the outer leaflet of the
plasma membrane or of an early endosomal compartment.
In epithelial cells, theglycosphingolipids which are present
exclusively on exoplasmic leaflets are differentially distributed on the apical and basolateral domains of the plasma
membrane. Using monoclonal antibodies specific to glycosphingolipid determinants, we found previously an apical
localization of galactocerebroside and Forssman antigen
by immunofluorescence labelling performed either on intact
Madin-Oarby canine kidney (MOCK) cells or on semi-thin
frozen sections. Forssman antigen was also present in "cellderived elements" at contact sites with the permeable filter
support. This year, we have grown MOCK cells on tissueculture treated polycarbonate filters and collagen-coated
transparent filters. These new permeable supports have
several advantages over the previously used nitrocellulose
filters, such as the high accessibility to the basolateral membrane of the cells. We have performed quantitative surface
immunoassays and confocal scanning laser microscopy.
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Both methods showed a high density of Forssman antigen
on the apical domain of MOCK II cells. Forssman antigen
was detected on the basal surface of the cells facing the
filter but not on the lateral membrane. The basal Forssman
antigen could be present either in vesicle elements shed
in the filter, or in the basal plasma membrane and it could
playa role in the adhesion of the cells to the solid support as
reported for other glycolipids. Ultrathin frozen sections have
been obtained from cells grown on polycarbonate filters,
allowing the localization of glycolipids at the ultrastructural
level.
Surface mobility of cell adhesion molecules
(in collaboration with E. Pollerberg & M. Schachner, University of Heidelberg)
We have recently shown that the neural cell adhesion molecule N-CAM undergoes a differentiation stagedependent change in its surface membrane mobility (Pollerberg et al., 1986). Morphologically undifferentiated neuroblastoma cells in culture predominantly express the 140k
component of N-CAM (N-CAM 140), while they switch to
the more predominant expression of the higher molecular weight component (N-CAM 180) upon morphological
differentiation. This differentiation is characterized by the
extension of neurites and increased expression of neuronspecific features. The shift in expression of molecular forms
was found to be accompanied by a reduction in lateral
mobility within the surface membrane, suggesting a particular association of N-CAM 180 with the cytoskeleton.
Another neural cell adhesion molecule, the L 1 glycoprotein,
shows a similar although not identical appearance during
development in that it becomes detectable on some postmitotic and pre-migratory cerebellar neurons and appears
accumulated, together with N-CAM 180 and brain spectrin
at cell contact sites. Since N-CAM 180 and L 1 are tightly
associated with each other within the surface membrane
and may not act independently of each other in adhesion
we have investigated the relation in lateral mobility of L1 to
the different molecular forms of N-CAM. In morphologically
undifferentiated neuroblastoma cells, the lateral mobility of
L 1 is intermediate between that of N-CAM 180 and N-CAM
140, but upon morphological differentiation, L 1 assumes a
diffusion coefficient similar to that of N-CAM 180. These
observations suggest an association of L1 with N-CAM 180
or direct linkage of L 1 to the cytoskeleton.
Mobility of the variant surface glycoprotein of Trypanosoma brucei
(in collaboration with R. Bulow & P. Overath, MPI Tubingen)
The membrane form of the variant surface glycoprotein (mfVSG) is anchored in the plasma membrane of
Trypanosoma brucei by a dimyristoylphosphatidylinositol
residue connected via a glycan to the COOH-terminal
amino-acid. The glycoprotein molecules are tightly packed
forming a coat that is impenetrable to lytic serum components. About 107 VSG molecules are arranged at the
surface of each cell in a tightly packed single layer of
homodimers separated by a mean distance of about 40 A.

This dense packing may severely restrict the lateral diffusion of VSG molecules. Lateral diffusion of mfVSG was
measured by the fluorescence recovery after photobleaching technique. mfVSG labelled on the cell surface with
rhodamine-conjugated Fab fragments showed a high diffusion coefficient (D=1 x 10- 10 cm 2 /sec at 37° C) and up to
82% of the mfVSG were found to diffuse laterally in spite
of the close packing of proteins. Phospholipid mobility in
the plasma membrane of trypanosomes was characterized
by a diffusion coefficient of 2.2 x 10- 9 cm 2 /sec at 37° C.
The difference in mobility of phospholipid-anchored proteins
cannot be attributed to interactions with the cytoskeleton
because the fatty acyl chains do not cross the bilayer nor
can it be explained by an interaction with extracellular matrix
components because they are absent from the surface of
the trypanosomes. There remains the possibility that the
lateral mobility of glycoproteins is differentially modulated
by rather unspecific interactions between their polypeptide
and/or carbohydrate domains clustered at the surface of cell

membranes. The high fraction of mobile mfVSG molecules
is most likely a reflection of the homogenous properties of
the surface coat.
Publication during the year

Davoust, J., Gruenberg, J. & Howell, K. E. (1987). Two
threshold values of low pH block endocytosis at different
stages. EMBO J., 6, 3601-3609
Other references

Pollerberg, G.E., Schachner, M. & Davoust, J. (1986). Nature, 324, 462-465
Bulow, R., Overath, P. & Davoust, J. (1988). Biochemistry,
in press
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Biochemical Instrumentation Programme

Introduction

Several new instruments were developed and constructed
by this Programme during the year. Improvements in chemical and biochemical protocols were also introduced. Applications of the new devices and techniques will simplify
the work of scientists at EMBL and other laboratories. In
addition two practical EMBO courses, on "Automated DNA
Sequencing" and on "Microinjection and Electro-transfection
of Cells" were organized in 1987.
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Development of microanalytical techniques

Scientists, engineers: W. Ansorge, C. Schwager, J. Stegemann, R. Pepperkok
Student: H. Erfle
Visiting workers: A. Bankier*, V. Bronneke*, M.P. Gaub*, T. Kristensen*, A. Smith*, G. Volckaert*, H. Voss*

DNA sequencing
Several features of the EMBL device for non-radioactive
automated DNA sequencing, constructed by the group during last year, were modified and improved. The capacity
of the instrument was first extended to six and later to
ten clones for simultaneous on-line sequence determination
using fluorescent labels. New ideas and simplifications were
incorporated and the changes made in the detector and optics led to the construction of a device an order of magnitude
less expensive than the original design, expanding tenfold
its capacity, yet maintaining the performance. The latest
system for the laser excitation of the fluorescent bands will
simplify casting of the gels, variation of their thickness, and
allow the introduction of ready-to-use pre-cast gels as soon
as they are developed. In our laboratory we have tested the
pre-cast gels for DNA sequencing being introduced in Japan
by FUJI, but found them not suitable. Since the availability of
suitable ready gels would represent a great simplification of
the service sequencing, part of the efforts will be devoted to
their development, starting from the results of our previous
work (Ansorge & De Maeyer, 1980).
The data acquisition, processing and display have been
upgraded to cope with the increase in the capacity of the
automated device. Inclusion of colour graphics simplifies
interpretation of the sequence information. A link for communication with the VAX computer has been installed for
direct deposition of the sequence data.
The automated device from EMBL sequences on-line at
the speed of 80-100 bases per hour, resolving routinely
300-350 bases but capable of resolving around 500 bases.
The sensitivity is 2 x 10. 18 mol per band at the detection line
in the gel.

The accuracy in reading the sequence is limited if false
bands occur. An important factor in this respect is the purity
of templates used in the sequencing reactions. A simple
and rapid procedure for the preparation of M13 singlestranded DNA sequencing templates which does not involve
phenol extractions and alcohol precipitations was developed
in collaboration with T. Kristensen from the University of
Oslo. The DNA is bound onto a glass fibre filter, purified
and eluted. The simplified procedure takes less than 30
minutes, does not demand special skills or equipment and
is amendable for automation.
Work on development and construction of robot stations,
dedicated to the various tasks in the purification and preparation of the DNA sequencing samples, has been initiated
with the help from our mechanical and electronics workshops and from the construction office. We will simplify
and optimize the biochemical procedures by automating
the DNA purification, sequencing reactions, gel loading and
on-line sequence reading, as required for the sequencing
service station. The dideoxy sequencing reactions were
automated on an industrial robot from Beckman and we
started using it routinely.
Another factor affecting the resolution of the automated
methods is uniformity in the height of the peaks, particularly above base 250. Peak heights vary extensively when
Klenow enzyme is used in the standard procedures. Significant improvements in peak uniformity were achieved with
several modifications of the T7 DNA polymerase, commercially available. New enzymes, some retaining their activity
even at elevated temperatures, will bring further improvements in the future in the resolution and in the polymerization efficiency. The EMBL automated device permits quantitative evaluation of polymerization activity of enzymes.
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Uniform peak heights would be expected with the MaxamGilbert chemical degradation sequencing protocol, but this
method was until now not possible with fluorescent labels. In
collaboration with Brian Sproat (nucleic acid chemistry group
of this Programme) & A. Rosenthal (Institute of Molecular
Biology, Berlin, GDR) we have developed a technique for
sequencing fluorescein-labelled oligonucleotides by solid
phase chemical degradation. The fluorescent dye and its
bond to the oligonucleotide were stable during the chemical
reactions used for the degradation of the DNA fragment.
We are now working on an extension of this method for the
development of a technique for non-radioactive sequencing
of longer DNA fragments by chemical degradation.
A new automated device for DNA synthesis has been constructed with the group of Brian Sproat, based on the principle of the segmental column device (Hofmann-LaRoche).
10-20 oligonucleotides may be synthesized simultaneously
on this device, and its capacity and simplicity will make
it of particular interest for synthesis of primers used in
the technique of DNA sequencing with "walking" primers.
Several companies are interested in the commercialization
of this device.
We have organized an EMBO course on "Automated DNA
Sequencing" at the EMBL, together with A. Bankier (MRC,
Cambridge) & G. Volckaert (Leuven). Automated sequencing devices, gel scanners, robots for automation and computer analysis of the DNA sequences were demonstrated. At
the same time, collaboration and contacts among European
groups active in the developments in the DNA sequencing
field were initiated. A particular stimulation for discussions
came from the review presentation given by C. Cantor
(Columbia University).
Microinjection and electro-transfection of cells
The new automated capillary microinjection device has been
applied to projects of groups at the EMBL and from other
laboratories. The cell coordinates stored on disc allow us
to follow every injected cell. Retrieval is accurate to within
1% without complicated and laborious orientation marks
on the cell support. The distance the cells move on the
glass coverslip may be too large in long-term experiments
(more than five hours after injection) and their retrieval with
the coordinates stored during the micro injection may not
be sufficiently accurate. In this case the injected cells are
localized using fluorescent FITC dextran (M r 150,000) as
a co-injection marker. It remains visible in the cells and enables us to follow them even 2 days after microinjection. The
exact coordinates of the fluorescent cells are determined
and stored on a computer disc just prior to their fixation.
The system will be available from ZEISS in 1988.
Using the automated microinjection system, the group of
Lennart Philipson could analyse single cells for DNAsynthesis and found the existence of a class of growthinhibitory mRNA that can inhibit DNA-synthesis when injected into either human diploid fibroblasts or into HeLa
cells. The group of Wieland Huttner has studied protein
transport in secretory vesicles.
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A new device for electro-transfection of cells was designed,
which allows transfection experiments to be carried out
both with short (several microseconds) and long (several
milliseconds) time constants. Until now two devices, one for
each type of pulse time, were needed. The change in the
design will be incorporated in the commercial version of the
EMBL device (APELEX, Paris). We organized two practical
courses on "Microinjection and Electro-transfection of cells"
at EMBL.
Separation of biological particles
A fluorescence activated sorter was installed at the end of
the year and its function tested. First tests with biological
samples are scheduled early next year. There is a need for
this method in groups from all the biological Programmes
at EMBL. Plans for its application range from separation
of cells, chromosomes and vesicles to detection of gene
expression products. Continuous flow electrophoresis and
magnetic bead systems were used for separation in cell
biology. There were interesting new applications of the bead
technology in hybridization and purification of DNA and
proteins.
Separation of large DNA fragments
The importance of the simple pulsed-field gradient method,
introduced by the team of C. Cantor at the Columbia University, for separation of large DNA fragments, has been
amply demonstrated. We found several startling results, e.g.
that under certain field conditions larger DNA fragments
have higher mobility than smaller fragments. With the aid
of two-dimensional field computations we devised a more
homogeneous field configuration which resulted in a design
with simple electrodes and two electric fields applied simultaneously.
A new apparatus was constructed in which two straight
wire electrodes rotate around the gel. In this design the
advantage of the simplest electrode configuration yielding
homogeneous field is retained, and analysis of the field
angles for optimum resolution is straight forward.
Publications during the year
Ansorge, W., Sproat, B., Stegemann, J., Schwager, C. &
Zenke, M. (1987). Automated DNA sequencing: ultrasensitive detection of fluorescent bands during electrophoresis.
Nucl. Acids Res., 15, 11
Kjems, J., Garrett, RA & Ansorge, W. (1987). The sequence of the 16S RNA gene of the Archaebacterium desulfurococcus mobilis. Syst. Appl. Microbial., 9, 22-28
Kristensen, T., Voss, H. & Ansorge, W. (1987). A simple and
rapid preparation of M13 sequencing templates for manual
and automated dideoxy sequencing. Nuc/. Acids Res., 14,
5507-5516

Other references
Ansorge, W. & De Maeyer, L. (1980). J. Chromatog., 202,
45-53
Howell, K., Ansorge, W. & Gruenberg, J. (1988). In Microspheres: Medical and Biological Applications: ed. Rembau,
A.; CRC Press, Boca Raton, Florida, pp. 33-52

Patents applied for in 1987
Ansorge, W. (EMBL) & ZEISS (1987). Design of an apparatus for automated microinjections of miniscule quantities of
samples into cells. FRG pat. appl. Nr. P 37 18 066.5
Ansorge, W., Kristensen, T., Stegemann, J., Schwager, C.,
& Voss, H., (1987). Method and apparatus for purification of
M13 -phages-DNA. FRG pat. appl. Nr. P 37 24 442.6
Ansorge, W., Flosser, H., Stegemann, J., Stettner, C.,
Schwager, C., Voss, H., Winkler, S. & Wittmann, H., (1987).
Design of an automated workstation, particularly for DNA
sequencing. FRG pat. appl. Nr. P 38 05 808.1
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Nucleic acid chemistry

Scientists: B.S. Sproat, B. Beijer
Visiting worker: A. Iribarren*
Technical assistants: P. Rider, P. Neuner

Modified oligodeoxyribonucleotides
Work has finally been completed on the synthesis of
protected 5' -amino and 5/ -thio-2 / ,5'-dideoxyribonucleoside3'-O-phosphoramidites. These compounds have then
been used in the preparation of 5/ -thio and 5'-aminooligodeoxyribonucleotides.
Coupling of these modified oligonucleotides to appropriate
activated fluorophores generates products which can be
used for non-radioactive DNA sequencing. In the case of 5 / thio compounds we have used 5-iodoacetamidofluorescein
as the activated fluorophore, and for 5' -amino compounds
we have used 5 (and 6)-carboxy-fluorescein succinimidyl
ester.
An important use of these 5 / -thio and 5'-amino oligodeoxyribonucleotides is in electron microscopy and x-ray crystallography. The presence of the reactive amino group or thiol
group enables the oligonucleotide to be covalently labelled
with an activated metal cluster, or specifically in the case of
the thiol with an organomercurial. The electron microscopy
work is a collaboration with Kevin Leonard and Werner Jahn
(MPI for Medical Research, Heidelberg). The latter person
is responsible for the synthesis of the various activated
metal clusters that we are using. An Ir4 cluster derivative
of d[H2N-CCGATATCGG] had been previously prepared by
us and subsequently cocrystallized with EcoRV by Alec
Tucker. Unfortunately the crystals are of the wrong shape
for electron microscopy work, but it is hoped that they may
be of use for x-ray crystallography.
We have recently prepared an Ir4 cluster derivative of d[HSCCGATATCGG], and attempts are being made to obtain
cocrystals with EcoRV. The S-trityl protected oligonucleotide
readily formed cocrystals with the protein. As one cannot
predict beforehand what influence the metal cluster has on
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the crystallization properties of the oligonucleotide, there is
still a lot of basic research to be done in this area.
Work has been started on the preparation of modified 2/deoxyuridine derivatives carrying a variety of spacer arms
at the 5-position of the pyrimidine ring, and terminating in an
amino or thiol group. The incorporation of such compounds
into chemically synthesized oligodeoxyribonucleotides will
enable double labelling e.g. 5,_ 32 p labelling plus biotinylation or metal cluster labelling of the amino or thiol group
of the spacer arm. The synthesis and use of gold clusterlabelled oligonucleotide probes in cryo-electron microscopy
is a collaboration with Michael Beer.
Additionally, we have prepared (N-monomethoxytrityl6-aminohexyloxy), 2-cyanoethoxy, N,N-diisopropylaminophosphine and the corresponding N-trifluoroacetyl compound for use in the synthesis of oligodeoxyribonucleotides
with a 5'-spacer arm terminating in an amino group. Both
compounds are in routine use for the preparation of biotinylated and fluorescent-labelled oligodeoxyribonucleotides.
The long spacer enables strong binding of hybridized biotinylated probes to streptavidin.
RNA chemistry and modified oligoribonucleotides
It is now quite clear that for small scale oligoribonucleotide
synthesis the most convenient method is the enzymatic
one using SP6 polymerase. However, there is still a need
for a good solid phase chemical method for producing mg
quantities of oligoribonucleotides for x-ray crystallography or
NMR spectroscopy. At the moment we are still searching for
a truly orthogonal pair of protecting groups for the 5'- and
2/-hydroxyl groups. In addition we are testing out some of
the better candidates for 2'-hydroxyl protection suggested
by other groups in the area.

We, like others, are interested in the possible use of 2'-0methyl oligoribonucleotides as relatively stable RNA probes.
Such compounds offer enormous possibilities if they are
really recognized as oligoribonucleotides by RNA binding
proteins for instance. The use of this type of compound for
preparation of affinity columns is envisaged in the coming
year. Like oligodeoxyribonucleotides these RNA analogues
could be easily biotinylated, metallated and fluorescentlabelled.
What little work has been published so far is very difficult or impossible to reproduce in some cases, and
has utilized phosphotriester chemistry. So far we have
synthesized 5'-0-dimethoxytrityl-2'-0-methyluridine-3'-0(2-cyanoethyl,N,N-diisopropylphosphoramidite). Large scale
preparation of the adenosine, guanosine and cytidine compounds will shortly be underway. These compounds condense with 5'-hydroxyl groups only very slowly in the
presence of a large excess of tetrazole. However, relatively
fast and high yield condensations have been achieved
using 5-(4-nitrophenyl) tetrazole or N-methylanilinium
trichloroacetate as activator. We are collaborating with
Angus Lamond for biological evaluation of these compounds. Initially we prepared (2'-0-methyl U)g T, which
was readily kinasable and found to be resistant to DNase
and RNase as expected. The duplex with d[A101 was found
to be stable to RNase H which is a very promising result.
In conclusion, the resistance of these RNA anologues may
enable them or derivatives thereof to be used as antivirals.

DNA sequencing without radioactivity
This is an on going project in collaboration with Wilhelm Ansorge's group. At the present time we are using fluoresceinlabelled primers to produce the sequencing information. In
order to sequence large (several Kb) DNA inserts by this
method we need to produce large numbers of fluorescentlabelled primers per day'. To this end, in collaboration with
Hoffmann La Roche, Basel, we have almost completed
construction of a fully automated linear segmental column
DNA synthesizer. This instrument will be the first of its type
and could well herald a new era in multiple DNA synthesis.
The instrument, which has already been tested in semiautomated form, will enable synthesis of up to 10 20mers in
a period of 4 h. Furthermore, by using isobutyryl protection
for the exocyclic amino group of dC and phenoxy acetyl for
the exocyclic amino group of dA and dG as recommended

recently by others, the deprotection time can be reduced to
about 2-3 h at 60°C with 25% NH3 solution.
Currently we are synthesizing fluorescent-labelled 2',3'dideoxyribonucleoside triphosphates, along similar lines to
du Pont, for testing with the single dye automated DNA
sequencer.
In collaboration with Andre Rosenthal (Inst. Mol. BioI.
Acad. Science of GDR, Berlin) we have demonstrated
that fluorescein-labelled oligodeoxyribonucleotides can be
rapidly sequenced by the solid phase chemical degradation
procedure using the automated sequencer. Further work
is envisaged enabling the sequencing of long DNA by the
Maxam-Gilbert procedure without radioactivity.

DNA synthesis service
The oligonucleotide service continues to provide an essential service facility for the molecular biologist. The demand
seems to be steadily increasing; a total of 821 oligos were
synthesized during the year. Besides routine synthesis we
are able to perform chemical 5'-phosphorylation on the
synthesizer and can also provide oligos bearing 5'-spacer
arms for biotinylation or fluorescent labelling.
Publications during the year
Christiansen, J., Brown, R.S., Sproat, B.S. & Garrett, R.A.
(1987). Xenopus transcription factor III A binds primarily at
junctions between double helical stems and internal loops
in oocyte 5S RNA. EMBO J., 6, 453-460
Ansorge, W., Sproat, B.S., Stegemann, J., Schwager, C. &
Zenke, M. (1987). Automated DNA sequencing: ultrasensitive detection of fluorescent bands during electrophoresis.
Nucl. Acids Res., 15, 4593-4602
Sproat, B.S., Beijer, B., Rider, P. & Neuner, P.
(1987). The synthesis of protected 5'-mercapto-2' ,5'dideoxyribonucleoside-3'-0-phosphoramidites; uses of 5'mercapto-oligodeoxyribonucleotides. Nucl. Acids Res., 15,
4837-4848
Sproat, B.S., Beijer, B. & Rider, P. (1987). The synthesis of protected 5'-amino-2' ,5'-dideoxyribonucleoside-3'O-phosphoramidites; applications of 5'-amino-oligodeoxyribonucleotides. Nucl. Acids Res., 15, 6181-6196
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Sequence analysis and synthesis of proteins and genes

Scientists: R. Frank, H. Gausepohl
Predoctoral fellow: K. Ashman
Visiting workers: D. Koesling*
Technical assistants: A. Bosserhoff, E. Davey
Supernumery: M. Kraft*

The
(1)
(2)
(3)

general activities of the group are focused on:
microsequence analysis of proteins and peptides;
solid phase synthesis of peptides and oligonucleotides;
instrumentation of important protocols in biochemistry
and molecular biology.

The set of biochemical instruments which has been constructed in preceding years now forms the basis of a central
protein chemistry facility at EMBL. Together with these instruments, several analytical and preparative HPLC systems
are operated by the group (Ashman et al., 1987). The
facility provides technological and experimental support for
numerous scientific projects in-house and externally. These
projects concern the isolation and structural and functional
analysis of proteins as well as the synthesis and purification
of peptides. In parallel with the analytical and preparative
work, the existing instruments are permanently updated and
new chemical protocols are adapted.
To automate several, often repeated protocols in molecular
biology, a dedicated robotic system for the micromanipulation of liquids has been developed. This system was
used to set up a computer-controlled workstation for DNA
sequencing.
Sequence analysis of proteins
The covalently modified support which has been developed
for the immobilization of proteins in gas-phase sequencers
was further modified to improve its binding capacity for small
peptides (Frank & Ashman, 1987). The resulting support
is clearly superior to polybrene-coated glass and it was
successfully applied to the sequence analysis of tryptic
peptides in the low picomole range. Since the micropreparative purification of proteins and peptides still represents
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a bottle-neck in high sensitivity sequence analysis, much
effort was spent to improve existing techniques and to adapt
new methods. This includes techniques for electrotransfer of
proteins from polyacrylamide gels to different sequencing
supports, as well as microbore high performance liquid
chromatography of complex mixtures. Both techniques are
now well established in the laboratory. In this context, the
crucial role of traces of ionic detergents such as sodium
dodecylsulfate (SDS) on peptide separations on reversed
phase columns has been studied. An efficient extraction
method for SDS has been developed which can be applied
to picomole amounts of peptides without significant losses.
During the year N-terminal and internal sequence data of
several proteins were obtained which led to the identification of the corresponding c-DNA clones. With these data
the primary structure of chromogranin B (Benedum et al.,
1987), dopamine-,8-hydroxylase (Lamouroux et al., 1987),
ribophorin I and II (Crimaudo et al., 1987), seryl-tRNA and
valyl-tRNA synthetase (Hartle in et al., 1987) and guanylate
cyclase has been determined. The identity of cyclin with the
auxiliary protein of polymerasE'-b was established (Bravo
et al., 1987) and several glycoproteins involved in neurite
fasciculation were characterized (Wolff et al., 1987; Rathien
et al., 1987).
Peptide synthesis
While searching for a universal acylation procedure which
is easy to incorporate into automated instruments we
have investigated the applicability of benzotriazole-1-yloxy-tris( dimethylam ino )-phosphoniu m hexafluorophosphate
(BOP) for Fmoc solid phase peptide synthesis. Its use in
Fmoc chemistry is somewhat restricted by the requirement
of a base catalyst for activation which must leave the base

labile Fmoc-protecting group intact. To find optimal coupling conditions, the dependence of reaction kinetics on the
concentration of different tertiary amines was studied and
their influence on the Fmoc-group was examined. During
the coupling of unprotected asparagine residues a serious
side reaction was observed. This side reaction is partially
reversible and its extent depends on the coupling reaction rate. However, we found that asparagine can safely
be introduced using BOP only when bearing a side chain
protection such as the dimethoxybenzhydryl (Mbh) group.
Using these precautions BOP is a universal reagent for in
situ activation of amino-acids in automated instruments. The
acylation rate compares favourably with pentafluorophenyl
esters and symmetrical anhydrides and solubility problems
are avoided.

Instrumentation in molecular biology:
A workstation for DNA-sequencing

During 1987 the continuous flow peptide synthesizer constructed in the preceding year (Frank & Gausepohl, 1987)
has performed excellently in routine use. About 100 synthesizer runs were made, yielding a total of 82 peptides.
The majority of these peptides were used by groups in
the Cell Biology and Differentiation Programmes to raise
anti-peptide antibodies. Such antibodies were used, for
example, to study the relative stability of tyr- and glumicrotubules (Thomas Kreis, 1987) or to investigate the sorting of Pro-opiomelanocortin into secretory granules (Tooze
et at., 1987). A 30 amino-acid peptide corresponding to one
of the putative "zinc fingers" mkr 2 in the mouse genome
was synthesized. Two-dimensional NMR studies indicate
a defined structure for this peptide in solution, which is
currently being analysed.

Using the set-up shown in Plate 37 we achieved the first
automation of the Sanger dideoxy DNA sequencing method
including sample transfer to the sequencing gel. Up to 168
sequencing reactions can be performed simultaneously on
the work-bench and the robot arm transfers 28 samples in
less than 10 minutes to the sequencing gel.

Many important protocols in molecular biology involve the
repetitive transfer of microlitre volumes of liquids and/or the
cyclic change of sample temperature. These protocols are
ideal candidates for automation through the use of a robotic
machine. Based on a commercial autosampler, we have
developed a set of operational units which were used to
set up a workstation for the micromanipulation of liquids.
The system includes: a robot arm with fast and accurate
positioning capability in x, y and z direction, a multichannel
microdispenser, a microcomputer for electronic control and
a work-bench containing reagents, sample trays and all
additional functions required for individual protocols.

In collaboration with the microcomputer group (Christian
Boulin) a versatile software for the workstation has been
developed. The software offers '1each in" capabilities and
the automatic calculation of coordinates for the robot arm.
To simplify further the programming of individual protocols
the development of a graphic editor is in progress which,
in future, may become a standard tool for robot-based
workstations.

MULTI-CHANNEL
ROBOT ARM

PLATE 37
Workstation for DNA sequencing
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Publications during the year
Ashman, K., Bosserhoff, A. & Frank, R. (1987). High-speed
preparative reversed-phase high-performance liquid chromatography of synthetic oligonucleotides. J. Chrom., 397,
137-140
Ashman, K. & Frank, R. (1987). Synthesis and expression of
a gene coding for human tumour necrosis factor. Immunobioi., 175, 76
Benedum, U.M., Lamouroux, A., Konecki, D.S., Rosa, P.,
Hille, A., Baeuerle, P., Frank, R., Lottspeich, F., Mallet, J.
& Huttner, W.B. (1987). The primary structure of human
secretogranin I (chromogranin B): comparison with chromogranin A reveals homologous terminal domains and a large
intervening variable region. EMBO J., 6, 1203-1211
Bravo, R., Frank, R., Blundell, P.A. & Macdonald-Bravo,
H. (1987). Cyclin/PCNA is the auxiliary protein of DNA
polymerase-b. Nature, 326, 515-517

Crimaudo, C., Hortsch, M., Gausepohl, H. & Meyer, 0.1.
(1987). Human ribophorins I and II: the primary structure
and membrane topology of two highly conserved rough
endoplasmic reticulum-specific glycoproteins. EMBO J., 6,
75-82
Frank, R & Ashman K. (1987). Application of covalently
modified glass fibre supports to microsequence analysis.
In Methods in Protein Sequence analysis: ed. Walsh, K.A.;
Humana Press, Clifton, New Jersey, pp. 403-407
Frank, R. & Gausepohl, H. (1987). Continuous flow peptide
synthesis. In Modern Methods in Protein Chemistry, 3: ed.
Tschesche H.; Walter de Gruyter, Berlin. New York. pp.
41-60
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Hartlein, M., Frank, R & Madern, D. (1987). Nucleotide
sequence of Escherichia coli valyl-tRNA synthetase gene
valS. NucJ. Acids Res., 15, 9081-9082
Lamouroux, A., Vigny, A., Fancon Biguet, N., Darmon, N.C.,
Frank, R., Henry, J.-P. & Mallet J. (1987). The primary
structure of dopamine-,B-hydroxylase: insights into the relationship between the soluble and the membrane-bound
forms of the enzyme. EMBO J., 6, 3931-3937
Paonessa, G., Frank, R & Cortese, R (1987). Nucleotide
sequence of rat liver HMG1 cDNA. NucJ. Acids Res., 15,
9077
Rathj.en, F.G., Wolff, J.M., Frank, R, Bonhoeffer, F. &
Rutishauser, U. (1987). Membrane glycoproteins involved
in neurite fasciculation. J. Cell Bioi., 104, 343-353
Tadros, M.H., Frank, R., Darge, B., Gadon, N., Takemoto,
J.Y. & Drews, G. (1987). Orientation of the B800-850,
B870, and reaction center polypeptides on the cytoplasmic
and periplasmic surfaces of Rhodobacter capsulatus membranes. Biochemistry, 26, 7680-7687
Tooze, J., Hollinshead, M., Frank, R. & Burke, B. (1987).
An antibody specific for an endoproteolytic cleavage site
provides evidence that pro-opiomelanocortin is packaged
into secretory granules in AtT20 cells before its cleavage. J.
Cell Bioi., 105, 155-162
Wolff, J.M., Rathjen, F.R., Frank, R. & Roth, S. (1987).
Biochemical characterization of polypeptide components
involved in neurite fasciculation and elongation. Eur. J.
Biochem., 168, 551-561

Biocomputing

Introduction

The Biocomputing Programme at EMBL exists to perform
research in theoretical and computational biology, to be
responsible for the provision and development of the general
computing facilities in the laboratory, to produce, develop
and distribute the EMBL Nucleotide Sequence Data Library,
and to provide expertise, stimulation and computing services
throughout Europe. The Programme is currently expanding,
and will move into a new building in the autumn.
The current research activities of the Programme focus
on the theory and analysis of protein and nucleic acid
sequences and structures, and computational methods and
data collection techniques for molecular biology. The following reports describe in detail the research efforts of the
individual groups.
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Protein design

Scientist: C. Sander
Visiting workers: C.-I. Branden*, F. Colonna*, C. Frommel*, A. Godzik*, M. Hirshberg*, L. Holm*, M. Schaefer*
Technical assistants: M. ScharF, R. SOltemeyer*

Collaborative projects with external
and EMBL scientists
Polarity as a criterion in protein design
(with C. Frommel, Humboldt-Universitat, GDR)

In designing non-natural sequences or structures, careful
theoretical evaluation should precede experimental implementation in order to increase the probability that the designed protein folds up as intended. A useful conservative
evaluation is to test whether or not the designed sequence-

o

structure pair has the characteristics of a typical globular
protein. We have derived such characteristics by empirical
analysis of the exposed and buried surface of 64 structurally
known proteins. The resulting simple linear relationships,
e.g. between exposed surface area and molecular weight,
are translated into invariant quantities with approximately
constant value for all globular proteins. The invariants that
best segregate badly designed or deliberately misfolded
proteins from their properly folded natural relatives are the
polar fraction of side chains on the protein surface and,
independently, in the protein interior. Four of the eight
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Testing hypothetical structures by three different invariant quantities.
Values for misfolded and designed (.) and for 64 reference proteins
(IJ). Internal polar fraction for side chains (SC); this quantity clearly
filters out two inadequate designs on the basis of an excessively
polar interior. The polar surface is the weighted sum over absolute
values of partial atomic charges with the magnitude of atomic
surface area as weight. The polar fraction (POLFRAC) is the
corresponding normalized quantity .
POLFRAC =

NATOM

Iq(i)l· a(i)

/NATOM

a(i)

where for atom i q(i) is the partial charge, recalculated for united
atoms, and a(i) the solvent accessible surface area.

hypothetical structures tested here can be rejected as having too many polar side chain groups in the interior or too
few on the protein surface.

Thermitase, a thermostable subtilisin:
comparison of predicted and experimental
structures and the molecular cause of
thermostability
(with C. Frommel, Humboldt-Universitat, GDR)
The subtilisin family of protease has four members of
known sequence and structure: subtilisin Carlsberg, subtilisin novo, proteinase K and thermitase. Using thermitase
as a test case, we ask two questions. How good are
methods for model-building a three-dimensional structure
of a protein based on sequence homology to a known
structure? And, what are the molecular causes of thermostability?
First, we compare predicted models of thermitase, refined
by energy minimization and varied by molecular dynamics,
with the preliminary crystal structure. The preconditions
work best in the conserved core and less well in seven
loop regions involving insertions and deletions relative to
subtilisin.
Variation of loop regions by molecular dynamics simulation
in vacuo does not improve the prediction since there is
no correlation between in vacuo energy and correctness of
non-bonded local structure.
Second, to identify the molecular cause of thermostability
we confront hypotheses derived by calculation of the details
of interatomic interactions and estimates of hydrophobic
interactions with inactivation experiments. As a result, we
can exclude salt bridges and hydrophobic interactions as
the main causes of thermostability. Based on a combination
of theoretical and experimental evidence, the unusually tight
binding of calcium by thermitase emerges as the most likely
single influence responsible for its increased thermostability.

Gene synthesis and expression of a
designed protein: Rop protein with an
azurin-like putative copper binding site
(with H. Blocker, GBF, Braunschweig;
L. Castagnoli-Cesareni, EMBL;
G. Cesareni, EMBL; S. Emory, GBF,
Braunschweig, & A. Kingswell, EMBL)
One idea behind the 1986 EMBO Course "Protein Design
on Computers" was to provide a spectrum of designed
proteins for possible subsequent experimental verification.
The choice of design for the first set of experiments was
based on careful evaluation (1) of the designs by theoretical criteria, (2) of the ease of synthesis, (3) of the
feasability of structural assays and (4) of the chances for
success. The hybrid protein composed of the body of the

Rop dimer with an azurin-type copper binding site was
chosen for these reasons: (1) minimal deviation from wildtype Rop protein with six out of 63 amino-acids mutated
(better chance of success compared to a de novo designed
sequence); (2) known three-dimensional structure by x-ray
crystallography (D. Banner, M. Kokkinidis, D. Tsernoglou);
(3) possibility of structure determination by nuclear magnetic resonance spectroscopy (NMR); (4) possible spectroscopic assay for copper binding site; (5) many known stable
point mutants, one of known three-dimensional structure
(apparently stable interior core and mutation-tolerant structure).
The double-stranded DNA for the copper rop and for the
rap wild-type gene (control) were synthesized with the aid
of 25 overlapping oligonucleotides and the proteins overexpressed in E.coli (work of S. Emory, supervised by H.
Blocker, with the aid of the GENMON software written by
D. Lincoln, using the synthesis method developed by H.
Blocker and R. Frank; all at GBF, Braunschweig). Experiments to assess structure and function of the produced
proteins were in progress in December 1987 (S. Emory,
GBF, Braunschweig, L. Castagnoli-Cesareni, G. Cesareni
& A. Kingswell, all EMBL).

NMR structure determination of a
Rop protein mutant
(with groups of G. Cesareni, EMBL &
P. Rosch, MPIMF, Heidelberg)
Two-dimensional NMR spectrosopy is capable of providing
detailed information on atom-atom interactions in the threedimensional structure of small « 100-200 residues) proteins. The difference spectrum between a designed mutant
and the wild-type can give immediate evidence as to which
aspects of the structure have been preserved and which
have been altered. Such a comparison requires detailed
assignment of NMR resonances to particular atoms (usually protons) in particular residues. Two-dimensional NMR
experiments for assignment and structure determination are
now in progress at MPIMF, Heidelberg.

Simple approximation to protein-solvent interaction
(with F. Colonna, Universite de Paris-Sud, France)
Important properties of a globular protein molecule, such
as the stability of its folded state, depend sensitively on
interactions with solvent. The complexity of estimating these
interactions by calculation of geometrical solvent accessible
surface area or by simulation of a molecular dynamics
trajectory in water is an obstacle to routine use. We have
developed a simple model of protein-solvent interaction, the
solvent contact model, which is based on the notion of
conservation of the total number of atomic contacts. The
model allows rapid calculation of some surface properties of
proteins and can be used as a solvent term in calculations
of conformational energy in protein folding.
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PLATE 39
Nearest neighbour sphere around a protein atom. The atom can
make atomic contacts either with other protein atoms or with solvent
molecules, depending on the local conformation of the protein. If the

total number of contacts is approximately constant, then the number
of solvent contacts can be estimated by a simple sum of terms that
depend only on atomic distances within the protein.
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Computer group

Members: N. Mansfield, R. Omond, P. Rice*, E. Schechinger, W. Winkler

The Computer Group is responsible for the acquisition,
development, operation and support of the Laboratory's
general purpose computing facilities. In 1987 use of the
main facility, the VAXcluster, grew dramatically; there are
now more than 370 registered users compared to 300 at the
end of 1986. Of this number some 150 are regular users.
Major developments of the main facility
On a typical day there are some 50 to 60 users logged in
to the VAX 8600 together with several long-running batch
jobs, and some 20 users on the older, less powerful VAX
11/785. In order to support this size of user community, the
main memory on the VAX 8600 was increased in mid-year
from 12 Mbytes to 28 Mbytes resulting in a substantial
improvement in throughput. Nevertheless it was still evident
that the available computing resource on the main facility
was insufficient for user demand; the situation was reached
where users' batch jobs were waiting for more than 24 hours
before they even started to execute. At the end of 1987 the
VAX 8600 was, therefore, upgraded to a VAX 8650, giving
an increase in computer power of ca. 44%.
The on-line disk storage was increased with the addition
of 3 more RA81 drives each having a capacity of 456
Mbytes. Maintenance on the 3 old RM05 removable disks
(each 256 Mbytes) was withdrawn and for the same cost
3 Sl 91 C drives (each 600 Mbytes) were installed on a
leasing agreement. Total on-line storage was thus increased
to more than 6.6 Gbytes. This should prove adequate for the
whole of 1988.
Several more Ethernet terminal servers were installed. Only
a small number of terminals now remain connected through
the old port contention unit and these will be converted
during 1988.
The main line printer for the VAXcluster is now ca. 10 years
old and broke down on numerous occasions during the year.
It was felt that to replace it with another conventional printer
would not be an improvement in the facilities offered. Instead
a DEC PrintServer 40 laser printer was purchased in the

middle of the year. This is a high-quality PostScript printer
capable of printing 40 A4 pages per minute. PostScript is a
"page description language" which has become an industry
standard for laser printers, allowing complete integration of
text and graphics on the printed page. In particular, most
new software developments with graphical output have the
capability of generating PostScript so that the PrintServer 40
serves the hardcopy requirements very well. Another very
attractive advantage of this printer is that it is connected
to the Ethernet rather than directly to anyone particular
computer. This means that it is accessible from any VAX
computer within the local area network (and in principle also
from the Hamburg Outstation). In addition printing facilities
are no longer dependent on the availability of anyone
computer as was previously the case.
Computer network connection
Use of the Laboratory's connection to EARN (the European
Academic and Research Network) continued to grow. It is
clear that many scientific collaborations would be severely
hindered if not impossible without this connection. More than
2190 academic and research sites throughout the world are
now connected to the EARN (equivalent to Bitnet in the
United States and NetNorth in Canada). Access to other
important networks through network "gateways" is possible
through special software written in-house.
One aspect of being connected to a large network is that
of security. The main facility is also connected to the
neighbouring Max-Planck Institute for Nuclear Physics via
DECnet and thus to a world-wide network of ca. 2000
computers in the field of high energy physics (HEPnet) and
space physics analysis (SPAN). In the middle of the year,
a world-wide scandal arose when it was discovered by the
computer group at the Laboratory that "computer hackers"
had illegally accessed not only the EMBL VAXcluster but
also more than 135 computers at major research sites on
this network throughout the world, in particular computers
of the NASA. Although no malicious damage was observed
to have been done at the EMBL, computers at the CERN in
Geneva were less fortunate and many scientists' data were
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erased. Perhaps one positive result from this is that many
users have now been made aware of the implications of
being part of a large computer network, in particular of the
need to be more careful with computer passwords etc.
Introduction of local workstation computers
There is a clear trend in many scientific institutes towards
a more distributed form of computing; that is, where the
model is no longer that of a central computing facility but
rather a series of smaller but nevertheless powerful computers, typically small enough to be located on a user's
desktop. There is also a wealth of software products for
such systems, especially for the Unix operating system,
which is very prevalent within the scientific and research
community. At the beginning of 1987, we installed two Sun
workstations (a Sun 3/260 with 8 Mbytes main memory
and 2x260 Mbytes disk storage, and a Sun 3/110 also
with 8 Mbytes with no local disk storage). Both systems
are connected to the Ethernet and TCP/IP software from
Carnegie-Mellon University was installed on the VAXcluster,
allowing file transfer and login facilities between all systems.
These systems are now being well used especially for the
development of new software in the areas of graphics and
image processing.
Our experience of this model of distributed computing facilities has been very positive, and it is planned to extend this
in 1988 with the addition of three more Sun workstations.
We also plan to install several workstations from the VAX
family, thus preserving the large investment in software
development for these systems. The latter will be connected
in a local area VAX cluster, using the Ethernet as the
communications medium between computers. It is expected
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with the advent of the next major release of VMS, the VAX
operating system, that we will be able to integrate these
smaller VAX computers with the existing VAXcluster, thus
achieving a homogeneous but distributed system. Expansion of such a system, should the need arise, is easy and
relatively inexpensive compared to the traditional model with
large, centrally-located computing facilities.
The Apple Macintosh personal computer environment
The number of Macintosh personal computers grew to now
more than 70. It is very encouraging to observe the use
of these small systems. Many scientists with very little or
no computer experience have found the Macintoshes to be
very useful tools, not only for the writing of manuscripts but
also for the production of laboratory manuals, the analysis of
small statistical problems and the maintenance of reference
lists.
At the beginning of the year, we established 5 local AppleTalk networks throughout the Laboratory. Each of these
was connected to the central Ethernet through special
bridge hardware, enabling all 5 AppleTalk networks to be
viewed logically as one single network. This allows access
to all of the Apple LaserWriters from every Macintosh in
the Laboratory. A software product, AlisaTalk from Alisa
Systems Inc., was installed on the VAXcluster enabling us to
use the large VAX disks as if they were connected locally to
the Macintoshes. The next release of this software will also
enable Macintosh users to login to the VAXcluster through
the AppleTalk-Ethernet connection. AlisaTalk also provides
VAX users with a path to the LaserWriters, so that each floor
in the main building now has access to a local printer from
both the VAX side and from the Macintosh side.

Computer graphics

Scientists: H.E. Bosshard, J.P.M. Postma
Visting workers: M. Beato*, C. Frommel*, S. Hamodrakas*, L. Holm*, T.A. Jones*, H.R. Kalbitzer*, M. Kokkinidis*, P. Martin*, N. Nielsen*, A.
Nordheim*, H.H. Ohlenbusch*, A. Panda*, D. SchOler*, J. de Vlieg*, M. Wolters*, A. Yonath*

Hardware
The multi picture system (MPS), acquired as a Picture System 2 in 1978 and upgraded later, is still in heavy demand.
The machine is tightly coupled to the VAX-cluster's VAX111785 and features a colour CSM scope, Terabit stereo
image alternators and an interactive console developed
in-house. We provide a 16 mm movie film camera which
can be controlled from an MPS progam.
The Picture System 350 (PS 350), delivered in autumn
1986, is accessed via Ethernet from the VAX-cluster.
Tachystoscopic (alternating image) stereo is available using
Millenium (Leeds) electro-optic shutters. An upgrade to a
PS 390, featuring Evans & Sutherland's Shadowfax raster
technology, has been ordered but we postponed delivery
pending the availability of good tachystoscopic stereo for
the machine. Our users depend on stereo to an extent
that would render the PS 390 an inferior replacement for
the PS 350 when lacking this facility. Delivery is expected
early in 1988, as well as an extension of mass memory
to 4 Mbytes and the addition of a Spaceball. The latter is
a programmable peripheral device offering six degrees of
freedom and several microswitches for interactive manipulation of displayed scenes with one hand.

Software
Software work connected specifically to the MPS was limited
to the necessary minimum support. The currently released
MPS programs prove very robust and require little effort from
the Graphics Group. A new version of EMBLFrodo, currently
lacking the regularization facility, has been released for a
project modelling very large molecular assemblies. The user
could thus benefit from the high file access speed and the
extended display possibilities (ct. Research Report 1986).

towards a rapid expansion of software for the PS 350.
During the year we installed a number of molecular graphics
programs, obtained either with a free license for non-profit
institutes, or on the basis of temporary agreements of long
enough duration to allow for evaluation and comparison. The
following programs and new releases have been installed
during the year for use by EMBL and visiting scientists.
HYDRA by R.E. Hubbard (distributed commercially by Polygen), a general macromolecular graphics program. HYDRA
provides an interface to the molecular dynamics system
CHARMm. We do not, however, have CHARMm at EMBL.
MENDYL 1.0 by TRIPOS, an initial release for evaluation
of this new macromolecular modelling and analysis system.
MENDYL 1.0 has been replaced later in the year by SYBYL+
5.00.
SYBYL+ 5.00 by TRIPOS combines a new design of
SYBYL for smaller molecules with MENDYL for polymers.
The software is designed not as a graphics program only,
but rather to become an integrated tool for molecular modelling and design. It features, for instance, extensive graphical data analysis, a choice of methods and force fields for
energy minimization, interfaces to computational chemistry
programs and data bases.
UCSF MIDAS by the Computer Graphics Laboratory at
UCSF. A new version of this software, already traditional at
EMBL on the MPS, has been installed for the PS 350. In the
course of this a number of code modifications were needed,
mainly due to our VMS environment (UCSF runs Unix as
an operating system) and to differences in the Ethernet
management.
FRODO TOM by TA Jones. In collaboration with TA
Jones a new release of this program, which we have provided since autumn 1986, was installed.

The major graphics-related software effort was directed
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INSIGHT by BIOSYM. The installation of INSIGHT also
provides the molecular dynamics simulation system:
DISCOVER by BIOSYM. These programs were installed for
evaluation late in the year.
MaxGrafix by Chris Sander. Installation for the PS 350 in
collaboration with C. Sander, M. Schafer & A. Lesk.
WOMBAT by D. Schuler. An updated release was installed
in collaboration with D. Schuler.

Besides the above software we offer the following programs
for use on the MPS:
EMBLFrodo an EMBL in-house development based on
Frodo by T.A. Jones.
GRAMPS and GRANNY by T.J. O'Donnell, A.J. Olson, M.L.
Connolly.

A program written by A. Lesk and K. Hardman for drawing
schematic diagrams of protein structures.
A technical problem observed with many programs, especially commercial ones, is that software is often configured
for a VAX which is dedicated to modelling work. Because
our graphics users share the VAX-cluster with the other
computer users there are certain restrictions with respect
to user privileges, pagefile quotas etc. To overcome some
of the difficulties, the graphics programs themselves must
be installed with the necessary privileges. Because we offer
a variety of graphics programs we also utilize a systemwide
facility to prepare a particular software's environment rather
than to require users to manage numerous command procedures themselves. The above often results in significant
efforts to reorganize start-up procedures for the programs
and for batch jobs submitted from these.
Major software research
Millenium (Leeds) stereo on the PS 350

EMBL's PS 350 is equipped with Millenium electro-optic
stereo alternators, also known as Leeds shutters. We observed that none of the graphics programs we installed
on the machine produced useful stereo with these devices
for anything but very small models. Studying the hardware
architecture of the machine we discovered that the programs
attempted shutter triggering in a manner which could not
yield proper synchronization with left and right views on
a PS 350. Consequently we developed a technique which
provides excellent stereo performance and, in addition, is
reported to be of significant benefit for stereo displays on
a PS 330. The technical reasons for the problems and a
detailed description of our method have been published
(Bosshard & Postma, 1987).
We implemented the stereo technique in the following programs: HYDRA, SYBYL+, Frodo Tom, UCSF MIDAS, MaxGrafix.
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EMBLSam and the Brookhaven
protein data bank

Sam is a traditional auxiliary file manipulation package for
Frodo. In the wake of an extension of biocomputing at
EMBL, protein design and structure comparison projects
have been started which soon suffered significantly from
inadequate processing mechanisms for features found in the
Brookhaven protein data bank, such as tagging of molecular
subassemblies and clusters by using a fairly liberal interpretation of the role of chain identifiers. Because EMBLSam is
an in-house development, which leaves us independent of
outside sources that may experience future changes beyond
our control, we decided to use it as our standard internal
means to unravel such embedded information automatically
in a well-defined manner. The resulting files can now be interpreted also by programs like Frodo which are dependent
on unique naming of residues to guarantee accessibility of
all parts of a structure. To accomplish this, new algorithms
for data interpretation while reading or writing Brookhaven
files have been designed.
Pre-Gromos, a preprocessor for GROMOS

The molecular simulation program GROMOS (Groningen
molecular simulation) is known to perform well on a number
of computers spanning from VAXen to CRAYs, but it is also
known to be excessively difficult to use. We have designed
and written a first version of a preprocessor for GROMOS.
The primary goal of this processor has been to give the user
a chance of ready success performing an energy minimization starting with a Brookhaven protein data bank file or with
a local "Diamond" file, which is an extension of the format
generally used with Frodo and retains additional items such
as header information, atom colour and atom regularization
status. Hence, a program environment was created which
renders data transfer between EMBLFrodo and GROMOS
straightforward. The program must be understood as a
prerelease at this time but it may be extended in the future
to facilitate preparing molecular dynamics simulations.
The following steps are performed currently:
read the coordinate input file, check residues against
GROMOS internal building blocks, if unknown, ask
back what is meant, and finally sort atoms to suit
GROMOS requirements;
if necessary, generate the polar hydrogens;
generate the molecular topology file with all necessary
information about bonds, bond angles, dihedral angles,
interaction parameters etc.;
start an energy minimization.
Returning GROMOS results to graphics programs is currently achieved by a file conversion program which eventually may become part of the preprocessor. Because colour
information is carried in the EMBL "Diamond" files, the
energy content of atoms in a structure can be analyzed and
the atoms coloured accordingly.

PS 300 network downloading program
We have converted the PS 300 display networks of Frodo
Tom to binary form, using manufacturer-supplied graphics
support routines (GSRs). The binary download via Ethernet
resulted in a vast decrease of time required to switch to
Frodo from other programs. In connection with this a general
PS 300 network downloading program has been written,
useful to download single or multiple binary networks. Because not all PS 300 commands are supported by GSRs
we have added a facility to send ASCII networks to the machine's parser. These may be intermixed with binary nets.
Comments and unnecessary white characters are removed
on the fly to speed up transfers.

Extension of the SUPERHELIX program
to generate cyclic DNA
SUPERHELlX, a program we wrote earlier in collaboration with H.H. Ohlenbusch and D. de Marcillac, allows the
construction of physically reasonable DNA superhelices at
specifiable radius and pitch. A visiting scientist's wish to
study cyclic DNA prompted a modification of the program
which can now also produce cyclic DNA double helices, i.e.
one-turn superhelices with zero pitch and proper endpoint
matching. From user specification of the number of base
pairs and the double helix rise between them an auxiliary
program calculates the ring radius and a number of possible
double helix base pair turn angles which then constitute
input to the superhelix program. We can also build singlestranded double helical cyclic DNA, reminiscent of Moebius
bands. We are investigating whether any DNA sequences
can provide acceptable base pairing in such a structure.
The major differences between these rings and the usual
double-stranded ones are:
(a) the base pairing "strands" run parallel rather than antiparallel;
(b) the number of 1800 turns is odd rather than even;
(c) there exists only one groove rather than two.

Other major involvements
The graphics group has been collaborating intensively with
EMBL and visiting scientists on protein design projects
requiring molecular dynamics simulations and energy minimizations which were carried out with the GROMOS software.
In addition, we were involved in the "Biological Structures
Graduate Course" organized by Dietrich Suck and Steve
Fuller.

Collaborative projects with external
and EMBL scientists
An investigation of protein subunit and domain interfaces (with P. Argos, EMBL Heidelberg).
Molecular dynamics simulation as an aid for model
building of the structure of a thermostable subtilisin
(with C. Frommel, Humboldt University, Berlin, GDR,
& C. Sander, EMBL Heidelberg).

Crystallographic modelling of mutants of the Rop
protein (with D. Tsernoglou, EMBL Heidelberg & M.
Kokkinidis, University of Crete, Iraklion, Greece).
Crystallographic structure determination of a DNase/
octanucleotide complex (with A. Lahm & D. Suck,
EMBL Heidelberg).
Docking of a tRNA molecule to an electron microscopic
three-dimensional reconstruction of the 70S ribosome
(with K. Leonard, EMBL Heidelberg, & A. Yonath, MaxPlanck-Group, Hamburg).
Electron density fitting of EcoRV endonuclease (with
P. Martin, Wayne State University, Detroit, USA, & D.
Tsernoglou, EMBL Heidelberg).
Design of a structural model for the "zinc finger" motif
using computer graphics and molecular dynamics simulations (with P. Argos, R. Brown & T. Gibson, EMBL
Heidelberg).
Testing of protein folding principles by engineering of
the Rop structure (with P. Argos, K. Ashman, G. Cesareni & R. Frank, EMBL Heidelberg, M. Kokkinidis,
University of Crete, Iraklion, Greece, C. Sander & D.
Tsernoglou, EMBL Heidelberg).
Engineering of soybean seed storage proteins (with P.
Argos, EMBL Heidelberg & N. Nielsen, Purdue University, Purdue, USA).
Investigation of preferred clusters of interacting side
chains in protein tertiary structures (with P. Argos &
P. Davis, EMBL Heidelberg).
Comparison of two independently determined threedimensional crystallographic structures of elongation
factor TU (with C. Sander, EMBL Heidelberg).
Structural models of the evolutionarily conservative
central domain of silk moth chorion proteins (with S.J.
Hamodrakas, University of Athens, Greece).
Computer modelling of chromatin nUcleosome structure based on theoretical methods (with H.H. Ohlenbusch, University Louis Pasteur, Strasbourg, France).
Building, minimization, and study of double-stranded
double helical cyclic DNA (with M. Wolters, Freie Universitat Berlin, FRG).
Modelling of DNA/protein interactions in the promoter
of the human c-fos proto-oncogene (with A. Nordheim,
2MBH, Heidelberg, FRG).
Modelling of the interaction between the glucocorticid receptor and the regulatory elements of inducible
genes (with M. Beato, Philipps-Universitat, Marburg,
FRG).
Modelling stereo isomers of a Mg-ATP complex (with
H.R. Kalbitzer, MPIMF, Heidelberg, FRG).
Structure analysis of -y-crystallin and -SH containing
proteins (with A. Pande, University Hospital, Zurich,
Switzerland).
Modelling of the Lac/DNA complex using molecular
dynamics, two-dimensional NMR measurements, and
computer graphics (with J. de Vlieg, University of
Groningen, Groningen, The Netherlands).
Model building of protein tertiary structure based on
sequence homology (with L. Holm, Biotechnical Laboratory VTT, Espoo, Finland).
Installation of MaxGrafix on the PS 350 (with A. Lesk
& C. Sander, EMBL Heidelberg & M. Schaefer, MPI for
Medical Research, Heidelberg).
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Installation of an updated release of Frodo version Tom
(with T.A. Jones, BMC, Uppsala, Sweden).
Installation of an updated release of WOMBAT (with D.
Schuler, MPI for Molecular Genetics, Berlin, FRG).
Publications during the year
Wieringa, R.K., Swinkels, B., Michels, P.A.M., Osinga, K.,
Misset, 0., van Beeumen, J., Gibson, W.C., Postma, J.P.M.,
Borst, P., Opperdoes, F.R. & Hoi, W.G.J. (1987). Common
elements on the surface of glycolytic enzymes from Trypanosoma Brucei may serve as topogenic signals for import
into glycosomes. EMBO J., 6, 215-221
Bosshard, H.E. & Postma, J.P.M. (1987). Stereo viewing on
the Evans & Sutherland PS 350/PS 330. J. Mol. Graph., 5,
208-210
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The biomathematics group

Scientists, Engineer: R.K. Bryan, R.H. Vogel, D. Fedronic*
Predoctoral fellow: DAM. Konings
Visiting worker: I. Clifton*

Maximum Entropy Methods
(R. K. Bryan)

Progress has been made in both the theory and computational practice of the application of maximum entropy to
the crystallographic phase problem. In the last few years,
Hauptman (Hauptman, 1982) and others, have derived at
great algebraic length "integrated" distributions of doublet
and triplet phase invariants for the two cases of single isomorphous replacement data and single-wavelength anomalous scattering data. These results can be derived rapidly
from a third-order approximation to the total entropy of
two maps, one representing the native distribution, and
the other the distribution of heavy atoms or of the anomalous scatterers respectively, subject of course to the given
intensity constraints. A trivial extension to the programs
already developed has shown that this result can be realized computationally. However, such an approach cannot
be considered as a serious alternative to the traditional
methods of heavy-atom location from a difference Patterson,
whatever phasing method is subsequently employed, since
analyzing both native and heavy atom maps from the point
of view of a priori uniformity means that the very important
knowledge that the heavy atom distribution consists of a
few distinct atoms is ignored. Indeed, if the data are of
sufficient quality for these procedures to be applicable, it
is very likely that the difference Patterson can be solved for
the major heavy atom sites anyway, making the full two-map
treatment unnecessarily complicated, although it could then
prove useful in finding sites of lower occupancy.
Fibrous specimens tend to have poorer ordering than crystals, with disorder due mainly to a finite coherence length
and to disorientation within the specimen, resulting in smearing of the diffraction pattern. The extraction of intensity data
must include corrective measures. Previous analyses of
high resolution x-ray fibre diffraction patterns of, for example,
filamentous phage or TMV have assumed that one or other
of these effects dominates, and hence approximiated the
spread function in a purely axial or a purely angular direction
respectively. In either case, a suitable choice of coordinates
yields a separable deconvolution problem, amenable to simple solution methods. In order to utilize diffraction patterns

from specimens where neither approximation holds, the full
form of spread function (Holmes & Barrington Leigh, 1974)
has been incorporated in a maximum entropy deconvolution
program. In collaboration with K.C. Holmes & D. Popp
(MPI fOr medizinische Forschung, Heidelberg), this method
is being applied to diffraction patterns from specimens of
filamentous actin, giving reliable data to about 50% greater
resolution than angular deconvolution. The application to
crystalline fibre patterns is also being investigated, in collaboration with C. Nave & I. Clifton (SERC Daresbury Laboratory), particularly for the case where diffraction spots
overlap and conventional spot integration becomes difficult
or impossible to apply. Although this method ensures that
the derived layerline intensities are positive, it, like all previous methods, still does not enable one to impose continuity
along the layerlines appropriate to the intensities due to
Bessel function terms of known order. Such a constraint
would greatly improve the separation of layerlines in places
where adjacent layerlines with widely differing Bessel function order are spreading into each other. To introduce such a
constraint, a method which refines the electron density itself
against the diffraction pattern is being investigated which,
although combining both the phase and deconvolution problems, should improve results by the automatic imposition of
continuity on the layerlines by calculating them as intensities
of Hankel transforms of an object of limited radius.
Three-dimensional reconstruction from electron micrographs of disordered specimens
(R.H. Vogel)

To obtain a reliable three-dimensional reconstruction from
projections of single particles, the information from many,
usually differently oriented, particles has to be combined.
To account for a "random" distribution of the particle orientations - which is particularly true when dealing with
cryo-electron micrographs - a method for three-dimensional
reconstruction (ROSE) has been developed as outlined
in a previous report. This year the application of the
ROSE program to a tilt series of negatively-stained acetylcholinesterase has been continued (with D. Morgan, Tucson). With negative staining, however, the overwhelming
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PLATE 40

Information gain in disorder. Root-mean-square expected error in
the expansion parameters in a three-dimensional reconstruction
with N=9 with various tilting geometries and degrees of disorder
vs. the number of objects, on a log-log scale; (a) straight line
- perfect order, objects all in the same orientation (as in twodimensional crystal) and nine equally spaced tilts in the range
±600; (b) straight line - as in (a), but with the full tilt range of ±900;
(c) points shown with 0 - as in (a), but with disorder (uniformly
distributed) about the axis perpendicular to the grid, i.e., as with a
single point of attachment to the grid (the dashed line shows the
expected curve for a conical tilting geometry); (d) points shown by
as in (c), but with disorder about all three axes. The units of
the ordinate are arbitrary. In this example, n disordered objects curve (d) - yield about the same accuracy as 14n ordered objects
- curve (a).
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PLATE 41

Information content with disorder and very few tilts. Same conditions
as for curve (d) in Plate 40, except for the number of tilts; (a) points
shown by 0 - two projections (-60°, 60°); (b) shown with 6. three projections (-60°,0°,60°); (c) shown with 0- four projections
(-60°, -20°,20°,60°); (d) shown with
nine projections (same as
curve (d) in Plate 40). The straight lines show the ideal decrease of
O"rms proportional to 1
The same accuracy can be achieved
with less tilts by taking more particles into account. The advantages
of disorder strongly increase as the number or range of tilts is
decreased.
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contribution of the stain to the data places strong demands
on specimen preparation and makes the interpretation of
the reconstruction difficult. Ideally one would like to see
that during the process of combining images at different
orientations the random differences in the stain distributions
become averaged out while at the same time the stainexcluding protein is enhanced. However, unequal staining in
different orientations and differences in the stain penetration
proved to be major disadvantages thereby preventing the
solution of the three-dimensional structure at a reasonable
resolution.
These difficulties confirmed once more how important it
is to be able to analyze unstained frozen hydrated specimens from cryo-electron microscopy. Although it will not
be possible to record as many tilted images as with negatively stained preparations, because these preparations
are particularly sensitive to the electron beam, one could
imagine that the number of tilts required with ROSE might
be considerably less than that for a two-dimensional crystal
because of the greatly increased amount of information in
the micrograph of a disordered specimen. The question of
the number of tilts necessary is especially important for
asymmetric objects and has posed serious problems in
the past. With model computations, using an asymmetric
phantom described in a previous report, the information
content was investigated for various tilting geometries and
degrees of disorder as a function of the number of objects
(Plate 40). There it was shown that combining the infor-

U2 RNA

U2-homology

mation from a set of highly disordered objects effectively
eliminates the missing cone problem. Furthermore it could
be demonstrated that for disordered specimens the same
accuracy can be achieved with less tilts by taking more particles into account (Plate 41), although one has to determine
the orientation angles of those particles. As a consequence
an investigation has been started (in collaboration with M.
Adrian, Grenoble Outstation) on unstained unsupported 50S
ribosomes embedded in vitrified ice using data from very few
tilts (max. 4).

RNA structure analysis
(DAM. Konings)
Evolutionary and functional aspects of RNA primary and
higher order structures have been analyzed on various RNA
molecules, and methods for consensus model building of
RNA secondary structure have been further developed.
RNA secondary structure calculations by minimal-energy
folding have led to a model for the exceptionally long U2-like
RNA of yeast (Saccharomyces cerevisiae) (Plate 42). The
yeast RNA shows primary and secondary structural features
in common with the higher eukaryotic U2 RNA, at both the
5' and 3' ends. The approximately 1000 extra nucleotides of
yeast form an additional hairpin structure, without disrupting
the basic similarity in architectures of the different U2 RNAs.
This pattern is similar to the one we previously found for the
U3-like RNA of yeast which has 110 extra nucleotides.

yeast

Sm-site

PLATE 42
Unconstrained minimal-energy folding of the U2-like RNA of yeast.
The U2 homologous parts are indicated at the 5' and 3' ends
and the extra hairpin in the yeast RNA is shown in the middle
(the main hill) of the molecule. The foldings are represented as
described by Hogeweg and Hesper (1984). Each base pair is shown
by a horizontal line (-: G-C, - - - : A-U and -.- : G-U bonds). The

nucleotides of the sequence are shown as symbols on the curve of
the plot in 5' (left) to 3' (right) direction. Hairpin loops appear as flat
tops, interior loops and bulges as intermediate plateaus, helices as
sloping lines and branching regions are shown as valleys. Vertical
lines within the pattern show points midway between the nucleotides
paired by the horizontal lines.
143

A

PLATE 43

TRANSCRIPTION REGULATION MODEL
MECHANISM

Transcriptional regulation model

IXr

3'1-- - - - - - - ----1I------.....J:C1::J..------115'(-l

(a) Mechanism
Two hypothetical 3' coterminal transcription units 0; and (3 are
shown on a negative (-) genome strand (3' to 5' direction) of
coronavirus. The direction of transcription is indicated by arrows.
Free leader/polymerase complexes are represented as molecules
with two small hairpin structures. The internal transcription start
sites (2) are shown as open bars and complementary regions on
the leader transcripts as black bars. During transcription of gene
0; the polymerase complex has to pass the start site of gene (3.
If at this moment a new, relatively slow initiation event occurs at
gene (3, as shown in the figure, the intermediate 0; transcript will
be disturbed in its elongation. Depending on the duration of the
blockage, viewed as pausing, the 0; transcript will either attenuate
or further elongate.

free

leaders
+
polymerase
complex

1

INITIATION IX

ELONGATION IX

1
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C1

(b) Regulation

5,4a

The effect of attenuation events at or close to internal start sites on
the gene regulation of coronaviruses is illustrated for the second
half of the coronavirus genome. Elongation between the different
initiation sites is shown by a broken line. A certain chance of further
elongation (e4, e5, e6 and e7) and attenuation (a5, a6 and a7)
of passing transcripts will exist at each start region, related to the
frequency and rate of initiation/blockage events (black boxes) at the
different intergenic regions. So, depending on these chances and
on the number of initiation sites to be passed, variable proportions
of the different mRNA transcripts will become full-length and thus
polyadenylated ([AJn).
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In collaboration with W. Spaan (Department of Virology,
Utrecht, the Netherlands) the mechanism for transcriptional
regulation of coronaviral gene expression has been studied.
During infection, this positive-stranded RNA virus expresses
a set of 3' coterminal (nested) mRNA species in nonequimolar amounts which increase with the gene order from
the 5' to the 3' end of the genome. Most likely, transcription
takes place via a free 5' encoded leader RNA which primes
the mRNA body synthesis at different points on the genome
by base pairing with a consensus sequence.

These "secondary structure" sequences are then pairwise
aligned and a degree of similarity is computed. The full
similarity matrix is finally used to classify the structures by
a standard clusterings-procedure. By this approach it has
been shown that consensus secondary structures, which
have been independently derived by other methods, can be
detected, for example for U snRNAs.

We have postulated that the subgenomic mRNA levels of
coronaviruses are controlled in a co-transcriptional way,
i.e. through differential attenuation (Plate 43), and are
modulated by the relative strength of transcriptional initiation/blockage events. The hypothesis is derived from data
on the genome organization and from obseNations of interand intra-molecular base pairing potentials of the free leader
transcripts and the intergenic transcription start sites. In
contrast to the previous theory based on limited sequence
data, differences in the stabilities of intermolecular base pairing between the leader and the various intergenic regions
are not sufficient to cause the observed gradient in mRNA
concentrations. The nested gene organization itself, on the
other hand, could be responsible for the observation that
mRNA levels gradually increase with gene order: a blockage of transcriptional elongation at a single site between
or at each of the different gene borders could, by simple
blockage, have a greater effect on the longer than on the
shorter transcripts. New, relatively slow, initiation events at
intergenic regions are proposed as likely candidates for the
physical basis of these disturbances, which via temporary
pausing can cause attenuation of passing transcripts.

Bryan, RK. (1987). The fibre diffraction phase problem.
In Maximum-Entropy and Bayesian Spectral Analysis and
Estimation Problems: eds. Smith, C.R & Erickson, G.J.;
Reidel, Dordrecht. pp. 207-228

Consensus model building of related RNA molecules is
important for understanding structure-function relations. Although standard "phylogenetic RNA model building" has
been shown to be a very useful approach, it has some shortcomings like its dependence on an initial alignment (which
is a critical step itself) and the absence of stability considerations. Different approaches to analyzing consensus structure(s) of related RNAs have been studied in collaboration
with P. Hogeweg (Utrecht) & A.L. Williams (New York). One
of these methods, which has a broad field of application,
consists of the following two steps. In the first step a set of
optimal and suboptimal secondary structures is generated
by minimal-energy folding for each of the related RNAs. In
the second step, all sets of structures are compared within
and between the individual RNAs (e.g. RNAs from different
species). In the most general application the secondary
structures are designated as particular base pairing types
by assigning one of the values 0, + or - at each position
to denote single-strandedness or direction of base pairing.

Publications during 1987

Bryan, R.K. & Banner, D.W. (1987). Maximum entropy calculation of electron density with native and single isomorphous replacement data. Acta Cryst., A43, 556-564
Hughes, J.M., Konings, D.A.M. & Cesareni, G. (1987). The
yeast homologue of U3 snRNA. EMBO J., 6, 2145-2155
Konings, D.A.M., Hesper, B. & Hogeweg, P. (1987). Evolution of the primary and secondary structure of the E1 a
mRNAs of the adenoviruses. Mol. BioI. and Evol., 4, 300-314
Konings, D.A.M., Van Duijn, L.P., Voorma, H. O. &
Hogeweg, P. (1987). Minimal energy foldings of eukaryotic
mRNAs form a separate leader domain. J. Theor. BioI., 127,
63-78
Konings, DAM. & Mattaj, I.W. (1987). Mutant U2 snRNAs
of Xenopus which can form an altered higher order RNA
structure are unable to enter the nucleus. Exp. Cell Res.,
172, 329-339
Marvin, D.A., Bryan, RK., & Nave, C. (1987). Pf1 Inovirus.
Electron density distribution calculated by a maximum entropy method from native fibre diffraction data to 3 A resolution and single isomorphous replacement data to 5 A
resolution. J. Mol. BioI., 193,315-343
Other references
Hauptman, H. (1982). Acta Cryst., A38, 289-294
Hogeweg, P. & Hesper, B. (1984). Nucl. Acids Res., 12,
67-74
Holmes, K.C. & Barrington Leigh, J. (1974). Acta Cryst.,
30A, 635-638
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Data library group

Scientists, Engineers: G. Cameron, D. Hazledine, S. Jones*, P. Kahn, G. Stbsser
Visiting workers: A. Bairoch*
Data assistants: G. Breun*, J. Nial*
Supernumaries: R. Apweiler*<>, B. Bbckmann*<>, C. Christodoulou*<>, L. Heimburg*<>, K. Maste*, B. Meissner*, M. Metz*<>, B. Mbss*<>, S.
Reichling*<>, B. Rbchert*, M. Sommerfeldt*, E. Wag ner*<> , K. Zojer*<>

developments in automated sequencing techniques and the
possibility of a concerted effort to sequence the human
genome, which is about 200 times the size of the present
collection, could produce a sharp increase in future.

The data collections
In the course of 1987 the Data Library expanded its services
in two ways: firstly, we have begun to offer some new
databases, with a view to providing researchers with a "one
stop shopping" solution to their data needs; and, secondly,
we have done work to streamline our procedures to simplify
access to the data.

In the course of 1987 we began to work in collaboration with
Derwent Publications Ltd. with the aim of including patent
data in the database, and we hope that users will see the
benefit of this collaboration in the coming year.

Nucleotide sequence data

Protein sequence data

The Nucleotide Sequence Database, prepared in collaboration with GenBank(R), is the largest data collection provided
by the group, and was the starting point of the EMBL
Data Library. The latest release (for distribution in January
1988) contains 17.3 million base pairs of sequence data,
30 times as much as the first release in 1982. Although the
growth (summarized in Plate 44) is accelerating smoothly,
20 million
Size in
bases

Nucleotide Sequence)"
O.ta Library
Growth

10 million

1982

Restriction enzyme data

1983

1984

1985

1986

1987

Growth of the EMBL Data Library

PLATE 44
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The Data Library continued, as in previous years, to redistribute the data collection provided by the Protein Identification Resource group of the National Biomedical Research
Foundation (Georgetown, USA). In 1987 we have also begun to distribute the Swiss-Prot protein sequence database
developed at the University of Geneva, and are gradually
taking over the maintenance of this collection. It is derived
from the PIR collection and protein translations of genes in
the EMBL Nucleotide Sequenc;:; Database, and is designed
to be compatible with our nucleotide sequence collection. In
the course of 1987 the Swiss-Prot has grown from 1 million
amino-acids to 1.6 million.

1988

The restriction enzyme database provided by Dr. R. Roberts
is now routinely distributed along with the nucleotide sequence database. This collection is one of a number
of small, extremely useful collections maintained outside
EMBL which we can usefully distribute. We hope in future
to add a few other such collections to our regular database
releases.

Interactions with journals
We have long stressed that the only feasible way to bring
the necessary biological expertise to bear on the data collections is to evoke the support of the researchers producing
the data. In 1987 we have made great strides forward in
this regard. All the major journals with which we deal now
distribute forms requesting information for the database from
researchers. At present about 50% of the data are supplied
directly to us, and this figure is rising steadily.
Nucleic Acids Research, always a pioneering journal in this
regard, has now taken the more assertive step of requiring
authors to submit their data to the Data Library before
submitting their manuscripts for publication.
Subscriptions
In the past the EMBL Data Library has charged nothing for
its services, but has requested that users return magnetic
tapes to us after reading them. We have also previously
taken requests only for the latest release of the data, not
accepting "standing orders", for example, for all the releases
in a year. This policy has become inefficient, firstly because
the costs of handling and posting magnetic tapes are significant, and secondly because the paperwork associated
with processing individual requests for every release is not
negligible. For these and other reasons, we decided to offer
annual subscriptions to the EMBL Data Library at a modest
cost, and to abandon the idea that users should return
magnetic tapes. The present scale of charges ranges from
OM 400 for academic users in EMBL Member States to OM
2,000 for industrial users. Subscribers may take any or all
of the databases for the year of subscription, or they may
request a single release of any database for one quarter of
the annual subscription charge.
Network access to the data
It has long been a concern that our three-monthly release
cycle does not allow users to see the data soon enough
after publication. During the last year we have developed
a system whereby users can request copies of files in the
database over the EARN/bitnet computer network. This is

done by sending specially formatted messages to the EMBL
computer such that the files required are automatically returned to the user. We have announced our first version of
such a service to be available in January 1988. Using this
system, users will be able to access the very latest data
which we have just entered into the database.
Collaboration with other nucleotide
sequence databases
Since the very early days of the EMBL Data Library, we
have worked in collaboration with the American GenBank
project. At the end of 1987 the GenBank contract was
reawarded, and the winning proposal was a collaborative
project between IntelliGenetics Inc. and the Los Alamos
National Laboratory. Also during the last year the DNA
Database of Japan (DDBJ) located in Mishima City has
joined the collaboration.
In November three staff from the EMBL group spent 10 days
with the GenBank and DDBJ staff discussing both the future
of the collaboration and the immediate technical issues
facing the databases. Perhaps most important were the
discussions aimed at promoting a greater integration of the
two collections by the adoption of common relational data
structures and by the definition of a standard transaction
protocol for the databases. Also in 1987 Gunter Stosser
worked in Los Alamos with the GenBank group for 4 weeks,
continuing the exchange programme which was started by
Christian Burks' visit to EMBL in 1986.
We have every reason to believe that the collaboration will
proceed as smoothly in future as it did in the previous
GenBank contract.
Publications during the year
Data Library Staff (1987). EMBL Data Library Release Notes
and User Manual, Releases 11.0, 12.0, 13.0
EMBL and GenBank Data Library Staff (1987). A new system for direct submission of data to the nucleotide sequence
data banks. Nucl. Acids Res., 15, Number 8 (No page
numbering in this section)
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Sequence and structure analysis of proteins and genes

Scientists: P. Argos, P. McCaldon*
External fellow: T. Gibson
Predoctoral fellows: P. Davis*, M. Vingron*
Technical assistant: R. Rechid*

The research group focuses on the theoretical analysis of
the sequence and structure of proteins and genes. The work
begins with statistical examination of sequence and structure d;3.tabases to elicit basic principles and then attempts
to move forward to the ultimate goal of predicting tertiary
structure from only a knowledge of the primary sequence.
Within this wider framework are the specific projects of 1987
which are subsequently listed and briefly described.
Sensitive searching for protein sequence homology
The search technique, which relies on physico-chemical
characteristics of the amino-acids, was discussed in detail
in the 1985 Research Reports. Progress is in evidence on
producing a user-friendly, distributable version of the computerized method. The sequence search matrix can now be
displayed on a SUN workstation graphics screen with user
"mousing" of high score regions to align all or any part of
the compared sequences. Experience has shown that visual
inspection of the search results is essential in detecting
weak homologies whereas automated hands-off approaches
for marginal relationships can often be misleading.
The sequence comparison method was applied to antenna
pigment proteins of bacterial reaction centers, sugar permeases of the bacterial phosphoenol pyruvate-dependent
phosphotransferase system, the three proteins encoded by
yeast plasmids, picornaviral and hepatitis capsid proteins,
and the first complete tropoelastin sequence which was
taken from chicken. Structural prediction and models as
well as evolutionary relationships were elicited from the
respective alignments. In the tropoelastin structure 13 basic repeats (not easily delineated by eye or less sensitive
techniques) of about 60 residues each were ascertained;
crosslink, hinge and hydrophobic regions in each motif
suggested a model to explain the elastic properties of the
molecule. An alignment of the human hepatitis B nucleocapsid protein sequence to that from the mengo picor148

naviral coat protein with known tertiary structure suggested
a hepatitis structural fold for prediction of antigenic sites
useful for vaccines as well as possible carrier sites if the
hepatitis nucleocapsid were to be a multivaccine host virus.
Finally, evolutionary relationships derived from alignment of
the three protein sequences in each of four different yeast
plasm ids suggested "molecular drive" as a principle evolutionary mechanism along with selection and neutral drift. In
fact, this may well be the first "purely protein" example of
molecular drive in coevolutionary processes.
The hepatitis-mengo comparison used, for the first time in
this laboratory, an extensive control to test for significance.
The hepatitis primary structure was compared through a
classic Needleman-Wunsch algorithm to over 1000 unique
sequences taken from the databanks; each sequence represented every evolutionary family in the database. Those
sequences (2% of the database) that resulted in alignments
with the same or greater residue identity percentage as the
hepatitis-mengo match were compared with the hepatitis
primary structure using the more sensitive technique requiring visual inspection of a search matrix. Significantly, only
the mengo and hepatitis sequences yielded a convincing
alignment matrix.
Multiple sequence alignment
The aim of this work is to devise an algorithm for simultaneous alignment of multiple protein sequences. The major
drawback of currently used methods is dependence of the
final result on their initial alignments. Even the ordering of
sequence pairs according to the significance cannot eliminate the initial prejudice.
An algorithm is needed that takes into simultaneous account
the information from all sequences that share a certain
degree of similarity. The approach presently under test and
development involves the following procedures:

(1)
(2)
(3)
(4)

grouping of given sequences into clusters of a certain
similarity;
producing a rough outline of the alignment by quickly
localizing the strongly homologous spans amongst the
sequences within a group or cluster;
aligning the regions between the strong anchor spans
for all members of a cluster; and
aligning the groups through profile analysis and by
delineating intergroup anchor spans displayed by many
members within a given cluster.

Oligopeptide biases in protein sequences
Oligopeptides with lengths ranging from 2 to 11 residues
have been examined in protein sequences that show no
obvious evolutionary relationship. All sequences in the protein identification resource database were carefully classified by sensitive homology searches into superfamilies to
obtain unbiased oligopeptide counts. The results, contrary
to previous studies, show clear prejudices in the selection
of oligopeptides by protein sequences. The very strongly
preferred oligopeptides often displayed the same tertiary
structu res.
The Lipman-Pearson technique is often utilized to compare a newly discovered protein sequence with all those
previously determined and deposited within a database.
The fast comparison method frequently yields seemingly
homologous sequence regions of 15 to 50 residues in
length from several proteins; the aligned spans often contain
identical trimers or tetramers. It is possible with the known
oligopeptide biases to predict if such identities are possible
by chance and thus to ascertain quickly if the homology is
sufficiently significant to pursue by more sensitive comparison techniques.
Protein coding regions in nucleotide sequences are generally detected by correlating the amino-acid composition
resulting from translating the nucleotide bases in a given
reading frame with the corresponding composition expected
from proteins generally. It was found that correlating translated tripeptides with their preferences in proteins generally
provided a more sensitive delineation of the coding regions
within the gene.
Investigation of protein subunit and domain interfaces
Protein structures were collected from the Brookhaven
database of tertiary architectures that displayed oligomeric
association (24 molecules) or whose polypeptide folding
revealed domains (34 proteins). The subunit and domain
interfaces for these proteins were examined from several
aspects; a general, consistent picture emerged for both
the domain and subunit interfaces. It was found that the
percentage of accessible surface area lost to the interface
generally increases with the degree of subunit symmetry
and decreases with the molecular weight of the domain.
The residue composition of the subunit and domain interface
surfaces lies between the protein exterior (mostly polar)
and interior (mostly nonpolar) extremes, with special emphasis of large aromatic and hydrophobic groups as well as
methionine and arginine. These interface features should

promote subunit and domain recognition. The interacting
secondary structures are largely loops and coils, suggesting
that subunits and domains fold independently. The interface
polar and nonpolar groups are distributed evenly over the
associating surfaces, avoiding the energetic instability of
concentrated hydrophobic areas meeting solvent. Preferences amongst all possible H-bond formations and side
chain associations have been calculated as an aid in designing such interfaces.
Modelling the "zinc finger" motif
Many eukaryotic transcriptional activator proteins, including the Xenopus 5S RNA gene activator protein TFIIiA
and the Hela cell protein Sp1, have an approximately 30
amino-acid repeating motif which binds to short, specific
DNA sequences. Over 100 of these sequences are now
known. Based on the observed distribution of amino-acid
residues, a series of constraints and predictions were proposed for the structure of the motif; examples included a
predicted helical span, tetrahedral coordination of a zinc
ion by 2 histidines and 2 cysteines, and spatial proximity of residues at 3 sequence alignment positions characterized almost exclusively by hydrophobic residues. A
3-dimensional structural model (Plate 45), compatible with
these constraints and predictions, has been developed by
a combination of interactive model building and refinement
by molecular dynamics. The model structure consists of
a double-stranded ,B-hairpin which stabilizes a C-terminal
a-helix by both zinc ligands and hydrophobic interactions.
Four of the residue positions on the exposed helical face are
predicted to provide base-specific ligands. In the next year,
the binding of the finger motif to DNA will be modelled and
specific amino-acid side chain interactions predicted. These
predictions may be tested by site-directed mutagenesis.
Protein engineering
A collaborative project involving several EMBL scientists
and Programmes (see below) has been initiated and focuses on structural modification of the bacterial Rop (repressor of primer) protein important in regulating the processing of RNA primer for initiation of DNA replication.
Presently, site-directed mutagenesis is performed on Rop
to change one or a few of its amino-acids to test principles
of protein folding. The residue changes as Leu-Nal--+Ala
or Leu--+Asn are meant to test Rop's structural accommodation to changes in side ch::lin volume, shape, and
polarity. Tests are also underway on the additivity of these
alterations to Rop's structural stability. Some of the variants have been crystallized for three-dimensional structure
investigation. Molecular dynamics calculations are also in
progress to see if the local structural accommodations can
be predicted.
Since Rap is a simple 4-helical structure in its dimeric
form, a gene was constructed according to the Rop aminoacid sequence running in the reverse direction (the Cto N-terminal sequence); it is intended to clone the gene
and check for expression and structural folding stability of
the carboxy-to-amino terminal molecule. If it folds, many
suggestions on folding processes will have to be altered.
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PLATE 45
Model "zinc finger" structure for a mouse mkr3 motif.

(c)

(a)

(d)

(b)
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All residues shown with the zinc atom displayed as a van der
Waals sphere;
a-carbon backbone and conserved side chains of two cysteine and two histidine residues coordinating the zinc atom;

a-carbon backbone, the 4 zinc coordinating residues and the
conserved hydrophobic (Leu, Phe, Tyr) residues;
a-carbon backbone and the residues predicted to interact with
DNA.

(Graphics illustrations made by J. Postma & T. Gibson, EMBL)

a

b

c

d

A collaborative project has also been initiated to improve the
nutrient quality of soybean seeds by addition of methionine
and cysteine. By sequence comparison (see Research Reports 1985), three domains and connecting links have been
identified in seed storage proteins; possible insertion "hot"
spots within the sequence were also deduced. Tests are underway to introduce into these areas by site-directed mutagenesis structurally independent oligopeptides that contain
several methionines and cysteines; known protein structures
were searched to identify stable candidate oligopeptides. An
in vitro assay was developed to test whether the altered
storage proteins assemble in the same oligomeric state as
found in seeds.

Summary of collaborative projects
EMBL scientists

Structural relationships amongst coat proteins in picorna,
hepdna and a-viruses (S. Fuller & C. Sander)
Repeating structures in chick tropoelastin (K. Stanley)
Unexpected divergence and molecular coevolution in yeast
plasm ids (J. Murray & G. Cesareni)
Sequence comparison and structure prediction of antenna
pigment proteins in bacterial reaction centers (M. Tadros &
R. Frank)

External scientists
Protein engineering of soybean seed storage proteins (N.
Nielsen, Purdue University, USA)
Sequence comparison and structure prediction of sugar permeases (M. Saier, Jr., University of California, San Diego,
USA)
Repeating structures in chick tropoelastin (G. Bressan, University of Padova, Italy)

Publications during the year
Argos, P. (1987). Modern methods in protein chemistry. BioI.
Chern. Hoppe-Seyler, 368, 435
Argos, P. (1987). A sensitive procedure to compare aminoacid sequences. J. Mol. BioI., 193,385-396
Argos, P. (1987). Analysis of sequence-similar pentapeptides in unrelated protein tertiary structures: strategies for
protein folding and a guide for site-directed mutagenesis. J.
Mol. BioI., 197, 331-348
Bressan, G.M., Argos, P. & Stanley, K.K. (1987). Repeating
structure of chick tropoelastin revealed by cDNA cloning.
Biochemistry, 26, 1497-1503

Protein engineering of the Rop protein (G. Cesareni, L.
Castagnoli, M. Kokkinidis, D. Tsernoglou, R. Frank, K. Ashman & J. Postma)

Cuellar, R.E., Galili, G., Argos, P. & Larkins, B.A. (1987).
A model for storage protein structure in maize. In Models
in Plant Physiology and Biochemistry III: eds. Newman,
D.w. & Wilson, K.G.; CRC Press, Boca Raton, Florida, pp.
117-121

An ab initio tertiary structural model of the nucleotide binding
"zinc finger" motif (J. Postma & R. Brown)

Fuller, S.D. & Argos, P. (1987). Is Sindbis a simple picornavirus with an envelope? EMBO J., 6, 1099-1105
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The major projects of 1987, in the period since moving to
EMBL, have been:
(1)

(2)

(3)

(4)

Predictions of the structures of the antigen-binding
sites of immunoglobulins, and the testing of these
predictions against experimental structures determined
by x-ray crystallography (with C. Chothia & M. Levitt);
An analysis of the structures of eight-stranded {3-o:-{3
domains such as occur in triose phosphate isomerase
and numerous other enzymes (with C.-I. Branden & C.
Chothia);
An investigation of whether it is possible to identify the
fold of a protein by analysing the amino-acid sequence,
with reference to the globins (with C. Chothia & D.
Bashford); and
A reassessment of the extent and nature of buried
and accessible surfaces in proteins (with C. Chothia,
J. Janin & S. Miller).

Prediction of immunoglobulin structure

For several years, C. Chothia and I have been studying the
structural relationships among proteins related by evolution,
with the goal of determining general principles of protein
architecture. The general response of protein structures
to mutations, insertions and deletions is conformational
change.
Comparisons of related proteins show that a large part
of the polypeptide chain retains its basic folding pattern.
This "core" of the structures comprises major elements of
secondary structure and residues flanking them, including
active-site peptides. The core may amount to as little as
40% of the structure for distantly related proteins, but is 90%
or more for proteins with amino-acid sequence homologies
of 50% or more. There is a direct relation between the root
mean square deviation of the main-chain atoms of the core
residues of a pair of proteins and the overall amino-acid sequence homology. The deviation primarily reflects the shifts
and rotations of packed secondary structures with respect
to one another. For distantly related proteins, shifts of 3-5 A
are typical and shifts of up to 7 A have been observed.
For proteins with sequence homologies of 50% or more
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the shifts are much smaller, lying in the range 0.3-1.5 A.
Such closely related proteins are also characterized by a
conservation of over 85% of the conformational angles of
the backbone and of the side chains of unmutated residues.
These observations suggest that successful model building
of an unknown protein structure depends on knowing the
structure of a reasonably close relative. As an application
and test of these methods, we wanted to select a suitable
example for which the crystal structure determination was
in progress, in order that we could record our prediction
while the structure was still unknown but test it reasonably
soon. The example we chose was the antibody IgG D1.3,
the structure of which was being undertaken at the Pasteur
Institute by the group of R. Poljak.
We found that the framework regions of the domains of
immunoglobulins of known structure were very highly conserved, as was the interface between VL and VH domains.
The challenge was to predict the conformations of the
antigen-binding loops. We analysed the known immunoglobulin structures to determine the relationship between their
amino-acid sequences and the three-dimensional structures
of their antigen binding sites. We identified the relatively few
residues that, through their packing, hydrogen bonding or
the ability to assume unusual conformations, are primarily
responsible for the main-chain conformations of the hypervariable regions.
Examination of the sequences of immunoglobulins of unknown structure shows that many have hypervariable regions that are similar in size to one of the known structures
and contain identical residues at the sites responsible for
the observed conformation. This implies that these hypervariable regions have conformations close to those in the
known structures. For five of the hypervariable regions, the
repertoire of conformations appears to be limited to a relatively small number of discrete structural classes. We call
the commonly occurring main-chain conformations of the
hypervariable regions "canonical structures". The accuracy
of the analysis is being tested and refined by the prediction of immunoglobulin structures prior to their experimental
determination.

So far, two of the immunoglobulins for which we predicted
structures have been solved crystallographically. In the case
of D1.3, four of the loops were predicted correctly: L2, L2,
H2 and H3 and two were not: L3 and H1. The experimental
structure determination is currently being extended to higher
resolution, and, when coordinates are available, we shall try
to determine the factors that account for the discrepancy
between prediction and experiment.
The second structure, HY5, has been solved at the NIH
in the USA. We are currently analysing the relationship
between our prediction and the experimental structure.

Analysis of TIM-like domains
A type of protein domain first recognized in chicken triose
phosphate isomerase (TIM) consists of eight parallel strands
of ,6-sheet, forming a closed structure with the helices
outside and the strands inside. Carl-Ivar Branden, visiting
EMBL during the year, had with his group in Uppsala solved
two other structures with similar folds: glycolate oxidase
(GAO) from spinach and a subunit of ribulose-1,5-bis phosphate carboxylase (Rubisco) from Rhodospirillum rubrum.
C.-I. Branden, C. Chothia and I are analysing and comparing
the structures of chicken TIM, spinach GAO and R.rubrum
Rubisco. Our previous analyses of structurally-related proteins have embraced proteins known to be related, on the
basis of sequence homology and a common function. In
the case of TIM, GAO and Rubisco, as well as the other
proteins that resemble them, there is no apparent homology
in the sequences, and the question of whether one is seeing
evolution or convergence is an open one. Nor is it clear
whether the observation that all structures of this type that
are based on ,6-0:-,6 units contain eight strands suggests
a common evolutionary origin or a unique way to solve a
structural problem. It is hoped that completion of this work
will shed some light on these questions.

Detection of the globin fold by analysis
of amino-acid sequences
The three-dimensional structures of globins are known,
from crystallographic analyses, to be very similar. Their
amino-acid sequences, however, differ greatly. Only two
residues are absolutely conserved in all sequences, and
the residue identities of some pairs of sequences are only
16%. We have determined the nature and exact extent of the
sequence variations and the extent to which the conserved
features of the globin sequences are unique to this family.
The 226 globin sequences now known were aligned and
analysed. Analysis of the aligned sequences shows that:
(1)

(2)

Although individual chains vary in size between 132
and 157 residues, deletions and insertions result in
there being only 102 residue sites common to all
globins. These sites form six separate regions.
Within the conserved regions 32 sites almost always
contain hydrophobic residues. In the known structures,
these sites are in the protein interior.

There are two other conserved buried sites: one contains the His linked to the haem iron and the other
usually contains a His involved with the haem ligand.
(3)

Within the conserved regions there are another 32 sites
that are almost always occupied by charged, polar or
small non-polar (Gly or Ala) residues. In the known
structures, these sites are on the protein surface.

To determine the extent to which the conserved features
found for the globin sequences are unique to that protein
family, the six conserved regions, and the residue restrictions that occur at the 66 sites within these regions, were
encoded into two ''templates''. One was based only on the
sequences so far determined; the other was extended to
include as yet unobserved substitutions that seemed plausible on the basis of size, hydrophobicity and polarity. Each
of the non-globin sequences in the PIR data bank was then
examined by a computer program to see how closely it
could be matched to these templates. No non-globin made
an exact match to either template. A fairly close match
could be found for only a small number of non-globins,
nearly all of which are very long and most of which are
polyproteins. Thus, the features of the globin sequences that
are conserved and define its fold and function are essentially
unique to that family.

Buried and accessible surfaces in proteins
The importance of the burying of protein surface in the
interior of native proteins has been recognized for a long
time. Because a large amount of new and high quality protein structural data has become available since the earliest
quantitative studies of Lee, Richards, Chothia and others,
we decided to reinvestigate the extent and nature of the
buried and accessible surfaces in proteins.
The solvent-accessible surface area (A) of 46 monomeric
proteins was calculated using atomic co-ordinates from
high-resolution and well-refined crystal structures. For
monomeric proteins, the area of the surface accessible to
solvent is a simple function of molecular weight. Proteins
with different shapes and secondary structures but of the
same molecular weight have the same accessible surface
area and are correlated with their molecular weight (M).
In the range 4,000 to 35,000: the power law A=6.3x MO. 73
predicts A values to within 4% on average. The average
water-accessible surface is 57% non-polar, 24% polar and
19% charged, with 5% root-mean-square variations. The
molecular surface buried inside the protein is 58% nonpolar, 39% polar and 4% charged. The buried surface
contains more uncharged polar groups (mostly peptides)
than the surface that remains accessible, but many fewer
charged groups.
On average, 15% of residues in small proteins and 32%
in larger ones may be classed as "buried residues", having
less than 5% of their surface accessible to the solvent. The
accessibilities of most other residues are evenly distributed
in the range 5 to 50%. Although the fraction of buried
residues increases with molecular weight, the amino-acid
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compositions of the protein interior and surface show no
systematic variation with molecular weight, except for small
proteins that are often very rich in buried cysteines.
The surface areas of oligomeric proteins, and the areas
of the surface buried within them, are directly related to
molecular weight. Although oligomers of the same molecular
weight bury the same amount of surface, the proportions
buried within and between subunits vary. This has important
implications for the role of subunit interfaces in the stability
and activity of oligomeric proteins.
Publications during the year
Bashford, D., Chothia, C. & Lesk, A. (1987). Determinants
of a protein fold: unique features of the globulin amino-acid
sequences. J. Mol. BioI., 196, 199-216
Chothia, C. & Lesk, A. (1987). Canonical structures for the
hypervariable regions of immunoglobulins. J. Mol. BioI., 196,
901-918
Lesk, A. (1987). DNA sequences and protein structures:
subjects of a new dialog. Biotec, 2, 22-28
Lesk, A. (1987). A toolkit for computational molecular biology. 111. MICRYFON - a (fairly) general program for input
of protein coordinate files. J. Appl. Cryst., 20, 488-490
Lesk, A. (1987). The Biocomputing Programme at EMBL.
Trends in Biotechn., 5, 317-318
Miller, S., Janin, J., Lesk, A. & Chothia, C. (1987). The
interior and surface of monomeric proteins. J. Mol. BioI.,
196, 641-657
Miller, S., Lesk, A., Janin, J. & Chothia, C. (1987). The
a<;:cessible surface area and stability of oligomeric proteins.
Nature, 328, 834-836
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Mammalian molecular genetics

Scientists: H. Lehrach*, A.-M. Frischauf*
EMBL & EMBO fellows: D. Barlow*, A. Craig*, F. Michiels*
External fellows: D. Nizetic*, G. Rappolci*, L. Stubbs*, M. Zimmer*
Predoctoral fellows: M. Bucan*, M. Burmeister*, B. Herrmann*, G. Zehetner*
Visiting workers: S. Reeders*
Technical assistants: T. Pohi*, A. Poustka*, L. Schneider*

As in previous years, we have concentrated on problems in
mammalian (mouse and human) molecular genetics, work
which in view of the still unsolved technical difficulties necessarily has to have a strong technical component.
Our work on mouse genetic problems has focused on three
areas. One major topic has been the continuation of our long
range goal to understand the peculiar structural, genetic
and developmental features of the t complex region of the
mouse, an effort which in the past has contributed to an
increasingly clear picture of this unusual genetic region
(R6hme et a/., 1984; Fox et a/., 1985; Herrmann et a/., 1987;
Bucan et a/., 1987). Most recently this work has involved
identification of a highly interesting inverted duplication in
the proximal region of mouse chromosome 17, explaining
among other puzzles the structure of unusual recombination
chromosomes formed by recombination within the proximal
inversion of the mouse t complex, the cloning of a highly
specific testis expressed gene from the middle region of the
t complex (Rappold et a/., 1987), further progress towards
the molecular identification of the Brachyury gene, and
progress towards the establishment of physical maps of
parts of the wild-type form of the t complex. Similarly work
on a molecular characterization of the steel mutation has
been carried further, involving both chromosome jumping
(Poustka et a/., 1987) and pulsed field gradient gel analysis
localizing the position of a translocation breakpoint that
should define the location of this gene.
Our work on human genetics problems has especially concentrated on the genes for Huntington's chorea, cystic fibrosis and Duchenne muscular dystrophy. In progress towards
the Huntington's disease gene (a collaboration involving
laboratories of J. Gusella, J. Wasmuth, D. Housmann, F.
Collins & C. Cantor), a number of techniques have been
used to derive additional clones in the area of the mutation,
and to map these by physical and genetic mapping tech156

niques, with the aim of establishing a combined physical and
genetic map of the region, and ultimately to identify the gene
responsible for Huntington's disease. This has involved the
construction and localization of linking clones (Pohl et al.,
in preparation; Poustka & Lehrach, 1986) from the region,
their use as starting points in chromosome jumping experiments (Poustka et a/., 1987), expansion of cloned regions
by chromosome walking (Gilliam et a/., 1987; Zimmer et
a/., unpublished), analysis of cosmid clones for conserved
and transcribed regions, pulsed-field gel analysis of these
markers and markers generated in other laboratories (Bucan
et a/., in preparation) and genetic mapping.
Work on the cystic fibrosis region has involved the isolation
of one additional marker by cloning of DNA fragments isolated from pulsed-field gradient gels (Michiels et a/., 1987a)
and, in experiments carried out in collaboration with G.
Bates & B. Williamson, the construction of a 5 megabase
pulsed-field gradient gel map determining the position of
previously only genetically link.ed markers, positioning the
region of high linkage disequilibrium marking the approximate position of the CF mutation within the met-3.11 interval.
A similar analysis carried out in the Duchenne muscular
dystrophy region has allowed the localization of a number
of DNA markers (Burmeister et a/., 1986), resulting in a high
resolution four megabase map containing the entire gene of
2 million bases, imbedded in a coarser map covering a total
of ten megabases (Burmeister et a/., unpublished).
Work on the further refinement of the molecular genetic
techniques has involved further development and use of
chromosome jumping (Poustka et a/., 1986) and linking
clone (Poustka et a/., 1986; Pohl, in preparation) libraries,
and further improvements in the use of pulsed-field gradient
gel electrophoresis systems (Barlow & Lehrach, 1987a).

Probably the most interesting technical development,
started at the EMBL and now proceeding with high priority
after our move to ICRF (London), is the further development
and testing of a new approach to the construction of ordered
clone libraries, potentially capable of generating ordered
clone libraries of the human genome (Poustka et al., 1986;
Craig et al.,1987; Michiels et al., 1987). This technique is
based on the identification of overlapping clones by hybridization of many clones to 50 to 100 short oligonucleotide
probes, chosen to hybridize to 30 to 50% of the clones.
Overlapping clones are identified by their similar hybridization pattern. Information on pairwise overlaps as well as
consistency arguments can then be used to order the clones
in a linear list, effectively reconstructing the previous order
of clones in the genome. In providing both a high resolution
physical map, and immediate access to the cloned DNA,
the construction of such ordered clone libraries from e.g. the
human genome would be likely to revolutionize mammalian
genetics, with, among other aspects, major implications for
a number of important medical problems.

Publications during the year
Avner, P., Bucan, M., Arnaud, D., Lehrach, H. & Rapp, U.
(1987). A-rat oncogene localizes on mouse X chromosome
to region some 10-17 centimorgans proximal to hypoxanthine phosphoribosyltransferase gene. Somtic Cell Mol.
Genet., 13, 267-272
Barlow, D.P. & Lehrach, H. (1987a). Genetics by gel electrophoresis: the impact of pulsed-field gel electrophoresis on
mammalian genetics. Trends Genet., 3, 167-171
Barlow, D.P., Bucan, M., Lehrach, H., Hogan, B.L.M. &
Gough, N.M. (1987b). Close genetic and physical linkage
between the murine haemopoietic growth factor genes GMCSF and multi-CSF (IL3). EMBO J., 6, 617-623
Hermann, B.G. & Frischauf, A.-M. (1987). Isolation of genomic DNA. Meth. Enzymol., 152, 180
Bucan, M., Herrmann, B.G., Frischauf, A.-M., Bautch, V.L.,
Bode, V., Silver, L.M., Martin, G.R. & Lehrach, H. (1987).
Deletion and duplication of DNA sequences is associated
with the embryonic lethal phenotype of the t 9 complementation group of the mouse t complex. Genes & Dev., 1,
376-385
Ehrich, E., Craig, A., Poustka, A., Frischauf, A.-M. &
Lehrach, H. (1987). A family of cosmid vectors with the
multi-copy R6K replication origin. Gene, 57, 229-237
Frischauf, A.-M. (1987). Digestion of DNA: Size fractionation. Meth. Enzymol., 152, 183

Gilliam, T.C., Bucan, M., MacDonald, M., Zimmer, M.,
Haines, J., Cheng, S., Pohl, T., Whaley, W., Allitto, B.,
Faryniarz, A., Wasmuth, J.J., Frischauf, A.-M., Coneally, P.,
Lehrach, H. & Gusella, J.F. (1987). A DNA segment encoding two genes very tightly linked to Huntington's disease.
Science, 238, 950-952
Herrmann, B.G., Barlow, D.P. & Lehrach, H. (1987). A large
inverted duplication allows homologous recombination between chromosomes heterozygous for the proximal complex
inversion. Cell, 48, 813-825
Labeit, S., Lahrach, H. & Goody, R.S. (1987). DNA sequencing using o:-thiodeoxynucleotides. Meth. Enzymol., 155, 166
Michiels, F., Burmeister, M. & Lehrach, H. (1987a). Derivation of clones close to met by preparative field inversion gel
electrophoresis. Science, 236, 1305-1308
Michiels, F., Craig, A.G., Zehetner, G., Smith, G.P. &
Lehrach, H. (1987b). Molecular approaches to genome analysis: a strategy for the construction of ordered overlapping
clone libraries. Cabios, 3, 203-210
Poustka, A., Pohl, T., Barlow, D., Frischauf, A.-M. &
Lehrach, H. (1987). Construction and use of human chromosome jumping libraries from Notl-digested DNA. Nature,
325, 353-355
Rappold, G., Stubbs, L., Labeit, S., Crkvenjakov, R.B. &
Lehrach, H. (1987). Identification of a testis-specific gene
from the mouse t-complex next to a CpG-rich island. EMBO
J., 6, 1975-1980
Zehetner, G., Frischauf, A.-M. & Lehrach, H. (1987). Approaches to restriction map determination. In Nucleic Acid
and Protein Sequence Analysis. Practical Approach Series:
eds. Bishop, M.J. & Rawlings, C.J.; IRL Press, Oxford, pp.
147-164

Other references
Burmeister, M. & Lehrach, H. (1986). Nature, 324, 582-585
Fox, H., Martin, G., Lyon, M., Herrmann, B., Frischauf, A.-M.,
Lehrach, H. & Silver, L. (1985). Cell, 40, 63-69
Poustka, A. & Lehrach, H. (1986). Trends Genet., 2, 174179.
Rohme, D., Fox, H., Herrmann, 8., Frischauf, A.-M., Edstrom, Mains, P., Silver, L. & Lehrach, H. (1984). Cell, 36,
783-788

Frischauf, A.-M. (1987). Construction and characterization
of a genomic library in A. Meth. Enzymol., 152, 190
Frischauf, A.-M., Murray, N. & Lehrach, H. (1987). A phage
vectors - EMBL Series. Meth. Enzymol., 153, 103-115
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The Director's group

Scientists: L. Philipson, C. Schneider
EMBO fellow: M. Etzerodt
Visiting workers: R. Arcone*, G. Ciliberto*, G. Gualandi*, G. Manfioletti, M. Ruaro*, R. Vignali*
Technical assistant: R. King

Three projects have been studied during last year.

Gene expression during growth arrest
A characterization of mRNA expressed exclusively during
growth arrest of NIH 3T3 cells led to the isolation of at least 7
specific cDNA clones obtained by subtractive hybridization.
These clones, referred to as growth arrest specific (gas)
genes, follow essentially two patterns of expression. As
exemplified with the gas 1 gene they are either expressed
at high levels during growth arrest and are down-regulated
within the first 6 hours after induction of growth followed
by reappearance at later stages of the growth cycle, or, as
exemplified by gas2, they are expressed at high levels in
growth-arrested cells and the mRNA cannot be detected
later in a synchronous growth cycle. Four of these clones
have now been partially sequenced and in one case we
have been able by in vitro translation to identify the protein
product which shows very little relationship to any other
known gene. The possibility that the gas genes might control
growth arrest in a positive manner and that growth induction
in fact leads to down-regulation of these genes is currently
being investigated.
We have also continued the studies, together with the group
of Wilhelm Ansorge, on the characterization of the RNA
species which are able to suppress cellular DNA synthesis.
Such RNA is present in arrested lymphocytes and NIH 3T3
cells and gradually disappears upon induction of the cells
to grow. For these studies we have taken advantage of the
automatic microinjection technique developed by Wilhelm
Ansorge and his group in the Biochemical Instrumentation
Programme. In order to identify the cDNA clones corresponding to these RNAs we have inserted full-length cDNA
into transcription vectors and are currently studying the
sense and the anti-sense RNA for inhibition of DNA synthesis or induction of cell growth respectively. To achieve these
aims we developed a A vector for directional cDNA cloning
and new protocols for making mini-A DNA preparations
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(Grimaldi et al., 1987; DelSal & Schneider, 1987; Manfioletti
& Schneider, submitted). The first two reports on the gas

genes and the inhibitory RNA are now being finalized.

Small nuclear RNA (SnRNA) and their proteins
In collaboration with lain Mattaj's group in the Gene Structure and Regulation Programme we have established that
the U1 enhancer sequences activate transcription in an
orientation-independent manner by studying the mutated
genes by microinjection in Xenopus oocytes. The enhancer
sequence does not activate transcription from an SV40 pol
II promoter but requires the U1 gene-specific proximal element for activation of transcription. A nuclear factor present
in mammalian cells seems to interact specifically with this
enhancer region of the U1 B gene (Ciliberto et al., 1987a).
Our studies on the genes for the U RNP-proteins have
continued. We have concentrated on the Xenopus system
and using the human U1 RNP 70k cDNA reported last year
we have identified a full-length cDNA clone encoding the
equivalent protein in Xenopus. We have also characterized
the genes corresponding to this cDNA in the Xenopus
genome and obtained prelimin;:lry evidence that there may
be two different genes for the 70k protein. We are currently
investigating whether expression of these genes is confined
to different stages during embryogenesis. If so the U1 RNP
might have a different composition at different stages of
development. Concurrently we have started to identify some
of the genes for the U RNP-proteins also in S.pombe.

The acute phase response of human liver genes introduced into transgenic mice
As a collaborative effort between G. Ciliberto and the Differentiation Programme, the gene for the C-reactive protein
(CRP) which is a major acute phase reactant in man but

not in mouse was introduced into fertilized mouse eggs
by microinjection and transgenic mouse-lines were established. The human CRP gene is exclusively transcribed
in the mouse liver and expression is strictly dependent
on induction of the acute phase response. The kinetics
of induction for both RNA and protein synthesis is fast;
RNA being detectable after 2 hours in the liver and the
protein can be discovered in the serum already 6 hours
after induction of the acute phase response with bacterial
lipopolysaccharides. The levels reached in the transgenic
mouse are comparable to those observed in human disease
and nuclear run-on experiments indicate that regulation is
primarily at the transcription level (Ciliberto et al., 1987b).
The sequences of the CRP gene governing both the acute
phase response and the liver-specific expression have subsequently been determined.
Publications during the year
Ciliberto, G., Palla, F., Tebb, G., Mattaj, IW. & Philipson, L.
(1987a). Properties of a U1 RNA enhancer-like sequence.
Nucl. Acids Res., 15, 2403-241 6

Ciliberto, G., Arcone, R., Wagner, E. & ROther, U. (1987b).
Inducible and tissue-specific expression of human Creactive protein in transgenic mice. EMBO J., 6, 4017-4022
DelSal, G. & Schneider, C. (1987). A simple and fast method
for preparing single-stranded DNA. Nucl. Acids Res., 15,
10047
Grimaldi, G., Manfioletti, G. & Schneider, C. (1987). A ).
vector for in vitro transcription. Nucl. Acids Res., 15, 9608
L6wenadler B., Jansson, B., Paleus, S., Holmgren, E., Nilsson, B., Moks, T., Palm, G., Josephson, S., Philipson, L.
& Uhlen, M. (1987). A gene fusion system for generating
antibodies against short peptides. Gene, 58, 87-97
Philipson, L. & Tooze, J. (1987). The human genome project.
Biofutur, 58, 94-100
Other references
Manfioletti, G. & Schneider, C. Nucl. Acids Res., submitted
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The Outstation at the DESY, Hamburg

Head: KS. Wilson
Scientists: C. Betzel, M. B6hm, Z. Dauter, J. Hendrix, C. Hermes, M.H.J. Koch, Y. Maeda, G.C. Nicolae, K Petratos, Z. Sayers
EMBL fellow: C. Bachler*
Predoctoral fellows: D. Foulis*, S. Klupsch*, A. Stewart
Students: A. Bartels*, S. Hobbie*, C. Odefy*, T. Reich*, P. Sicre*, T. ThOne*
Long-term visiting worker: K. Glith*
Short-term visiting workers: H.H. Bartsch, H.D. Bartunik, A. Bigi, K. v. Boehlen, C. Boscher, S. Branner, B. Brenner, T. Brupbacher, S. Buchanan,
E. Cedergren, J. Clarkson, H. Dantz, K. Diderich, M. Donatz, J. Drenth, P. Eggers, U. Ermler, U. Evers, R. Ford, W. Folkhard, D.L. Foulis, S.
Franken, B. Freter, W. Geercken, T. Glumoff, R.S. Goody, P. Gros, J. Hemker, W. Hinrichs, B. Hoffmann, H. Hope, G. Hoven, R. Indra, J. Kallen,
A. Karplus, H. Kelder, R. Kempf, E. Kn6rzer, F. Koerber, M. Kokkinidis, T. Kraft, C. Kratky, G. Lange, S. Lorenz, I. Makowski, E. Mandelkow, E.M.
Mandelkow, R. Marquet, J. McGray, H. Michel, C. MOiler, D. MOnstermann, H. Nolting, G.P. Pal, R. Pauptit, R.F. Pettifer, K Poole, D. Popp, F.
Poulsen, P. Prigge, S. Priggemeyer, S. Prong, G. Rapp, R. Read, N. Roveri, K. Rudat, A. Sawaryn, I. Simming, J.D. Smit, U. Spann, G. Suarez,
M. Swarte, G. Schertler, E. Schmalze, D. SchOler, G. Schulz, T. Standing, K. Stegen, M. Steifa, A. Stieneker, I. Tanaka, D. Tchudin, J. Tobias,
J. Troller, F.M. Vellieux, P. Webster, S.w. White, R. Wierenga, M. Wilmanns, H. Winkler, A. Wittinghofer, A. Yonath, L. Yu, M. Zeppezauer
Engineers and technicians: P. Bendall, T. Gehrmann, D. Hopp, R. Klaring, M. Kretzschmer, A. Lentfer, S. McLaughlin, A.-M. Michon, N. Pipon,
V. Renkwitz, B. Robrahn, H. Terry
Supernumeraries: E. Dorrington, M. Ingelman, A. Miegel*, G. Papendort*, C. Trankner*

Owing to the upgrading of the DESY synchrotron to provide particles for the new high energy physics ring, HERA,
there has been a major shut-down since October 1986. In
1987 we had only two periods of five weeks of dedicated
synchrotron time and no parasitic beam-time. Thus only
the three beam-lines in HASYLAB could be used, the high
intensity X11 line for crystallography being out of action for
the whole year. DORIS provided stable and reliable radiation
in the two periods. In spite of the limited availability of
radiation the synchrotron facilities of the Outstation were
nevertheless used by over 70 visitors during 1987.
It is planned that DORIS will start up again in May and will
then be an almost continuous source of radiation for the
rest of 1988. The priorities committee of external scientists
met in November to assess the proposals for beam usage
for 1988/1989. Over 80 proposals were received and we
will do our best to fulfill the needs of as many of these as
possible following the guidance of the committee as to their
relative priority.

The three groups of the Max-Planck-Gesellschaft are still
based in the Botanical Gardens but will move to the new
HASYLAB building adjacent to the Outstation during 1988.
Each of the three groups, headed by Hans Bartunik, Eckhard Mandelkow and Ada Yonath, have used the facilities
of the Outstation during 1987.
The PDP11/24 was replaced by a MicroVAX II at the
end of 1986. The computing resources have been further
enhanced by a VAXstation/1i GPX, to handle data from
two-dimensional detectors. An Ethernet network has been
installed for communication between the three machines.
This move towards distributed processing has substantially
reduced the overload of the VAX 11/750 during peak periods
and will also ease the replacement of the 750 by a new
machine which will be needed in the next 1 to 2 years.
The enhancements to the facilities contribute to the work
of visitors at the Outstation as well as to the research of the
in-house staff.
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Instrumentation and development
(J. Hendrix & A. Lentfer)

PLATE 47

The X13 small-angle scattering beam-line
Construction of the new X13 beam-line in the EMBL building
has continued. Most of the components are now ready and
the beam-line should be complete by the middle of 1988.
The principle of the design is similar to that of the X11 crystallography line. The line will have as its first optical element
a bent triangular crystal of germanium for the horizontal
focusing followed by, in the first instance, a segmented
mirror which can be "continuously" bent on an optical bench
for the vertical focusing. This should produce an excellent
small focus at the sample as has been obtained on X11,
and the resulting high intensity incident on the sample will
greatly help in, for example, single fibre studies. The design
of the x-ray optical and vacuum components was carried out
by Erich Gilberg, Michael Bleimling and Hans Wittmann of
the Construction Bureau in Heidelberg, during 1985.

The x-ray image of a metal mask, shown in real size in the left
corner, obtained with the parallel electrode detector.
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The X31 beam-line
The X31 beam-line was made much more user friendly.
A new crystallographic cradle was mounted in the hutch
which allows fully automatic optimization of the position of
the protein crystal sample into the beam under computer
control. This is similar to the device mounted on the X11
beam-line in 1986. The cradle greatly facilitates the use
of the instrument, especially for visitors to the laboratory.
The cradle is shown in Plate 46. The alignment procedure
is based on the presence of two ionization chambers after
each of the two pairs of slits in the collimator for incoming
radiation. The whole bench pivots about the first pair of slits.
The horizontal and vertical position of the bench is optimized
first, scanning the first pairs of slits and monitoring the ion
chamber current to find the maximum. The inclination and
rotational positions of the bench are then optimized similarly
using the second chamber. The complete optimization procedure takes 2-3 minutes. Extra motors were incorporated
into the control system for the mirrors leading to better
focusing and consequent increase of intensity at the sample.

CRYSTALLOGRAPHIC
CRADLE

.-0-.

@
PLATE 46
The crystallographic cradle.
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A high counting rate position-sensitive detector
The development of the parallel-electrode detector (Hendrix
& Lentfer, 1986) - described in detail in previous years' Research Reports - has been continued. Some modifications
still have to be made to the read-out electronics before the
detector can be used in synchrotron experiments. An example of the excellent spatial resolution is shown in Plate 47.
Data acquisition and processing
(G. Nicolae, B. Robrahn & C. Trankner)
The components for the data acquisition and processing
system have been integrated and tested. The system now
allows the real-time acquisition, display and transfer of up
to 64 frames of maximum size 1024x 1024 pixels produced
by different photon counting detectors or video sources. The
system has been linked to the MicroVAX II computer.
The two-dimensional acquisition processor has now microcode for real-time data rec'Jction and data correction .
Peak data rates of 15 Mega-events/sec and average rates
of 7.5 Mega-events/sec have been measured in different
test configurations. Microcode for real-time spot-integration
was implemented and is presently under test.
The high resolution version of the video-digitizer
(1 024x 1024 pixels) has been completed and connected to
the pixel-bus of the system. Microcode for dyadic frame
operations is now under development.
The real-time colour display has been connected to the
system and allows the real-time visualization of the acquired
data (25 frames/sec) as well as the presentation of the
graphic results.

A fast parallel interface to MicroVAX computers has been
designed and implemented. It enables direct access from
the MicroVAX to the whole histogramming memory. The
transfer rate is 800 Kbytes/sec.
A menu driven software package supports the interactive
set-up and choice of the different parameters for acquisition,
transfer and display. The software allows also the complete
remote control of the system from the MicroVAX computer.
The multitransputer node for data processing has been
designed and is now in the implementation phase. It contains four 32 bit transputers (T800) each with 1 MByte
local memory and direct access to the histogramming
memory. The transputers are linked together in a regular
way, which supports both pipelined and portitioned data
processing. The estimated processing power of one node
is 40 Reduced-lnstruction-Set-Computer-MIPs. FORTRAN
and PASCAL programs can be ported to the node.

Interactive software environment
(M. Bohm)
New workstation as host system
The software environment was adapted to a colour graphics
workstation (VAXstationlll GPX) offering window management and high resolution (1024 x 864x 8) display facilities for
graphics and images. The data acquisition hardware system
was connected to this workstation via a parallel DMA interface and the software for data transfer was implemented
and successfully tested.
As most design concepts of the system have been described
in last year's report only some extensions are mentioned
below.

Integration of external libraries
Since one goal of the development is to make the functionality of existing software packages accessible within a
uniform interactive environment, it is essential to support the
interfacing to external procedures and libraries. Such interfaces can now be generated automatically at run time from
descriptions specifying the procedures, their parameters
and data types and optional integrity checks (for example
array sizes and value ranges).

Integration of graphics
The mechanism described above was used to build the first
layer of an interface to the graphics kernel system (GKS),
the most widely accepted standard for device-independent
graphics. To integrate the concepts of GKS into the objectoriented style of the environment an object-oriented model
of GKS was constructed as a second layer offering classes
for graphics primitives, attributes, segments, transformations, input devices etc.
A similar integration of window management services (Xwindows) will be started as soon as the necessary software

becomes available from DEC. The functions offered by
both packages (GKS and X) are standardized and offer the
necessary basis on top of which services for the generation of application-specific graphical user interfaces can be
implemented.

Support of concurrent processes
Another significant extension of the software system during the last year was the support of concurrent processes
to model and control parallel activities. Processes can be
dynamically created, suspended and resumed or triggered
by timers or interrupts. Concepts have been developed
for the necessary synchronization and process communication mechanisms which fit nicely into the object-oriented
style. The management of the potentially large number of
processes within the environment is performed by a preemptive priority driven scheduler.

Implementation as a virtual machine
The implementation is based on the concept of a "virtual
machine" loaded with a "virtual image", which is the set of all
objects in the system containing all class and method definitions as well as all application data. Because of the mUltiple
dependencies between the classes a quite sophisticated
bootstrapping and system generation process is necessary
to generate the initial virtual image.
The virtual machine consists of a main interpreter for methods, a set of sub-interpreters for primitive methods and
an object memory containing the virtual image. The main
interpreter performs the tasks of message sending, method
activation and process switching. The object memory consists of memory cells, each of which can store an object
of arbitrary size. An object memory manager maps these
cells into a contiguous section of the host machines virtual
memory which is in turn mapped by demand paging to the
disk file containing the currently active virtual image. This
demand driven access to individual pages has proven to
be significantly faster than the loading and saving of entire
virtual images with normal file inputloutput.
EXAFS
(C. Hermes)

Instrumentation
For fluorescence measurements on very dilute samples a
solid state detector was installed at the EXAFS spectrometer. As a consequence of its excellent energy resolution,
which allows suppression of the scattering background electronically, spectra of superior signal-to-noise ratio could be
collected. As a next step it is planned to overcome the
intrinsic count-rate limitations of this kind of detector by
implementing a multi-element system with individual readout. This should enable us to collect good quality spectra
from specimens with submillimolar metal concentrations,
even without increasing the primary beam intensity and
thereby the risk of radiation damage. In collaboration with
the instrumentation group (G. Nicolae) a modification of
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the data acquisition system was started, which will offer
superior real time graphic representation of experimental
parameters. Additionally, programs and data can be stored
locally, thus eliminating the sometimes troublesome links to
the central computer.

Experimental projects
As a new collaborative project with the University of Munster
(H. Nolting, P. Eggers, G. Henkel, B. Krebs, D. Munstermann & H. Witzel) an investigation of the binuclear iron
centre at the active site of purple acid phosphatase from
beef spleen was started. Low temperature EXAFS and
XANES measurements were performed on frozen solutions
of the native enzyme, the reduced, enzymatically active
form, the re-oxidized form and the reduced and oxidized
forms in the presence of phosphate. The relative positions
of the iron K-absorption edges in the oxidized and reduced
samples indicate a one-electron reduction of only one of
the Fe(lIl) ions in the reduced forms. The XANES spectra
are consistent with a distorted octahedral iron coordination
for all of the five different species, whereas upon reduction
and addition of phosphate a change of ligand distances
and/or ligand type is evident. The EXAFS spectra, which
will give more detailed information on the iron environment,
are being analyzed, using amplitude and phase information
obtained from measurements of models containing di-iron
centres with different ligand spheres.
The project on glucose isomerase (H. Nolting, P. Eggers,
G. Henkel, B. Krebs, J. Hemker & H. Witzel, University
of Munster) was continued by measuring the native enzyme at different pH-values, a metal substituted form with
four Cd-atoms at the active sites and an activated form
of the enzyme with four additional Co-atoms per unit. In
order to assess the influence of sample preparation three
types of samples were studied: frozen enzyme solutions,
freeze-dried, and polycrystalline material. The differences in
sample state showed up as minute changes in the XANES
spectra, which are not yet fully understood and will be the
subject of further investigations. Data analysis performed
for the native enzyme in frozen solution yielded a distorted
octahedral coordination of the central Co-atom by 6 N-atoms
at an average distance of 2.12 A. By comparison with the
Fourier transforms of imidazole-containing models it can be
assumed that these N-atoms belong to histidine rings.
A new project to study the environment of iron and
zinc ions in advanced artherosclerotic plaque was started
(E. Rokita, Jagellonian University, T. Cichocki, Medical
Academy, Krakow, Poland). First results obtained from
ashed tissues demonstrated the feasibilty of the project and
provide the basis for more systematic measurements in the
future.
The project with the Medical University of Lubeck (H. Winkler, A. Sawaryn & A.x. Trautwein) on EXAFS and XANES
investigations of models for haem proteins continued. EXAFS measurements on the high spin to low spin transition
in a model complex for haem proteins could be consistently
combined with information from complementary methods
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such as M6ssbauer spectroscopy and magnetic susceptibility measurements.

Small-angle scattering
Solutions, gels and fibres
(M. Koch, Z. Sayers & A.-M. Michon)
Electric field x-ray scattering

The development of this new experimental technique, in
collaboration with R. Marquet & C. Houssier (University of
Liege), has been made possible by the excellent performance of the area detector system. The latter now has a
maximum count rate of 600 kHz on a continuous source and
about 400 KHz during single bunch runs. Electric field x-ray
solution scattering aims at bridging the gap between structural and electro-optical methods e.g. electric dichroism. The
principle of the method and the first results obtained with a
sample of tobacco mosaic virus (TMV) kindly given to us by
J. Witz (IBMC, Strasbourg) are illustrated in Plate 48.
A power pulse generator, lent to us by H.J. Brosch (DESYMKA) delivers short square wave electric pulses of 0-5
kV/cm. After each pulse the polarity is reversed to minimize
electrophoretic effects. When the field is applied, the TMV
particles orient with their axis parallel to the field due to
the induced dipole resulting from the displacement of the
counterions. Note that with the relatively dilute solutions
used (4.5 mg/ml) the scattering obtained corresponds to
the continuous transform of an isolated particle. It is thus
different from the sampled transform obtained in fibre diffraction. When the field is switched off one can follow the
field-free decay of orientation which gives information about
the hydrodynamic properties of the particles. In the present
case, orientation and its field-free decay were followed with
a time resolution of 2 ms.
This is the type of experiment for which synchrotron radiation is indispensible and for which integrating detectors
(film, TV or photoplates) cannot match the performance of
gas detectors. Further development of these devices is thus
very important if one wants to use the unique experimental
possibilities offered by synchrotron radiation. Like most developments in time-resolved scattering this one also has a
wider range of applications e.g. for synthetic polymers or
inorganic colloids. The potential of the method should now
be investigated on a variety of "ystems. The results of this
feasibility study have been submitted for publication.
Structure and condensation mechanism of chromatin

The study of the structure and condensation mechanism
of chromatin was pursued. Experiments on sea urchin
chromatin allowed us to check a number of predictions of
our model. Electric dichroism measurements on chicken
erythrocyte chromatin solutions were made in collaboration
with R. Marquet & C. Houssier (University of Liege). Model
calculations for condensed and uncondensed chromatin
indicate that the dichroism values are consistent with the
x-ray scattering model. Details of this work are described in
several papers submitted for pUblication.

PLATE 48
Top: Principle of electric field x-ray solution scattering. A short
square wave electric pulse is applied to the solution as shown in
A. The solute particles orient due to the induced dipole moment.
Relaxation starts as soon as the field is switched off as shown in B.
The x-ray scattering patterns reflects the changes in the orientation
parameter as illustrated in C.
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Bottom: A: Area detector small-angle x-ray patterns from a solution
of TMV (4.5 mg/ml). B: Pattern from the same solution during the
application of an electric field of 5 kV/cm. C: Relative differences
((B-A)/A) in the pattern. The arrow E corresponds to the direction of
the applied field. D: Pattern of an oriented gel of TMV. The detector
covers the range of scattering vectors 0.01 <s<0.15 nm- 1 .
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Studies on keratin intermediate filaments
More accurate values of the radius of gyration of the crosssection and mass per unit length of epidermal keratin filaments were determined by solution scattering experiments
on monodisperse samples, The values obtained yield a
filament diameter of 10 nm and a mass per unit length of
25 kDa/nm and resolve the existing controversy in the literature. Further work to purify and characterize the individual
polypeptide components of the filaments was undertaken
with the aim of studying the self-assembly process.
Visiting groups
AUTONOMOUS OSCILLATIONS IN MICROTUBULE
SELF-ASSEMBLY STUDIED BY TIME-RESOLVED X-RAY
SCATTERING (G. Lange, U. Spann, A. Jagla, E.-M. Mandelkow & E. Mandelkow, Max-Planck-Unit for Structural
Molecular Biology, Hamburg)
A variety of motility and transport processes in living cells
depend on the assembly and disassembly of the cytoskeleton, for example microtubules. Their assembly can be studied with purified proteins in vitro, using a combination of
time-resolved x-ray scattering, electron microscopy, videoenhanced light microscopy, and biochemistry. Some unusual non-equilibrium phenomena have been described in
earlier Annual Reports; here we concentrate on microtubule
oscillations, Plate 49.

According to the traditional theory of the self-assembly of
biopolymers the assembly kinetics takes the form of a
nucleation reaction followed by endwise elongation of the
type polymer+subunits ..... polymer. This leads to a first-order
approach to a steady state. In the case of microtubule
self-assembly one can observe reactions which do not follow
this simple scheme but rather show several kinds of nonequilibrium phenomena, including assembly overshoots and
autonomous oscillations. The kinetics of these reactions,
as well as the structures participating in them, have been
monitored by time-resolved x-ray scattering from solutions
(Mandelkow et at., 1983 & 1988). The oscillations can be
explained by a cyclic reaction scheme involving tubulin
subunits, microtubules, and, in particular, tubulin oligomers.
Microtubules are formed from subunits complexed with
GTP (guanosine triphosphate, the energy donor for assembly). GTP is hydrolyzed to GDP upon assembly, rendering microtubules unstable. Disassembling microtubules yield
oligomers as the primary breakdown products, as seen by
cryo-electron microscopy (Mandelkow & Mandelkow, 1985);
they in turn dissolve into subunits which can be reactivated
for assembly by rebinding GTP from the solution. As long
as the oligomers are short-lived the overall process appears
as a first-order reaction. However, when oligomers are stabilized they act as a temporary pool of non-polymerizable
protein. This allows the non-equilibrium phenomena to be
observed in bulk solutions. GTP hydrolysis provides the energy driving the oscillations. The exchange of nucleotides is
possible on subunits, but not on microtubules and oligomers,
as determined by HPLC analysis of protein-bound GTP and
GDP. Electron microscopy shows oligomers to be short
stretches of protofilaments, typically 80-100 nm long.
The reaction described here resembles other biochemical
oscillators in several respects (Hess & Boiteux, 1971), but
it is novel in that the cycles are coupled to the periodic
creation and destruction of a biopolymer. Computer modelling of the oscillations shows that they depend on a
high degree of cooperativity of the tubulin subunits adding
to the polymer ends. In general tubulin assembly can be
viewed as a bistable process, yielding either microtubules
or oligomers, depending on the solution conditions. Oscillations can be generated by choosing conditions such
that both microtubules and oligomers are marginally stable.
They are strongly affected by factors known to operate in
living cells, for example the interaction with microtubuleassociated proteins, protein phosphorylation, and others. It
is possible that living cells regul:J.te the state of microtubule
assembly by using oligomers as a temporary storage of
tubulin in a concentrated non-polymerized form.
EXCHANGE OF THE STRUCTURAL WATER AND
MOLECULAR DYNAMICS IN COLLAGEN (W. Folkhard,
E. Knorzer, E. Mosler & Th. Nemetschek, University of
Heidelberg; M.H.J. Koch, EMBL, Hamburg)

PLATE 49

Time-resolved x-ray scattering experiment of oscillating microtubules.
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Water has been found to be essential in the maintenance of
collagen in its native conformation and is considered as an
integral element of the collagen structure. The collagen triple
helix differs from both the a-helix and the ,a-sheet structures
in that not all hydrogen-bonding sites on the backbone are
occupied within the macromolecular structure. Only every

third c=o and NH group of the backbone is involved in
intramolecular hydrogen-bonding. Water molecules stabilize
the triple helical structure by intramolecular bridges by binding to the unoccupied hydrogen donor and acceptor groups
on the protein backbone (Traub & Piez, 1971; Ramachandran & Ramakrishnan, 1976).
The lateral and axial arrangement of collagen molecules in
the fibril gives rise to a set of equatorial and meridional
reflections in x-ray diffraction patterns. The axial periodicity
(0 period) of the fibril depends on the stagger and on the
axial parameters of the triple helix. Both can be varied on
certain limits by experimental means (Mosler et al., 1985).
A change in the stagger corresponds to a sliding of the
molecules with respect to each other.
The objective of these experiments was to study the structure of the triple helix in an environment where no hydrogen
bonds with the solvent can be formed. As an experimental
model we used rat tail tendons. Water was exchanged stepwise against 2-propanol followed by an exchange against nhexane. The exchange of the water by 2-propanol results in
an enlarged pseudo-hexagonal lattice (Folkhard et al., 1984).

Measurements

.01

The following exchange by n-hexane causes a collapse of
the crystalline unit cell, whereby the lateral spacing (1.5 nm
in native tendon collagen) of 1.7 nm in 2-propanol decreases
to 1.3 nm in n-hexane. At the same time the 0 period
of 67.0 nm in native tendon collagen decreases to 66.4
nm in 2-propanol and to 61.4 nm in n-hexane (Plate 50).
The intensities of the meridional reflections which depend
on the axial electron density distribution change slightly
in 2-propanol and n-hexane. The model calculations show
that these changes can be explained as the effect of the
lower electron densities of the solvents to the diffraction
pattern. This suggests that the same axial structure as in
native collagen is compressed uniformly into a shorter 0
period. Therefore the elimination of hydrogen bonds between protein backbone and solvent in collagen solvatized
in n-hexane causes an axial contraction of the triple helix.
Plate SOd emphasizes that in the case where water is
removed without replacement, the axial contraction of the
collagen fibrils occurs mainly in the gap region. This nonuniform contraction results in a dramatic change in the intensities. All processes described here are reversible when
the original hydration is restored.

Models
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Measured meridional small-angle diffraction patterns on the left
side are compared to calculated intensities on the right side. (a)
native rat tail tendon (RTT); (b) RTT in 2-propanol; (c) RTT in
n-hexane; (d) air dried RTT. The calculated intensities are derived from molecular models based on the amino-acid sequence

of collagen and the electron density of the solvent. The models
whose calculated intensities are shown in (a) to (c) comprise
a uniform contraction of the triple helices, while the model for
dried fibres comprises a collapse of the structure in the gap region.
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PLATE 51

PLATE 52

Diagram of the angular splitting of the equatorial 1.5 nm reflection
and of the orientation of the collagen molecules to the fibril axis. The
fibrils are vertical, as shown by the unsplit meridional reflections.

Comparison of observed and calculated meridional x-ray smallangle intensities of skin collagen. (a) Observed intensities of a wet
native sample of human skin. The D period is 65.0 nm. (b) Calculated intensities, using the collagen type I amino-acid sequence
of rat. The calculated intensities were corrected by exp(-Bh 2 ),
whereby B is a temperature factor of 0.012 and h the order of
the reflection. The R-factor is 0.061. The structural parameters
are the D stagger=235 amino-acid residues; the axial extension
of the N-terminal (tN=0.75) and the C-terminal (tC=0.70) telopeptides, expressed as a fraction of the triplehelical axial extension.
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X-RAY EVIDENCE FOR NATIVE TWISTED COLLAGEN
FIBRILS (D. Christmann, W. Folkhard, E. Knorzer, E. Mosler
& Th. Nemetschek, University of Heidelberg; M.H.J. Koch,
EMBL, Hamburg)
Splitting of the 1.5 nm equatorial reflection in the x-ray
diffraction patterns of native skin, adventitia of the aorta and
chordae tendineae indicate a coiling of collagen molecules
to form twisted fibrils.
Plate 51 shows a diagram of the diffraction pattern of
an adventitia sample, which is also representative for the
diffraction patterns of skin and chordae tendineae. The 1.5
nm reflection is not centred on the equator, but is split into
two spots, above and below it. The splitting angle is 9°. The
small-angle meridional reflections on the original film are
centred on the meridian, indicating that the collagen fibrils
are not tilted. The equatorial splitting therefore is not due to
tilted fibrils (Nemetschek et a/., 1983), but indicates that the
molecules are tilted by about 9° with respect to the fibril axis.
The other common feature of the three connective tissue
samples described here is the shorter axial periodicity of
about 65 nm, compared to the 67 nm of animal and human tendons. The intensities of the small-angle meridional
reflections, which reflect the axial structure of the fibrils,
differ slightly from those of tendons (Plate 52a). Using
model calculations we checked whether the shorter axial
periodicity is due to different structural parameters, or to a
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uniform shortening of the quarternary structure due to tilted
molecules. The corrected measured meridional intensities of
human skin are compared in Plate 52 to the intensities calculated from our best model for skin collagen, based on the
amino-acid sequence of type I rat collagen. The structural
parameters of this model are similar to those determined for
tendon collagen (Hulmes et a/., 1980; Folkhard et a/.,1987);
in particular, the 0 stagger of 235 amino-acid residues is the
same in both models. Sugar molecules (Fietzek & Kuhn,
1976) were incorporated in the model for skin collagen.
There is a good fit between the observed and the calculated
intensities. This suggests that the axial electron density
in skin (Stinson & Sweeny, 1980; Brodsky et a/., 1980),
adventitia and chordae tendineae compressed into a shorter
o period is very similar to that found in tendons.
Muscle
(Y. Maeda, C. Bachler, A. Miegel, A. Stewart)
This year, with limited beam-time, only a few projects had
access to synchrotron radiation. A small team for muscle
research has been set up within the Outstation.
New approaches to dynamic measurements in muscle fibres: T-jump, caged calcium and synchrotron radiation
(G. Rapp, K.J.V. Poole, JA McCray, J. Kaplan, Y. Maeda,
Y. Goldman & R.S. Goody - MPI, Heidelberg; Drexel Univ.,
Philadelphia; Univ. of Pennsylvania; EMBL, Hamburg)

Two new techniques, laser T-jump and photolysis of caged
calcium, have been combined with low angle x-ray diffraction using synchrotron radiation to allow time-dependent
structural investigations on muscle fibres following rapid
perturbations of conditions.
An erbium laser was used to produce 1 ms long pulses
of 1.54 mm radiation. With an energy of 2 Joules/pulse
and a linear absorption coefficient of ca. 6 cm- 1 , this gave
T-jumps of 5-10°C in small bundles of rabbit psoas fibres.
The method has been used to investigate the dynamics
of the disorder to order transition of myosin heads in the
relaxed state of these fibres. It was found that this occurs
very rapidly, with a half-life of 5-10 ms at 10-15°C. This
excludes previously proposed explanations which attempt to
correlate the transition with slow steps in the cross-bridge
cycle, but would be in agreement with the suggestion that
a rapid step, such as ATP-cleavage on myosin heads, is
associated with the structural change.
A new photosensitive derivative of EDTA (Kaplan et al.,
unpublished) has been used for calcium-jump experiments.
After photolysis of its calcium chelate in the presence of
ATP, there was rapid development of tension (half-time
=ca. 10-20 ms at 25°C) accompanied by a similarly fast
change in the equatorial diffraction intensities in rabbit psoas
muscle. Presently available data do not allow us to decide
whether the rates are identical.
The results illustrate the potential of the two techniques in
conjunction with synchrotron radiation for dynamic structural
studies.

Dynamic x-ray diffraction measurements following the photolysis of caged-nucleotides within muscle fibres
(K.J.V. Poole, G. Rapp, Y. Maeda & R.S.Goody - MPI,
Heidelberg & EMBL, Hamburg)
To correlate the mechanical and structural events oCGurring
on ATP binding to myosin within muscle fibres, we have
measured the time courses of changes in the low-angle
x-ray scattering pattern from different muscle types following the photolytic release of ATP from caged-ATP. The
initial findings from insect flight muscle have been published
(Rapp et al., 1986). More recently, we have been investigating changes in the equatorial reflections from rabbit psoas
fibres in similar experiments. The mechanical response of
rigor fibres to rapid ATP release is already known (Goldman
et al., 1984), there being a tension delay/hump phase followed by a relatively slow relaxation (t1l2; ca. 50-100 ms).
In contrast, the 1,1 equatorial reflection falls very rapidly
to approximately 40% of its rigor value (t1/2; ca. 1-2 ms
at 25°C on release of 1-2 mM ATP) but then decays to
the relaxed value with a time course similar to that of the
tension. The addition of Pi ions accelerates both tension
relaxation and the second phase of the intensity change.
These results are consistent with the interpretation of the
mechanical transients given by Goldman et al., in which a
rapid detachment of rigor bridges is followed by the reattachment of some bridges which then proceed at least part
of the way through an active cycle. Pi ions may accelerate
detachment in the reverse direction.

Rapid activation is achieved when ATP is released in the
presence of Ca 2+ ions. At pCa 4.5, the tension rises with
a t1/2 of 10-15 ms at 25°C. The equatorials show an initial
rapid change in intensities towards the relaxed value, as
in the relaxation experiments, but then recover to within
70-80% of the rigor value with a time course similar to that
of the tension, supporting the idea that a rapid detachment
(t1/2; ca. 1-2 ms) is followed by a slower reattachment (t1/2;
10-15 ms).

Intensity increase of J4 and the extent of activation of living
frog muscle in caffeine RCC
(A. Stewart, Y. Maeda & C.C. Ashley - EMBL, Hamburg &
Oxford Univ.)
Preliminary experiments using synchrotron radiation have
been made to establish the relationship between the intensity increase of the J 4 layer-line and Ca 2+ concentration
within a living muscle fibre by employing rapid cooling contracture (RCC) (Conway & Sakai, 1960). This gives graded
contractions which are stable over the period required for
recording the detailed x-ray diffraction pattern on imaging
plates.
Both at rest length (2.6 pm) and at highly stretched lengths
(4.0 pm), the force development in the RCC has been
plotted against the change in J 4 intensity. Both the tension
and the x-ray change were expressed as a fraction of the
changes recorded during maximal electrical stimulation at
the beginning of that contracture. The relation in relative
terms appears unaltered by muscle stretch although the
change in J 4 intensity on maximal activation is reduced to
approx. 60% of that at rest length. We find a linear relation
between force and the change in J 4 intensity.

Isolation and purification of regulatory proteins from lobster
(A. Miegel, C. Bachler, D. Popp & Y. Maeda)
For detailed structural study of the troponin (TN)/tropomyosin (TM) system, we have established a method for
isolating TN and TM from lobster muscle. With this method,
200 mg of TN and 600 mg of TM are routinely obtained
from 200 g meat of 4 lobsters within two days. The TNITM
complex is isolated from the minced meat in the presence
of a high concentration of LiCI at an acidic pH. TN and TM
are then separated from each other. The binding between
TN and TM appears to be much stronger in lobster muscle
than rabbit muscle. ATPase measurements have confirmed
the functions of these proteins. On 8DS-PAGE gels the TM
chain has an apparent molecular weight of 39,000, and the
subunits of TN appear to be 50,000, 30,000, 26,000 and
16,000.
Protein crystallography
(K. Wilson, C. Betzel, Z. Dauter, K. Petratos, S. Klupsch, M.
Ingelman, N. Pipon & H. Terry)

Instrumentation and computing
Beam-line X31 continued its role as an important source of
synchrotron radiation for the protein crystallography community in Europe. The beam is used routinely for the rapid
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measurement of high resolution diffraction data from the
minimum number of crystals and of data that cannot be
collected on a conventional x-ray source owing to the large
size of the unit cell and/or the small volume of the crystal.
In addition the easy tunability of wavelength on X31 with
its channel cut monochromator allows the optimization of
anomalous scattering measurements and the minimization
of absorption effects by working at short wavelengths.
The beam-line was made much more user friendly through
the work of the EMBL instrumentation group (J. Hendrix &
A. Lentfer) and the mechanical workshop - see above.
The high intensity beam-line X11 was unfortunately not
available during 1987. It will return to use in spring 1988.

In-house projects
Data on crystals of the copper-containing "blue protein" from
the anaerobic bacterium Alcaligenes faecalis S-6 had been
measured in 1986 to 1.55 A resolution employing 1.009 A
wavelength radiation. The structure has now been refined at
this resolution using fast Fourier least-squares minimization.
The R-factor is 0.176 for the 18,875 reflections between 9.0
and 1.55 Aresolution. The final model comprises 917 protein
atoms and 93 water molecules. A schematic diagram of the
structure is shown in Plate 53.
Comparable data have been recorded for the "white" form of
the protein, after reduction with vitamin C and are currently
being analysed. Differences in the detailed structure of the
two forms, if detectable, would be of interest for the function
of the molecule.

PLATE 53
A schematic drawing of the chain folding of pseudoazurin from
Alcaligenes faecalis. The copper ion is also shown.
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Work is also continuing on the "green protein" from Alcaligenes faecalis, the nitrite reductase which interacts
with the pseudoazurin in the electron transport chain in
vivo. New crystals have been obtained and we hope to
collect data in 1988. Another redox-pair of proteins, amicyanin and a c-type cytochrome from Thiobacillus versutus, are being investigated in collaboration with Prof.
G. Canters (University of Leyden). Data have been collected for the native form of both proteins and the determination of phases is in hand. In the study of the structures of all of these small metalloproteins an improved
understanding of electron transport chains is the ultimate
aim.
These proteins also are ideal candidates for the application
of multiple wavelength anomalous scattering techniques to
solve the phase problem. We have started such studies with
the pseudoazurin described above. The protein contains
one copper ion per molecule. Data were measured to better
than 2.5 A resolution at four different wavelengths: 1.009 A
- the mercury LIIJ absorption edge - see above, 1.283 A
- the zinc edge, 1.360 A - just below the copper K-edge
(1.378 A wavelength), and at 1.488 A - the nickel K-edge.
The data have so far been evaluated at the mercury and
copper edges. At the copper edge the anomalous difference
Patterson synthesis clearly contains the Cu-Cu vectors as
the most significant vectors in the map, about five times
the r.m.s. density of the synthesis. In the mercury edge
synthesis the vectors are weaker as expected, but even here
are the strongest vectors on two of the Harker sections and
lead to an easy solution for the Cu position. Further analysis
in the next months will allow us to evaluate the use of the
data in providing phase information.
The three-dimensional folding of proteinase-K from Tritirachium album limber has been refined previously to 1.5 A
using data collected at the Outstation, with radiation of
0.90 A wavelength. It is the most active serine protease
known to date. At the end of 1986 the binding mode of
a synthetic inhibitor was determined by difference Fourier
methods, and this structure has now been refined. Further
substrate studies are planned for 1988 in collaboration with
T. Singh.
Proteinase-K is a member of the scientifically and commercially interesting subtilisin family of serine proteases. In
1987 we also crystallized two other members of this family
(thermitase and mesentericopertidase) complexed with the
Eglin inhibitor from the medicinal leech. Thermitase is being
studied in collaboration with the Humboldt University, Berlin
and the University of Groningen, and mesentericopeptidase
with the Bulgarian Academy of Sciences in Sofia. We also
have native and PMSF inhibited crystals of a subtilisin from
a Bacillus species. We have collected data to 2-2.5 A for
all three structures, have solved the rotation and translation
functions for each of them, and are currently refining them
using least-squares in combination with our PS300 graphics system. Data will be collected to the highest possible
resolution during 1988 and the comparisons within this
closely related family will shed light on the differences in
stability and specificity of these naturally occurring members.

2 A native data were recorded for o:-cobratoxin to allow
refinement of the structure in collaboration with W. Saenger
(Free Univ., Berlin). The refinement is now in progress.
The enhanced computing facilities, especially the increased
disk space for processing the large volumes of photographic
data, and the PS300 have been invaluable in these studies.
They have also allowed a number of outside users to benefit
from film processing at the Outstation.

Visitors' projects
All the work was carried out on X31. Projects carried out
by visitors at the Outstation, some of which were limited to
initial tests, in 1987 included:
R. Ford, J. Kallen, M. Wilmanns, R. Pauptit (Basel),
Phosphoserine amino transferase, synthase domain of
PRAI : IGPS, photosystem I;
C. Betzel (EMBL), B. Freter, U. Heinemann, W. Hinrichs, W. Saenger, M. Steifa, K.J. Zemke (Berlin),
Tetracycline repressor, derivatives of ribulose-1,5bisphosphate oxygenase/carboxylase, DNA oligonucleotide;
R. Hilgenfeld (Frankfurt), C. Betzel (EMBL), Inhibitor
complexes of thermolysin;
B. Hofmann, K. Diderich, U. Ermler, P.A. Karplus, C.
MOiler, G.E. Schulz (Freiburg), Cyclodextrin-glycosyltransferase, adenylate kinase.
J. Drenth, S. Franken, H. Kelder, S. Prong, R. Read,
M. Swarte, F. Vellieux, R. Wierenga (Groningen),
The quinoprotein methylamine dehydrogenase from
Thiobacillus versutus, trypanosomal glyceraldehyde
phosphate dehydrogenase, dehalogenase, E.coli enterotoxin;
H. Bartunik & colleagues (MPG Hamburg), Low temperature studies on trypsin-substrate binding and other
systems using the Enraf-Nonius FAST 20 TV detector
system;
A. Yonath & coworkers (MPG Hamburg), Crystals of
intact ribosomal subunits;
M. Kokkinidis (Iraklion, Crete), Rop protein and its
mutants;
H. Michel (Munich), Membrane proteins;
T. Standing (San Francisco), T4 phage gene 45 protein;
F. Korber, J. Clarkson (York), Penicillin acylase, human
growth hormone;
M. Donatz, J.-D. Smit, J. Troller (ZOrich), Drosophila
aldolase, lignin peroxidase.

lographic projects from the Biozentrum. During 1987 much
progress has been made using data collected during the
previous year and new test experiments and data collection have been carried out. A brief status report of those
projects that have used synchrotron radiation is presented
here.
2.0 A data for the bifunctional enzyme PRAI:IGPS (P41,
a=b=104.7, c=68.0 A) (Priestle et al., 1987) collected during
1986 have now been processed and incorporated in the refinement of this protein structure. The refinement, which presented difficulties using a combination of diffractometer and
rotating-anode oscillation data, now proceeded smoothly
to an R-factor of 26% to 2.8 A using the TNT refinement
program (Tronrud et al., 1987) and the synchrotron data.
The refinement will be continued, gradually including higher
resolution data shells, following a manual rebuild on the
graphics display system.
Data to 2.5 A resolution have been collected for a
PRAI:IGPS mutant which consists of only the IGPS domain. Crystals of the mutant (P6322, a=b= 146, c= 156 A)
contain the inhibitor rCdRP. Data processing presents no
problems, and when this is completed structure solution
will be attempted using molecular replacement techniques.
It is hoped that the inhibitor study will give mechanistic
information.
Crystals of various pyridoxal phosphate-dependent enzymes were taken to HASYLAB. Data collection on ornithine aminotransferase and glutamate decarboxylase
were complicated by disorder problems and lack of good
crystals. A complete data set to 2.3 A resolution was
collected for phosphoserine aminotransferase (P212121,
a=68.1, b=94.7, c=133.6A). The data await processing. Diffractometer data for various useful heavy atom
derivatives and native crystals of this enzyme should
ensure solution of its structure in the very near future.
2.0 A data for B.cereus neutral protease (P6s22, a=b=76.5,
c=201 A) were collected and will be used for the high resolution refinement of this enzyme. The refinement to 3.0 A
resolution and a comparison of the refined structure with
that of thermo lysin have been completed in the meantime
(Pauptit et al., in press).

Results from the Biozentrum, Basel, on the protein crystallography beam-lines at Hamburg (B. Ford, Z. Housley, H.
Jansonius, J. Kallen, R. Pauptit, J. Priestle & M. Wilmanns)

2.0 A data for the B crystal form of manganese superoxide dismutase (P21212, a=111.8, b=74.6, c=51.3 A) were
collected in 1986 and have been processed in Hamburg.
The crystals used show non-isomorphism and can be divided into two groups differing in one axial length by 1 A.
Fortuitously, data are complete for both groups. TNT Refinement has been started using this data, and is expected
to proceed more smoothly than the refinement of the 0
crystal form of this enzyme (P212121, a=112.4, b=78.0,
c=50.5 A). which uses combined diffractometer and oscillation data.

Use of synchrotron radiation from the X31 beam-line in
HASYLAB as well as the X11 beam-line at the EMBL
Outstation has benefitted a large number of protein crystal-

Crystals of photosystem I from Phormidium laminosum have
not shown improved diffraction at the synchrotron, and attempts are in progress to improve crystal quality.

More detailed reports from two of our major users now
follow.
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Protein crystallography on beam-lines X31 and X11 by
members of the Physical Chemistry Laboratory, Groningen
University, The Netherlands (J. Drenth, W.G.J. Hoi, B. Dijkstra)

The Groningen group has made considerable use of the
beam-lines in 1986 and 1987. Almost every film collected
has now been processed and several three-dimensional
structures are now emerging from these data. The data were
generally to a resolution unobtainable on a conventional
x-ray source. The following summarizes the data recorded:
films were scanned on a Scandig densitometer and processed with the Purdue processing system (Rossmann,
1979) on a Cyber 205 computer.
L1POAMIDE DEHYDROGENASE FROM AZOTOBACTER
VINELANDII (B. Schierbeek & M. Swarte)
The crystals, which are thin plates, typically being
0.5 x 0.3 x 0.1 mm 3 , have cell dimensions a=64.13, b=83.76
and c=191.96 A. 90 0 of native data to medium resolution
were collected in steps of 2.5 0 in 7 hours from one crystal.
The cusp was collected on a second crystal. Altogether
63 film packs were obtained for the native filmset with an
average exposure of 2.5 minutes. A total of 58 films were
processed to a maximum resolution of 3.5 A. After postrefinement (Rossmann et al., 1979) 42,364 observations were
merged to give 11,630 unique reflections, 86.1 % of the
complete data, with an R merge of 8.45%.
For the EMP derivative the complete 90 0 of data were collected on 3 crystals. In total 47 filmpacks of two films each
were recorded with an average exposure time of 12 minutes
per film pack. In total 54,298 reflections were measured
yielding 22,259 unique with an overall R merge of 8.65%.
The resolution extends to 2.79 A and the data are 84.7%
complete.
For the PCMB derivative six crystals were used for the 90 0 of
data, two for the blind region and another two for filling
gaps and retaking pictures that had too Iowa resolution
or too fuzzy spots. In total 51 film packs were exposed with
an average exposure time of 20 minutes and a resolution
between 2.8 and 3.5 A. The films were processed with a
new feature of the Purdue system by which the intensity of
overloaded reflections could be estimated on the basis of the
profile and the non-overloaded pixels of the spot. Therefore
only A-films were processed, to a maximum resolution of
4 A. The 29 films included in the final data set included
16,909 observations, which gave 7,462 unique reflections
with an R merge of 8.98%.
The data have led to a multiple isomorphous replacement
electron density map of the structure which has now been
interpreted with the help of the knowledge of the structure
of homologous proteins.
P-HYDROXYBENZOATE HYDROXYLASE (H. Schreuder)
High resolution data of the enzyme/substrate complex were
collected on film using beam-line X11. X11 was absolutely
necessary for obtaining high resolution spots. The weaker
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intensity of beam-line X31 gives diffraction to approximately
2.2 A, whereas on X11, using a wavelength of 1.482 A, a
resolution of 1.9 A was achieved. 4-6 exposures of 1.20 of
oscillation were made per crystal with a time of 1-3 minutes
per exposure. 13 crystals were used, but data from 3 crystals had to be discarded because of large mosaic spread
or twinning problems. The whole data collection took 24
hours of synchrotron time. R merge after postrefinement
was 12.6%. The high resolution data set was scaled to
the 2.5 A rotating anode data set. The R-factor for 5,009
com mon reflections between 2.5 and 3.0 A is 14.2%. The
merged data set was 88% complete to 1.9 A.
The data have been used in the refinement of the complex.
The current crystallographic R-factor is 0.156.
THE QUINOPROTEIN METHYLAMINE DEHYDROGENASE FROM THIOBACILLUS VERSUTUS (F. Vellieux, H.
Plijter-Groendijk & F. Huitema)
The enzyme methylamine dehydrogenase (MADH) has an
Mr 123,500. Four data sets were collected on film: one for
the native crystals and three for heavy atom derivatives
(Pt(en)CI2' K2PtCI6 and uranyl acetate). R merge and R
sym are between 3.9 and 8.6%.
The difference Patterson syntheses have been solved and a
3.5 Adensity map is being interpreted after the application of
solvent flattening. The chain in the large subunit has already
been traced: the sequence is as yet unkown.
HALOALKANE DEHALOGENASE (S. Franken & H. Rozeboom)
Native data were collected using the X31 beam-line in July
1987 with an average exposure time of 10 minutes per
film pack. The average crystal size was about 0.4 x 0.3 x 0.1
mm 3 . Up to now only the A-films have been processed and
do not contain many overloads. 45 films were processed
to a maximum resolution of 2.5 A. 20,468 reflections were
merged to 7,954 unique reflections with an R-factor (for
F squared) of 7.49%. The data are 97% complete up to
3.5 A resolution and 70% to 2.5 A. The film processing is
complete, and a search for heavy atom derivatives is now
in hand.
GLYCOSOMAL GLYCERALDEHYDEPHOSPHATE DEHYDROGENASE (GAPDH) (R. Re:>.d)
Crystals of this GAPDH have been found in three crystal
forms, but most crystals are of form II (space group P212121
with cell dimensions 146.6 x 254.2 x 72.65 A), on which almost all of the work has been done. Because the crystals
have a large unit cell, are relatively sensitive to radiation
and grow typically to a size of only 0.25 x 0.20 x 0.08 mm 3 ,
it is necessary to use synchrotron radiation. Even then it
takes 20-40 minutes of x-ray exposure on X31 to obtain
1° of oscillation data. A partial data set to 3.1 A resolution
had been collected on a first visit to DESY. There were
30 films with 1-1.5° of oscillation per film. In a second visit
to DESY, the missing oscillation ranges were collected at
about 2.8 A resolution. The crystals were cooled to -2°C. A

total of 132 films, each covering 0.5-1.0° of oscillation, were
collected using 10 crystals. The data set includes 50,446
unique reflections merged from 146 films, or about 80% of
the reflections to 2.82 A resolution.
The rotation and translation function have been solved from
the known coordinates of the bacterial. enzyme and the
structure is being refined.

Henkel, G., Krebs, B., Nolting, H.-F., Eggers, P., Hermes,
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The Outstation at the ILL, Grenoble

Head: B. Jacrot
Scientists: M. Adrian, C. Berthet, J.-M. Bois, J. Chroboczek, S. Cusack, A. Gabriel, M. Hartiein, J.-C. Jesior*, J. Langowski, R. Leberman, P.
Metcalf, D. Wild*
Predoctoral fellows: C. Chatellard, F. Guinet, J. Sgro*, J. Weckstrom*
Students: J. Anselme, U. Giesen*, N. Nassar*, E. Nigrelli*, J.-P. Quivy*, C. Rizo-Albiges
Trainees: A. Chassin du Guerny*, A. Perdriau*, U. Steiner*
Long-term visiting workers: M. Cuillel, C. Devaux
Short-term visiting workers: P. Aldebert, L. Banaszak, H. Chanzy, W. Doster, S. Frieden, J.-C. Jesior, D. Job, J.-F. Legrand, N. Takamoa, J.
Peetermans, J. Smith, J. Torbet, J. Vicat
Technical assistants: B. Cortolezzis, F. Dauvergne, M.-T. Dauvergne, J.-M. Le Canut*, M. Lentini, D. Madern, R. Neumann, B. Rushton*, J.
Sedita, A. Simon, E. Truche, P. Wattecamps
Supernumeraries: V. Gomez-Navarro*, A. Larroze*, M. Romero, I. Tessier*

As in previous years the activity of the Outstation is dedicated partly to studies directly connected to the use of
the neutron beams provided by the reactor of the ILL and
partly to research in structural biology based on various
physical methods, biochemistry and molecular genetics. In
the neutron field we concentrate on two methods which
have largely been developed at the Outstation; the study
of protein dynamics by neutron inelastic scattering and the
determination of the structure of complex objects by neutron
crystallography.
Low resolution neutron crystallography
DB21
(P. Metcalf, D. Wild)

DB21 is a unique area detector system with a four-circle
goniostat and a source of 7.5 Aneutrons selected by diffraction from an intercalated pyrolytic graphite monochromator
in one of the beam lines of the ILL reactor. It is operated
jointly by the ILL (M. Roth) and the EMBL (P. Metcalf).
The data produced can be used to locate lipid, nucleic
acid or deuterated components within known structures to
a resolution of up to 12 A.

The system has been used in the past with crystals of
nucleosomes, icosahedral viruses, the photosynthetic reaction centre, a synthetaseltRNA complex and matrix porin.
In 1987 work continued with matrix porin (M. Garavito,
University of Chicago & P. Timmins, ILL). For this project it
is hoped to use a structure derived from a cylindrical model
and 6-fold non-crystallographic symmetry to provide starting
phases for higher resolution x-ray phase extension work.
Data collected from crystals containing deuterated detergent
should allow the protein-detergent boundary to be located.
The work on tomato bushy stunt virus and its expanded form
is being completed (D. Wild in collaboration with P. Timmins,
ILL Grenoble & J. Witz, IBMC Strasbourg).
Two new projects described below illustrate very different
applications of DB21. The lipovitellin crystals diffract well,
and using the known 2.8 A structure we hope to locate
the lipid molecules at 12 A resolution. The ribosome data
is comparatively weak and the structure is known only at
low resolution from electron micrographs. Present work is
directed towards optimizing the data collection and improving the software. Our ability to collect neutron data from
ribosome crystals may eventually be useful in locating ribosomal components.
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PLATE 54
Images made with the KEA area detector software package: DB21
neutron data from lipovitellin-phosvitin.
(a) A DB21 frame - 128 x 128 image showing diffraction spots
from a lipovitellin crystal in 80% D20.
(b) "Detector space" - 1040 frames are stacked to make a threedimensional box of data. The peaks here are displayed on an
Evans & Sutherland PS300 graphics device. The image is the
area detector equivalent of an oscillation photograph.
(c) Detail from "detector space" - each spot in (b) contains up to
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(d)

2000 numbers. This is a section of the (3,1,-1) reflection.
"Reciprocal space" - The spots in detector space are transformed so that they form a regular lattice. The grid is used to
match the lattice which can then be used to predict the positions of all the reflections in "detector space". The numbers
from each reflection can then be integrated to produce data
sets used for structural work.

An area detector software system (called KEA) has been developed emphasizing three-dimensional interactive graphics. The immediate aim is to provide a flexible means for
testing spot-shape prediction and profile fitting algorithms
to extract as much information as possible from the weak
overlapped ribosome diffraction peaks. The system is used
routinely for interactive indexing by matching an image of
reciprocal space with a crystal lattice which can be rotated
using the graphics device dials. Plate 54 shows images
made using the system during the processing of data from
one of the lipovitellin-phosvitin crystals.
While there exists no neutron equivalent of the heavy metal
marker atoms used to solve protein structures with x-rays it
is possible to use the difference in neutron scattering properties of hydrogen and deuterium to obtain limited phase
information from crystals in buffers of differing 020/H20
proportions. In particular, a range of data sets at different 0 20 concentrations from a crystal of known structure
produces two possible structure factors for each reflection
which vary linearly with 020 concentration. Further information from assumed non-crystallographic symmetry or from a
significant fraction of located amino-acids is necessary to
resolve the phase ambiguity and to produce neutron maps
at various 020/H20 ratios or contrasts. Maps at 40% 020
can be interpreted as "not protein", at 10% 0 20 as "not
lipid" and at 70% 0 20 as "not nucleic acid". Alternatively,
the maps can be combined to make a "match point" map
where the value at each region is the contrast required to
make the region indistinguishable from solvent. Thus OB21
is used to locate regions of different average scattering
density in known structures to a maximum resolution of
about 12 A. These regions may correspond to protein, lipid
or nucleic acid or may be, for example, deuterium-labelled
components of a reconstituted complex. The low resolution
means that interpretation of the results is difficult and that
the evaluation of noisy maps or maps generated using modelled structures or novel phase improvement procedures is
especially difficult.

Lipovitellin-phosvitin
(P. Metcalf in collaboration with P. Timmins, ILL Grenoble &
L. Banaszak, Washington University, St. Louis)

At present little is known about the structure of the lipid binding domains in lipid:protein complexes. This is partly due to
the fact that such systems usually cannot be obtained in the
form of three-dimensional crystals. One notable exception to
this problem is the yolk lipoproteins where for some species
micro-crystals occur in vivo and large single crystals can be
grown in vitro. Upovitellin crystals from protein purified from
lamprey oocytes have been grown which were large enough
for a high resolution x-ray study and which we have recently
shown to be suitable for collecting neutron diffraction data to
intermediate resolution. So far the x-ray studies have been
used to analyse the conformation of the protein components
of this lipoprotein. We are attempting to use neutron diffraction to locate the lipid and the phosphoprotein component of
this complex in the crystalline state. Without this data, even
the location of the bound lipid is uncertain in this complex.
A brief summary of the biochemical background data for
the lipovitellin complex is as follows. Up to 90% of the yolk
protein content of the oocytes of many egg laying vertebrates (e.g. chickens, Xenopus, fish) consists of a storage
lipoprotein, lipovitellin-phosvitin which is synthesized in the
liver as the lipoprotein vitellogenin and processed in the
ovaries. Lamprey lipovitellin-phosvitin is a 352k dimer where
each monomer consists of 3 chains of Mr 67k, 41 k and
35k and
non-covalently bound lipid molecules (Le. the
complex is 16% lipid).
The 2.8 A x-ray structure of lamprey lipovitellin-phosvitin
was solved by R. Raag working in the laboratory
of L. Banaszak (Raag et al., 1987) using data collected with the UCSO area detector. The crystals used
have a similar packing to those occurring in lamprey
yolk. About 77% of the polypeptide chain has been
traced and its location in the unit cell is shown in
Plate 55. The structure contains a large cavity which

PLATE 55

The unit cell and known C)-carbon chain of lipovitellin. The molecule
is a dimer and only one monomer is shown. The crystal parameters
are C2: 193A, 87 A, 91 A, ,6=100.9°.
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is expected to be filled with disordered lipid. We intend to
image the lipid by the 020 contrast variation method using
the 60% of the located structure to resolve the neutron
phase ambiguity. Data sets at 0, 20, 80 and 100% 0 2 0 were
collected during October and are currently being processed.

PLATE 56
Comparison of experimental and theoretical vibrational frequency
distribution of BPTI. (-) Normal mode calculation of Tidor and
Karplus. (- .. ) Derived from inelastic neutron data on BPTI powder.
BPTI vibrational frequency distribution. Calc(-), Exp( ...... )

Ribosomes
(P. Metcalf in collaboration with M. Roth, ILL Grenoble, A.
Lewit-Bentley, LURE Paris & A. Yonath, MPI Hamburg)
The crystals of bacterial ribosomal large subunits which
diffract to 6 A, reported last year (Makowski et al., 1987),
mean it is likely that x-ray maps of the subunit approaching
this resolution will become available in the near future. A
map of such a large structure at medium resolution poses
a formidable interpretation problem. The work described
below is aimed at providing a means of separately imaging
the RNA and each of the 32 proteins within the ribosomal
subunit structure.
Two types of ribosomal large subunit crystals have been
supplied by A. Yonath. Those of Bacillus stearothermophilus
ribosomes have a large unit cell (350A, 650A, 905A: x-ray
diffraction to 13 A) and are rather unstable. We were unable
to demonstrate useful diffraction, even after substituting
the graphite monochromator (made of K intercalated highly
oriented pyrolitic graphite) with a mica one to select 14A
neutrons and using a narrower collimation. Diffraction patterns were first obtained from crystals of subunits from
Halobacteria marismortui ribosomes (214A, 300A, 590A:
x-ray diffraction to 6 A) using 14 A neutrons with the mica
monochromator and have subsequently been obtained with
7.5 A neutrons with the graphite monochromator and standard collimation. It is planned to devote two thirds of the first
scheduled DB21 measuring period in 1988 to these crystals.
The extent to which the OB21 ribosome data is useful
depends on progress with the x-ray structure and with
reconstitution experiments. A reliable x-ray structure for the
H.marismortui ribosomal subunit may enable us to produce
an RNA map by contrast matching which would in turn help
with the x-ray map interpretation. Because ribosomal RNA
appears to be extended and dispersed this may be difficult.
Images of individual labelled proteins in reconstituted subunits may be easier to interpret. The B.stearothermophilus
ribosomal subunits (from which we were unable to get
diffraction) can be reconstituted but unfortunately at present
not those from H.marismortui.
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Comparison of experimental and theoretical results for
BPT!
(S. Cusack in collaboration with J. Smith & M. Karplus,
Harvard University)
We have previously reported that the experimental distribution of low frequency modes of BPTI derived from inelastic
neutron scattering differs significantly from that predicted
by the normal mode analysis of Brooks & Karplus (1983).
Recently a new normal mode analysis of BPTI has been
performed (Tidor & Karplus, unpublished) in which a number
of improvements over the original calculation have been
made. In particular all hydrogen atoms were included (i.e.
all degrees of freedom) and the truncation of long-range
electrostatic interactions was modified. The resultant density
of vibrational modes is very significantly closer in form to the
measured curve (Plate 56), although the latter is smoother
probably due to anharmonic effects. This is an indication of
the utility of inelastic neutron scattering in testing models of
protein dynamics.

Inelastic neutron scattering studies of protein dynamics

Temperature dependence of inelastic scattering from
myoglobin
(S. Cusack in collaboration with W. Doster, Technical University, Munich)

The project to use inelastic neutron scattering to probe low
frequency motions in globular proteins has continued. An
outstanding technical problem has been solved, namely the
correct method to extract the frequency distribution from
the variation of scattering angle of the measured spectra.
Previously an empirical method had been used; now this
has been quantitatively justified by consideration of multiple
scattering. This result has found application to scattering
from several condensed matter systems other than proteins.

Plate 57 shows the dynamic structure factor S (q,w) (for
a fixed scattering angle) as a function of temperature for
a myoglobin powder sample hydrated with 0 2 0 to 0.33
gIg (corresponding to the hydration in myoglobin crystals).
At the lowest temperatures measured (100 and 180 K)
the spectra show no broadening of the elastic peak and
there is a well-resolved low frequency peak in S (q,w)
at 25 cm· 1 . Independent analysis of the spectra at these
two temperatures yields the same density of vibrational
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PLATE 57
Dynamic structure factor of myoglobin hydrated with D20 as a
function of temperature. The peak resolved at low temperatures
is at a frequency of 25 cm· 1 (3meV) .
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modes indicating that at low temperatures the protein is
vibrating harmonically. As the temperature is raised above
180 K, there is a continuous evolution of the spectrum
characterized by an increasing broadening of the elastic
peak (i.e. increased quasi·elastic scattering) and a shift to
lower frequencies of the inelastic peak with the result that
the latter becomes a less and less distinct shoulder. At 350
K, the spectrum is essentially smooth. We are currently
investigating various models to explain quantitatively this
extra diffusional mobility of the protein as a function of
temperature.

Superhelical DNA dynamics
Rotational diffusion

(J. Langowski, U. Giesen & U. Steiner)
The structure of the autocorrelation functions from super·
helical DNA, as shown in the previous report, consists of
contributions from translational diffusion, rotational diffusion
and internal motions. After the installation of the new correlator, we were able to further confirm this finding and can
now measure rotational diffusion coefficients of interwound
superhelical DNAs in a much more precise way.
The plasmid pUG8 (2717 base pairs) exhibits internal motions that are characterized by an internal diffusion coefficient (Di), as outlined in the previous Re·
search Report. Dynamic light scattering (DLS) measurements in the near UV (351.1 nm) have now confirmed
the value of this coefficient to be 15 x 10·12m2s·1, the
same as that found with pAGL29 in spin-echo neutron
scattering experiments. This value is somewhat lower
than our previous estimate of 20x 1 0·12m2s·1 which was
based exclusively on DLS data made with visible light
at lower scattering vectors. Because of the agreement

between Di from the UV light scattering and neutron spinecho data, we take Di to be the diffusion coefficient
of the smallest independently moving subunit in the DNA.

Superhe/ical density

(J. Langowski & U. Giesen in collaboration with E. di Gapua,
ILL Grenoble)
We aim at a characterization of the structure and dynamics
of superhelical DNA as a function of superhelical density.
We measured dynamic light scattering data from pAGL29
plasmid (5900 base pairs) at its native superhelical density
and in the presence of 0-200 mg/ml of the intercalator
chloroquine.
The relaxation of the plasmid DNA by the intercalator shows
up in a decrease of the translational diffusion coefficient
from 3.3 x 10·12 m 2s·1 to 2.5 x 1O·12 m 2s· 1 at its lowest point.
Parallel to the decrease in diffusion coefficient, we find an
increase of the internal motions upon relaxation, which is
reflected both in increasing amplitude and rate of a fast
relaxation process in the autocorrelation function. The rotational diffusion contribution, indicatulg an anisotropic overall
shape of the molecule, disappears after approximately half
the native superhelical density has been removed.
Expressing the internal motions as an internal diffusion
coefficient, this quantity increases from 2.2 x 10. 11 m2 s'1 to
3 x 10. 11 m2s' 1 upon relaxation. This might reflect an increase of the flexibility of pAGL29 DNA upon relaxation by
chloroquine. Since such an increase of the internal diffusion coefficient is not found upon linearization of pUG8 or
pAGL29 DNA, the effect might be due to the intercalator.
We are presently working on the preparation of milligram
amounts of superhelical DNAs of varying superhelical density to solve this question.
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Spin echo

(J. Langowski in collaboration with B. Farago & R. Oberthur,
ILL Grenoble)

In two neutron spin-echo scattering experiments on IN11
we were able to confirm our hypothesis, which we had
proposed from the light scattering data, that the internal
motions in long DNA molecules are characterized by the
mutual diffusion of segments of 1-2 persistence lengths.
10 mglml solutions of pACL29 DNA (5900 base pairs)
show a fast internal relaxation that can be interpreted as
a diffusion coefficient Dj, whose value remains constant
regardless of the conformation of the DNA (superhelical or
linear) and of temperature between 25°C and 65°C. Even
close to the melting temperature (84°C under our conditions)
the dynamics of the DNA undergo no drastic change; this
therefore makes "pre-melting" with the introduction of highly
flexible loops very unlikely.

SANS on superhe/ical DNA

(J. Langowski in collaboration with J. Torbet, ILL Grenoble)
Small-angle neutron scattering (SANS) data was collected
from solutions of the plasmid DNA pUC8 (2717 base pairs)
at 6 and 12 mg/ml. A shoulder in the scattering curve
of the 12 mglml solution which disappears at the lower
concentration can clearly be distinguished. This shoulder
is still faintly visible at 9 mg/ml, and its position shifts with
concentration in such a way that we can interpret it as
interparticle correlations between rodlike particles. Adding
ethidium bromide to the 12 mg/ml solution at a concentration
that fully relaxes the superhelicity will also shift this peak
to shorter spacings; this indicates that upon unwinding the
contour length of the superhelix increases and the average
thickness decreases.
From our results it is very probable that peaks that have
been seen in low angle x-ray scattering data from superhelical DNA are due to interparticle correlations and not to
intrinsic structural features of the superhelix.

Micelles

(J. Langowski in collaboration with P. Lindner & A. Maack,
ILL Grenoble and H.W. Bewersdorff, Dortmund)

In this collaboration we studied the static and dynamic light
scattering from solutions of the surfactant n-tetradecyltrimethylammoniumbromide (TTAB), which forms elongated
micelles in solution. This surfactant is used to reduce turbulent drag in flow systems at low concentrations (1 mg/ml).
The LS data served to support and extend results gained
from small-angfe neutron scattering on D11 on this system.
Our data shows that fresh TTAB micelles have an (average)
radius of gyration of 50 nm and a similar distribution of
Stokes' radii indicating a rodlike shape of a length of 170 nm.
On shearing, the length of the original micelle decreases by
20%, which we infer from concomitant changes in Rg and
R-stokes. Furthermore, we find a threefold increase in the
number of small micelle fragments of 1/10 the size of the
original micelle.
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DLS facility

(J. Langowski & U. Steiner)

The Malvern correlator was replaced with a Brookhaven
Instruments BI 2030-AT multibit correlator. This instrument
can measure the full, unclipped correlation function over
several simultaneous time scales, and we found a typical
decrease by a factor of 2 to 3 in measurement time to obtain
data of the same quality as with the old instrument. The existing control program supplied by Brookhaven Instruments
was extensively modified to implement a dust discrimination
algorithm and fully automatic control of the light scattering
instrument, thus allowing unattended operation with simultaneous collection of dynamic and static scattering data.
The dust discrimination, which is based on the dynamic
scattering, also considerably improves the reliability of the
static scattering data.
The breakdown of the tube of the Spectra-Physics 165
laser necessitated a replacement; it was decided, instead of
replacing the tube, to install a new laser with a ceramic tube
(Spectra Physics Model 2025-5) that has a longer predicted
lifetime and much improved performance. In particular, we
are now able to measure light scattering in the near UV
(364, 351 and 334 nm), thus extending the available range
of scattering vectors by a factor of 1.5 and achieving a good
overlap between light scattering and D11 neutron scattering
data for static experiments.

Bacterial protein biosynthesis
Seryl-tRNA synthetase
(M. Hartlein, I. Tessier & R. Leberman)
The procedure for the purification of this enzyme has been
refined and the conditions for its crystallization more closely
examined (see x-ray crystallography report).
The interactions of the enzyme with its substrates L-serine
and ATP were studied by equilibrium dialysis. This study
showed that serine is not bound to the enzyme in the
absence of ATP, whereas ATP is bound to the enzyme in the
absence of amino-acid with an affinity constant of about 10
to 5 M- 1 but this affinity is greatly reduced by the presence
of serine.
For the continuing structural sturlies on this enzyme (both xray and SANS) a programme for the large scale fractionation
of tRNA has been initiated to obtain sufficient quantities of
pure tRNNer species to begin crystallization trials of the
enzyme-tRNA complex and to examine this complex by
SANS.

Valyl-tRNA synthetase

(M. Hartlein & D. Madern in collaboration with R. Frank,
EMBL Heidelberg)
A purification scheme for this enzyme has been developed
and this provided material for the preliminary SANS experiments described below.

Leucyl-tRNA synthetase (M. HMlein, D. Madern, B. Rushton & R. Leberman)
The sequence of the leuS gene has been completed
(Hartlein et al., 1987) and this has permitted a comparison
of the primary structures of the XUX (amino-acid codon)
family of bacterial aminoacyl-tRNA synthetases. Exchange
of sequence information with the laboratory of P. Sionimski (Gif-sur-Yvette) provided convincing evidence that the
NAM2 gene product, involved in the splicing of some introns
of yeast mitochondria, was the mitochondrial leucyl-tRNA
synthetase. Antisera raised against the bacterial enzyme
showed high reactivity with yeast mitochondrial enzyme by
ELISA.
None of the three 100k monomeric bacterial XUX
aminoacyl-tRNA synthetases has yet been crystallized, so
in addition to our SANS studies of these enzymes a search
for crystallization conditions for the leucyl-tRNA synthetase
has been initiated.

purification of these enzymes in high yields, providing the
possiblity for extensive structural studies. Because of the
specificity of interactions between these enzymes and their
cognate tRNAs they, and their substrate complexes, are
ideal candidates for SANS studies.
PLATE 58
Guinier plots (in descending order) of leucyl-, seryl-, valyl- and
asparaginyl-tRNA synthetases. As this is a composite, Inl(Q) is in
arbitrary units.
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Asparginyl-tRNA synthetase
(J. Anselme, M. Hartlein)
Bacterial asparaginyl-tRNA synthetase is one of the few
members of this family of enzymes for which the subunit
molecular weight and quarternary structure are not yet defined.
We have constructed an overproducing clone of the enzyme
by complementation of the temperature-sensitive asnS mutant H0202 (Yamamoto et al.,1977) with an E.coli genebank
DNA. Using a double selection procedure based on ampicillin resistance and growth at non-permissive temperatures
several clones were obtained, most of which exhibited a
30-fold amplification of asparaginyl-tRNA synthetase activity. One of these clones was selected (pAsnS01) and
cultivated for the production of enzyme. By SDS-PAGE
and Coomassie Blue staining, the overexpressed enzyme
represents about 60% of the soluble bacterial proteins.
This means that the enzyme was easy to purify by anion
exchange chromatography followed by gel-filtration. The
enzyme was found to be composed of two apparently
identical subunits of Mr 54,000. The sequence of the first
15 N-terminal amino-acids was determined by sequential
Edman degradation (Rainer Frank, EMBL Heidelberg) and
is characterized by being rich in valine residues.

As can be seen from the above, the availability of overexpressing strains of E.coli for the seryl-, valyl-, leucyl- and
asparaginyl-tRNA synthetases leads to simplified means of
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Preliminary SANS measurements were carried out on purified samples of all four enzymes and the Guinier plots
(Plate 58) showed no protein aggregation. Unlike the yeast
valyl-tRNA synthetase (Zaccai et al., 1979) there is no
aggregation of the E.coli enzyme induced by the addition
of cognate tRNA under low salt/buffer conditions as can be
seen by the titration curve in Plate 59.
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The enzyme is only overexpressed in the thermosensitive
mutant H0202 containing the plasmid pAsnS01 grown at
H0202 non-permissive temperature of 42°C. This indicates
that overexpression is not a simple gene-dose effect and the
mechanism of the overexpression is being further studied.

SANS of aminoacyl-tRNA synthetases
(R. Leberman & M. Hartlein in collaboration with G. Zaccai,
ILL Grenoble)
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PLATE 59
Titration with tRNA. The values of I(O)/C are normalised to
I(O)/C=1.0 for free aminoacyl-tRNA synthetase.
(+)
(0)

valyl-tRNA synthetase
leucyl-tRNA synthetase
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PLATE 60
Left: Coomassie blue stained gel by SDS-PAGE
Right: corresponding Western blot obtained with antibodies raised
against hEF-Tu, of:

(3)
(4)
(5)

(1)
(2)

(6)
(7)

partially purified hEF-Tu;
Cell extract of S.so/fatarieus;

1

2

3

4

5

6

7

1

cell extract of T.acidophilum;
EF-Tu from Eeoli;
cell extract of JM1 01 harbouring plasmid coding for N-terminal
half of EF-Tu of Eeoli;
EF-Tu.EF-Ts of Eeoli;
Ef-Tu of L.easei.
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Polypeptide elongation factor Tu from Halobacterium
marismortui
(F. Guinet & R. Leberman)
Studies have continued on this protein on two fronts; the
characterization of the factor by biochemical and physical
methods and the isolation of its gene for sequence determination.
As further confirmation of the identity of the isolated 60,000
Mr GOP binding protein as the polypeptide elongation factor
Tu (hEF-Tu), antibodies raised against the protein were
tested for cross-reactivity by Western blotting techniques
against EF-Tu from Eco/i, Lactobacillus casei and the
nucleotide binding domain of Ecoli EF-Tu. The positive
reactions (Plate 60) confirmed the presence of common
epitopes for the isolated protein and various EF-Tus.
In terms of the halophilic nature of hEF-Tu its amino-acid
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composition shows the halophilic characteristic of higher
content of acidic amino-acid residues compared to nonhalophilic EF-Tus. Studies of the activity and stability of the
factor at various salt concentrations show that although the
optimum KGI (cytoplasmic salt) concentration for activity is
only 0.75 M, the protein is destabilized in solution if the KGI
concentration is below 2 M. These observations are difficult
to reconcile with the activity of the factor under the in vivo
conditions of 3-4 M KGI.
In collaboration with G. Zaccai (ILL) a preliminary SANS
study of the halophilic factor has been made. In 3 M KGI the
protein has the character of a globular protein with radius
of gyration of 30 A. This value is rather high for a protein
of M r 60,000 but elevated values for radii of gyration have
been observed for other halophilic proteins in concentrated
salt solutions.
Genomic libraries of H.marismortui in A1150 and EMBL3

(a=145.7 A, b=89.8 A, c=69.7 A and (3=117.5°). Despite this
non-isomorphism, a partial EMC data set was collected
at LURE in October 1987, and film processing is nearing
completion.

were prepared in the laboratory of Anna-Maria Frischauf
(EMBL Heidelberg). Using oligonucleotides corresponding
to the N-terminus of the hEF-Tu, chosen to give the smallest
degeneracy and avoiding the sequences common to all EFTus, positive clones have been isolated from these banks.
These appear to be of 2 types having inserts of either 8
or 9.4 kb. These clones have a similar digestion pattern
with the restriction enzyme Sail indicating a common region
of 6.7 kb which hybridizes with the probe. Similar signals
can be obtained with Southern blots of the total genome of
H.marismortui using either oligonucleotide probes or fragments of the tufA gene which codes for E.coli EF-Tu (in
collaboration with G. Baldacci, IRSC VilleJuif).

Very recently a potential derivative has been found using
erbium chloride. Unique data to 6 A (2,200 relections) has
been collected by diffractometry on native (at EMBL Heidelberg) and erbium chloride soaked crystals (at the CENG,
Grenoble). The data can be collected in under 2 days on
a CAD4 during which time radiation damage is about 15%.
The difference Patterson is very clean and is consistent with
a single major erbium site.

X-ray crystallography of seryl-tRNA synthetase from
E.coli
(S. Cusack, C. Berthet, R. Leberman, E. Nigrelli & N. Nassar)

Adenovirus
(M. Adrian, C. Berthet, S. Cusack, J. Chroboczek, B. Jacrot,
M. Cuillel (INSERM), C. Devaux (INSERM), C. Chatellard,
C. Rizo, B. Cortolezzis, R. Neumann, E. Truche)

The aminoacyl-tRNA synthetases playa fundamental role in
protein synthesis in charging specific tRNAs with their corresponding amino-acids. To understand the high specificity
of these reactions it is desirable to have atomic resolution
structural information on the enzymes together with their
substrate complexes (ATP, amino-acid, tRNA).

As last year the work has been focused on two proteins
from the adenovirus: the fibre and protein ilia. Two long-term
visitors from INSERM are working on the projects. Part of
the work is done in collaboration with the Virology Laboratory
of the Medical School at Lille.

Crystals of native SerS (a dimer of total Mr 98k) have been
obtained from ammonium sulphate (or sodium citrate) They
are of space group C2 with cell parameters a=145.5 A,
b=90.7 A, c=69.8 A and {3=117.6° and diffract to at least
2.8 A. These crystals have only been obtained in the presence of a particular batch of detergent sold by Pfanstiehl
as "octyl-glucoside". Crystals were not obtained with "pure"
{3-octyl glucoside (Bachem). Gas chromatography (courtesy
of Hoffmann La Roche, Basel) of the Pfanstiehl detergent
has revealed that it is a highly impure preparation with 44
resolvable peaks, only a very minor peak of which corresponds to the major peak (92%) in the Sachem product. We
are hoping to identify the detergent responsible for the major
peaks in the Pfanstiehl sample. Once grown, the crystals
can be transferred to mother liquor without detergent but
this is accompanied by small (1 %) unit cell changes and
the crystals are no longer stable for long periods.

The fibre

A complete native data set was collected at LURE in October 1986 by rotation in 2° steps of 90° about the a* -axis
(in 1121) and about the b-axis to fill in the blind region.
Films were processed using the Imperial College MOSFLM
package with profile fitting. The typical interpack scaling
R-factor is 3-5% and for b-axis films, the R-sym is typically
3-5%. The final data set was obtained from six crystals
(60 film packs) and after merging with ROTAVATA gave an
R-factor on intensities of 5.4% for all whole spots (18134)
to 2.8A.
Most of 1987 has been devoted to searching for isomorphous heavy-atom derivatives by precession photography. Several mercury compounds, for example ethyl
mercury chloride (EMC), give intensity changes. However
these are generally accompanied by unit cell changes of
the same nature as occurs on removal of the detergent

The fibre is an elongated protein protruding from the 5-fold
vertices of the virion. The penetration of the virus into the
cell is mediated by an interaction between the fibre and a
cell receptor. The purpose of our study is to determine the
structure of the fibre and to understand the molecular basis
of its interaction with the receptor. The fibre is organized
in the form of a shaft, whose length varies from serotype
to serotype, and of a knob. A model has been proposed
for the shaft by Green et al. (1983) on the basis of periodicities found in the amino-acid sequence of serotype 2
(Ad2)protein. We have sequenced the fibre gene of serotype
5 (Ad5) and found that these periodic features are conserved. We have also observed that although sequences
of non-structural proteins are 99% conserved between the
two serotypes there is only 69% conservation of the fibre
amino-acid sequence. In particular, the positions of glycine
and proline residues, which playa key role in the model of
Green, are 100% conserved.
By cross-linking experiments and hydrodynamic measurements we have confirmed that the fibre is trimeric. Since
the Ad2 monomer contains 3 cysteine residues we looked
for interchain disulfide bridges and although we do not yet
have a final result, they appear to be absent.
Following the previous year's results the Ad2 fibre was
crystallized after treatment with chymotrypsin to remove
in a controlled manner the first 17 amino-acids on the Nterminal side. With this procedure we succeeded in obtaining larger crystals than before. Unfortunately these crystals
are twinned and are unsuitable for high resolution x-ray
crystallography. However it was possible to determine the
space group which is C2 (a=13.47 nm, b=7.78 nm, c=54 nm,
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PLATE 61
Screenless precession (two degrees) x-ray diffraction pattern from
a crystal of Ad2 fibre. The beam is parallel to the b-axis. The intense
diffuse line is at 0.43 nm.
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PLATE 62
Electron micrograph of Ad2 fibre crystals. The first 17 amino-acids
have been cleaved off. The insert shows the result of image
treatment and gives a projection of the crystal in the b,c plane.
The heads of the fibres are clearly seen as strong dark spots. The
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weaker black spots correspond to the N-terminal of the fibre. The
bottom of the image is a density profile of the electron micrograph
projected on the c-axis.

projection of ad2 crystal density
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,6=92.3°). The ratio alb is exactly
There are 4 molecules
of the fibre in the asymmetric unit with a rather small
hydration (37% solvent). In the x-ray diffraction patterns the
twinning is seen as a slight
0) disorientation of the c-axis.
The diffraction patterns in planes parallel to the c-axis have
the following features (Plate 61):
a broad and intense meridional reflection around 0.43
nm. This is difficult to understand for a structure based
on straight ,6-sheets as proposed by Green et al. for
which a reflection is predicted at 0.47 nm;
scattering on layer lines suggesting a helical structure
with a pitch of 1.34 nm (or a multiple of this value);
broad diffuse maxima on the equator. This is interpreted as due to vacancies in the packing of fibres
which must be parallel or nearly parallel to the c-axis.
The crystals of cleaved fibre in amorphous ice were examined by electron microscopy. Plate 62 shows an image and
the result of its treatment. The longitudinal packing of the
fibres in the crystal is easily deduced. We are now working
to combine this information on packing with the x-ray data
to get a low resolution structure for the fibre.
We have now succeeded in expressing the gene of the
fibre in E.eoli using the T7 promoter system (Studier et
al., 1986). This has been achieved for Ad2 and also for
Ad3 which h.as a shorter fibre than Ad2. In both cases
electron microscopy observations show that the fibre is
concentrated in the cell in inclusion bodies formed during
expression. Remarkable differences are observed however
between cells expressing the two types of fibre. When Ad2
fibre is expressed the cell stops dividing and a concomitant
destruction of its membrane is observed. On the contrary a
cell expressing Ad3 fibre behaves as the host cell (without
the expression plasmid) and survives better than one with
the plasmid containing the T7 promoter but not the fibre
gene. We are now trying to understand this very reproducible observation.
The fibre expressed in E.eoli, when analysed on nondenaturating gels, migrates similarly to the native fibre. This
suggests that the trimer can self-assemble in prokaryotic
cells. We are now purifying these recombinant proteins. We
expect that they may be more suitable for crystallization than
the native Ad2 or Ad5 fibres as they are not glycosylated.
In addition the small size of Ad3 fibre may also be advantageous. We have also started the cloning and expression of
fragments of Ad2 fibre which will be used for crystallization
trials, but also for preliminary studies on the interaction with
receptors.
Protein /IIa

This protein, which contributes to the architecture of the
vertices of the virion, was expressed last year in E.eoli. This
year we have expressed the protein lila gene obtained from
a mutant (ts112) which, at non-permissive temperatures, is
defective in DNA packaging. We have previously sequenced
this mutated gene. The purification of both recombinant
proteins is in progress.
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Reovirus
(P. Metcalf & M. Adrian in collaboration with S. Fuller & M.
Cyrklaff, EMBL Heidelberg)
Reovirus is a ubiquitous dsRNA virus in the same virus family as the human pathogen rotavirus. Reoviridae have two
protein layers and a segmented dsRNA genome. The outer
shell of reovirus particles has T=13,1 icosahedral symmetry
and covers a 60 nm core containing ten dsRNA molecules
(Metcalf, 1987). Core particles made by chymotrypsin digestion of intact virus produce all ten capped mRNA molecules
in vitro in a transcription reaction presumed to be similar
to that occurring in the cytoplasm of infected cells. The
multiple polymerase activity of the core particles, which are
homogenous and consist of only 6 protein types and 10
dsRNA molecules, make reovirus cores intriguing objects
for structural work.
Using virus obtained from the laboratory of R. Bellamy
(University of Auckland, New Zealand) we produced cores
and made projection images of unstained particles using
cryo-electron microscopy (Plate 63A,B). Particle orientations
were determined by the common lines method (Crowther,
1971) as implemented in the programs of S. Fuller (Fuller,
1987). The 7 best of 21 oriented particles were used
to produce an initial low resolution reconstruction which
is shown in Plate 63D. We are currently extending the
resolution by incorporating images made closer to focus.
Core particles have projections at the 5-fold symmetry axes
termed "spikes" which are most evident in defocused images
(Plate 63B). Interactive graphics computer programs have
been developed which allow the orientation of model particles (Plate 63C) superimposed on electron micrographs by
matching the positions of the spikes. In addition to checking
the common lines orientations the model particles are used
to provide data for testing the reconstruction programs.
A further control will be provided by a reconstruction of
the intact virus, which should contain a recognizable core
particle.
Low angle solution x-ray patterns of cores show a peak at
26 A which has been interpreted in terms of the side by
side packing of the dsRNA (Harvey et al., 1981). The peculiar striations seen in some high resolution particle images
(Plate 63A top left) may also be due to the dsRNA packing.
We intend to subtract the icosahedral component (Le. the
core reconstruction) from these images in an attempt to
visualize the viral genome.
Deuteration laboratory
(R. Leberman & M-Th. Dauvergne)
During the year more external demands have been made
on the deuteration laboratory than before, mainly due to
the successes of gene manipulation techniques in providing
systems for the overproduction of gene products. Of these
demands only one was for material for SANS experiments
the others being for perdeuterated material for NMR studies
partly stimulated by an earlier report (Kalbitzer et al., 1985).
Unfortunately the conditions we use for growing bacteria
for optimal perdeuteration levels (minimal media, deuterated

PLATE 63

Unstained reovirus core particles embedded in amorphous ice
(a)

close to focus: note the "fingerprint" striations in the top left
particle;

©

(b)
(c)
(d)

further from focus: note the peripheral spikes;
model core particles - particle 2 is viewed down a 5-fold axis;
5-fold view of an initial reconstruction made from images
similar to (b)

@
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succinate carbon source, high D20 concentration) are not
the best for growing many of the sensitive host strains for
the overexpression plasm ids. After many abortive attempts
at growing this type of bacteria a general method was
developed for circumventing the problems associated with
the production of the deuterated gene products.
The bacterial strain JM101 (Messing et al., 1981) will grow
well on minimal media (M9) with succinate as carbon source
(deuterated or protonated) and at D20 concentrations of
at least 85%. The general strategy has been to transfer
plasm ids containing the desired gene from their original
host bacteria to JM1 01 by transformation by the procedure
described using Hanahan (1983). After confirmation of the
transformation either by mapping or gene expression, the
transformed bacteria are adapted to grow in the deuteration
conditions by progressive increase of the deuterium content
of the growth medium.
The above procedure has been applied to the production
of deuterated plasmid p5S172-25 which contains 25 copies
of a 172 bp sequence for a SANS study by A. Maxwell
(University of Leicester); the deuteration of the DNA binding
protein TF1 for NMR studies by J. Parella (University of
Montpellier); the deuteration of cyclic AMP receptor protein
for NMR studies by R. King (MRC, Mill Hill).
Detector group
(A. Gabriel, F. Dauvergne & P. Wattecamps)
The main activity of the group is developing detector systems for synchrotron radiation applications. In addition to
our support for the EMBL we assist LURE, Daresbury SRS
and the ESRF.

The EXAFS detector at LURE
A collaboration was started last year with several laboratories with the aim of developing a method for the determination of elements which are present to only few parts per
million « 100 PPM) in biological systems. For this purpose
the detection of the fluorescent x-rays is the most sensitive
method of EXAFS measurement and a detector system for
this purpose has been developed. The biological sample
is submitted to the synchrotron radiation beam in a vacuum
chamber. The gas-filled proportional detector attached to the
sample chamber is linked to a fast digital electronic system.
The entrance window of the detector is a very thin foil of
mylar (10 11m), which is supported by a mesh of stainless
steel. The mylar window allows the system to be used at
long wavelengths. Various gas mixtures are used to optimize
the efficiency of the detector. The instrument has been fully
tested and is in routine use.

EMBLlDaresbury
Detector area
200 mmx200 mm
Spatial resolution 300 pmx300 pm
600 kHz
Counting rate
Parallax error
with

Xentronics
0100 mm
200 pmx200 pm
30 kHz
without

Parallax errors in detectors, like the one at Daresbury,
will be reduced in a detector currently being tested at the
Outstation. We expect that the EMBL detector will be used
for crystallography although at present the systems are used
for small-angle scattering applications.
The EMBL detector system has a high counting rate and a
large detection area (up to 300 mm x 300 mm). Problems
with parallax are currently under investigation.

High counting rate detector, ESRF project
In conjunction with the ESRF and Daresbury we are studying the count rate limitations of proportional chamber detector systems. Two problems are encountered:
(1)
(2)

Physical limits of the gas: mobility of the charges, space
charge effects.
Electronic limits: wire by wire read-out, data acquisition
system speed.

The image light Valve: a new approach for synchrotron
radiation detection
Light emitting valves have been used for several years in
high frequency laser light modulation devices. Their application for x-ray detection has been proposed and devices
to detect electrons have been tested in electron microscope
applications. We are interested in developing the technology
for synchrotron applications.
Image light valves use the effect of the electric birefringence
in crystals (ZnS, CuCI, GaAs, KH2P04, KD 2P0 4). The
birefrengence is a linear function of the electric field applied
by the flux of the x-rays on the crystal. The image of the
electric field is then the image produced by the x-rays and
can be visualized with coherent light and stored in computer
memory using a fast CCD camera. The spatial resolution is
about 15 micrometers for a cryst31 of 2 cm 2. Plate 64 shows
the details of the system.
Publications during the year

Small-angle scattering, Daresbury laboratory

Anselme, J. (1987). Etude de l'asparaginyl-ARNt synthetase
d'Escherichia coli, surproduction et purification. D.E.A. de
Biologie Cellulaire, Universite de Grenoble I, France

Recently we have collaborated with the Daresbury laboratory where one of our detectors is linked to a computer via
electronics developed at Daresbury. Using this system we
were able obtain the following results which are compared
below to similar figures for the commercial Xentronics system:

Benight, A.S., Langowski, J., Wu, P.-G., Wilcoxon, J., Shibata, J.H., Fujimoto, B.S., Ribeiro, N.S. & Schurr, J.M.
(1987). Structures and dynamics of supercoiled DNAs. In
Laser Scattering Spectroscopy of Biological Objects. Studies in Phys. & Theor. Chemistry, 45, 407-422
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PLATE 64

Diagram showing details of the image light valve system.

--

CD

....,
...

CD

()

.......

x rays

0
0
"0
()

()
.,

/

/

polarizing
beam splitter

...

..
..

camera
c.C.d .

[

..

'<
(J)

III

D

I
eraser

laser

Bentley, GA, Lewit-Bentley, A., Liljas, L., Skoglund, U.,
Roth, M. & Unge, T. (1987). Structure of RNA in satelite
tobacco necrosis virus. A low resolution neutron diffraction
study using 1 H20! 2H 20 solvent contrast variation. J. Mol.
BioI., 194, 129-141
Berthet-Colominas, C., Cuillel, M., Koch, M.H.J., Vachette,
P. & Jacrot, B. (1987). Kinetic study of the self-assembly of
brome mosaic virus capsid. Eur. Biophys. J., 15, 159-168
Blum, M., Metcalf, P., Harrison, S.C. & Wiley, D.C. (1987).
A system for collection and on-line integration of x-ray
diffraction data from a multiwire area detector. J. Appl.
Cryst., 20, 235-242
Chroboczek, J. & Jacrot, B. (1987). The sequence of adenovirus fibre: similarities and differences between serotypes
2 and 5. Virology, 161, 549-554
Cuillel, M., Berthet-Colominas, C., Timmins, P.A. & Zulauf,
M. (1987). Reassembly of brome mosaic virus from dissociated virus. A neutron scattering study. Eur. Biophys. J., 15,
169-176
Cusack, S., Smith, J., Karplus, M. & Finney, J. (1987).
Low frequency dynamics of BPTI studied by inelastic neutron scattering. In Structure, Dynamics and Function of
Biomolecules: eds. Ehrenberg et al.; Springer-Verlag, Berlin,
pp. 93-97

storage
and
computing
system
Devaux, C., Caillet-Boudin, M.-L., Jacrot, B. & Boulanger, P.
(1987). Crystallization, enzymatic cleavage and the polarity
of the adenovirus type 2 fibre. Virology, 161,121-128
Guinet, F. (1987). Purification et etude du facteur
d'elongation Tu d'Halobacterium marismortui. These pour Ie
grade de Docteur de l'Universite Scientifique, Technologique
et Medical de Grenoble, France.
Hartlein, M., Frank, R. & Madern, D. (1987). Nucleotide
sequence of Escherichia coli valyl-tRNA synthetase gene
valS. Nucl. Acids Res., 15, 9081-9082
Hartlein, M., Madern, D. & Leberman, R. (1987). Cloning
and characterization of the gene for Escherichia coli seryltRNA synthetase. Nucl. Acids Res .. 15, 1005-1007
Hartlein, M. & Madern, D. (1987). Molecular cloning and
nucleotide sequence of the gene for Escherichia coli leucyltRNA synthetase. Nucl. Acids Res., 24, 10199-10210
Jacrot, B. (1987). Neutron scattering. In Animal Virus Structure: eds. Nermut, M.V. & Steven, A.C.; Elsevier, Amsterdam, pp. 89-95
Jacrot, B. (1987). Neutron diffraction: contribution to high
and low resolution crystallography. In Crystallography in
Molecular Biology: eds. Moras et al.; Plenum, pp. 117-121
Jacrot, B. & Cribier, D. (1987). The first experiments in

189

France. In Fifty Years of Neutron Diffraction: ed. Bacon,
G.E.; Adam Hilger, Bristol, pp. 71-73
Jacrot, B. (1987). Neutrons in biology. In Fifty Years of
Neutron Diffraction: ed. Bacon, G.E.; Adam Hilger, Bristol,
pp.202-210
Jesior, J.-C. & Wade, R.H. (1987). Electron irradiation induced flattening of negatively stained two-dimensional protein crystals. Ultramicroscopy, 21,313-320
Langowski, J. (1987). Salt effects on internal motions of
superhelical and linear pUC8 DNA Dynamic light scattering
studies. Biophys. Chem., 27, 263-271
Leberman, R., Berthet-Colominas, C., Cusack, S. & Hartlein,
M. (1987). Crystals of seryl-tRNA synthetase from Escherichia coli. J. Mol. BioI., 193, 423-425
Metcalf, P., Blum, M., Freymann, D., Turner, M.J. & Wiley, D.C. (1987). Two variant surface glycoproteins of Trypanosoma brucei of different sequence classes have similar
6 A resolution x-ray structures. Nature, 325, 84-86
Metcalf, P. (1987). Reoviridae. In Animal Virus Structure:
eds. Nermut, M.V. & Steven, AC.; Elsevier, Amsterdam,
pp. 135-145
Podjarny, A., Rees, B., Thierry, J.-C., Cavarelli, J., Jesior,
J.-C., Roth, M., Lewitt-Bentley, A, Kahn, R., Lorber, B.,
Ebel, J.-P., Giege, R. & Moras, D. (1987). Yeast tRNAAspAspartyl-tRNA synthetase complex: low resolution crystal
structure. J. Biomol. Struct. Dynam., 5, 187-196
Ronziere, M.-C., Berthet-Colominas, C. & Herbage, D.
(1987). Comparative structural studies of reconstituted and
native type I and type II collagen fibrils by low-angle x-ray
diffraction. Biochim. Biophys. Acta, 916, 381-387
Smith, J., Cusack, S., Poole, P. & Finney, J. (1987). Direct measurement of hydration-related dynamic changes in
lysozyme using inelastic neutron scattering spectroscopy. J.

190

Biomol. Struct. Dynam., 4, 583-588

Other references
Brooks, B. & Karplus, M. (1983). Proc. Nat!. Acad. Sci. USA,
80, 6571-6575
Crowther, RA (1971). Phil. Trans. Roy. Soc. London, 8261,
221-230
Fuller, S. (1987). Cell, 48, 923-934
Green, N.M., Wrigley, N.G., Russel, W.C., Martin, S.R. &
McLachlan, AD. (1983). EMBO J., 8, 1357-1365
Harvey, J.D., Bellamy, AR., Earnshaw, W.C. & Schutt, C.
(1981). Virology, 112, 240-249
Hanahan, D. (1983). J. Mol. BioI., 166, 557-580
Kalbitzer, H.R., Leberman, R. & Witting hofer, A (1985).
FEBS Lett., 180, 40-42
Makowski, I., Frolow, F., Saper, M.A., Shoham, M., Wittman,
H.G. & Yonath, A (1987). J. Mol. BioI., 193, 819-822
Messing, J., Crea, R. & Seeburg, P.H. (1981). Nucl. Acids
Res., 9, 309-321
Raag, R., Appelt, K., Xuong, N.H. & Banaszak, L. J. Mol.
BioI., submitted
Studier, F. W. & Moffatt, BA (1986). J. Mol. BioI., 189,
113-130
Yamamoto, M., Nomura, M., Ohsawa, H. & Maruo, B.
(1977). J. Bacterial., 132,127-131
Zaccai, G., Morin, P., Jacrot, B., Moras, D., Thierry, J-C. &
Giege, R. (1979). J. Mol. BioI., 129, 483-500

