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Structural studies of the insect nervous system 

Members: N.J. Strausfeld, G. Geiger, D. Nassel 

* Fellow: D. Byers 

* Visiting workers: A. Ghyssen * W. Krempien*, C. Masson*, M. 
Rosentreter*, F.-W. Schurmann , R. Stocker* 

Technical assistants: J. Berriman*, M. Obermayer*, R. 
Schwall*, H. Seyan, J. Weinelt* 

Laboratory Hound: W. von Topferhof 

1) Learning and memory in Drosophila 

A new project in the group this year is the genetic 
analysis of learning and memory in Drosophila (D. Byers). 
This fly can learn and remembers odours and colours 
(Byers, 1980). Some mutants have been isolated that learn 
poorly. One, the dunce mutant (Dudai et al., 1976), has 
recently been found to be allelic with some mutants 
independently discovered by R. Davis and J. Kiger which 
eliminate one isozyme of cyclic AMP phosphodiesterase 
(Byers, Davis & Kiger, in preparation). The same isozyme 
is absent in dunce. This suggests that dunce may be the 
structural gene of one of the cyclic AMP 
phosphodiesterases of Drosophila, a proposition now being 
tested in other laboratories by biochemical and 
immunoiogical methods. 

We are beginning to apply neuroanatomy to the study of 
learning in Drosophila with three goals: comparison of 
the brains of normal and mutant flies; documentation of 
the olfactory pathways for interpreting the location of 
the dunce gene product, assuming that specific antibodies 
become available from other laboratories; and providing 
general structural data which may help in planning future 
experiments on learning in Drosophila. During the last 
year we have been studying the olfactory regions of the 
brain since it is olfactory that is most 
severely affected in the dunce mutant. 

2) Studies on defective brain regions and behaviour 

How important are the shapes of neurons and the 
structure of the nervous system? Given that the 
structures are normal, can an animal see and 
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PLATE 1 

The micro-beam ablation system. pdl = pulse dye laser. al = 
aligning laser. m = mirrors. sm = 50% mirror. mic = 
microscope fitted with Nomarski interference optics. re = 
video camera. vr = video recorder. mo = monitor. (G. 
Geiger). 
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normally after the developmental program of the C.N.S. 
has been drastically altered? 

The development of early first ins tar brains of Musca can 
be altered irreversibly by means of a pulse dye laser. 
Ablations are made at a specific locus in the brain (the 
optic lobes) and mature flies are then tested for 
behaviour and afterwards examined for structural defects. 
One side of the brain is undamaged by the lesion, and 
since the tests are monocular this side can be used as 
the control. Tests are made of the fly's ability to 
orient towards moving stripes or a single contrasted 
object in the visual field. These tests examine the 
normalcy of two sub-systems for information processing: 
the direction-sensitive system (velocity and 
directionality) and the direction-insensitive system 
(position). Serious defects in one or the other system 
can be related in a consistent manner to structural 
defects of the optic lobes. Usually these take the form 
of a complete alteration of the second and third visual 
neuropils, the first neuropil and retina remaining 
apparently normal. Despite the consolidation of the 2nd 
and 3rd visual regions into a single neuropil the shapes 
of neurons, although appearing quite unlike the normal 
unoperated side, appear to be consistent between one 
operated individual and the next. It seems that a precise 
lesion alters the developmental program in a specific 
fashion to give rise to patterns of neuronal connections 
that perform many, though not all, of the basic functions 
of a normal nervous system. 

The laser-beam microsurgery unit (designed and built by 
G. Geiger) is being used to pursue these investigations 
further in order to discover, experimentally, the minimal 
structures necessary to enable the fly to perform 
optomotor and fixation behaviours. The apparatus for 
these experiments is illustrated in Plates 1 and 2, and 
two optic lobes are compared in Plate 3, one showing a 
normal retina, lamina and optic lobes (left), the other 
showing a normal retina, lamina and an abnormal optic 
lobe which consists of a single retinotopic neuropil 
containing only a fraction of the wide-field neurons 
normally found (right). These studies are part of a joint 
project being carried out by G. Geiger, D. Nassel and H. 
Seyan. 
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Schematic representation of the micro-beam ablation system. 
The pulse dye laser is aligned with the aid of an on-axis 
He-Ne laser. The beam of both lasers is incorporated into 
the microscope's optical pathway with the aid of mirrors M 
and 50% M. The visual focal plane is the focal plane of the 
laser beam. Alignment of animals (larvae) and the actual 
destruction of the cells in the brain is viewed and recorded 
with the aid of a video camera and monitor. The destruction 
of cells is performed without damage to tissue or cuticle 
above and beneath the visual focal plane. The depth of 
destroyed tissue resides approximately 200-400 beneath 
the cuticle surface. (G. Geiger.) 
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PLATE 3 

Reduced silver preparation of normal (left) and laser 
treated (right) optic lobes of the same fly. The treated 
side entirely lacks the normal lobula complex and contains a 
grossly abnormal medulla that gives rise to projections 
directly to the mid-brain. Giant fibres in the abnormal 
medulla may possibly be analogous to some wide-field 
components of the normal lobula. The lamina and retina of 
both sides appears normal. The abnormal medulla receives a 
retinotopic projection from the lamina (double arrows). 
Note the gross reduction in the number of fibres (arrowed) 
that pass from the abnormal medulla into the mid-brain. Re 
= retina; La = lamina; Me = medulla; Lo = lobula, Mi = mid-
brain; M Lo = abnormal medulla. (D. H. Seyan.) 
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3) studies on normal and mutant nervous system of Drosophila 

studies of normal and mutant (bithorax) Drosophila have 
shown that sensory axons from homeotic wings of the third 
thoracic segment behave as if they were genetically wing-
like. They give rise to wing-like patterns of 
arborizations from sensillae when these are typical of 
wing (Palka et al., 1979). The longest axon projections 
also occupy positions in the central nervous system that 
are normally occupied by the normal wing of the second 
thoracic segment (Palka et al., 1979; Ghysen, 1978). 
Only sensory cells that are found on both wing and 
haltere take up haltere-like projections from the 
homeotic appendage (Palka et al., 1979; Ghysen, 1978) and 
some of these are ambivalent, occasionally adopting wing-
like projections into the brain (Strausfeld & Singh, 
1980). The evidence obtained by using sensory projections 
as a bioassay that central neuropil is modified in the 
bithorax mutants is either lacking or exceedingly 
tenuous. We (N. Strausfeld, R.N. Singh, M. Obermayer) 
have studied central projections from antennae and from 
the brain to the thoracic ganglia in order to elucidate 
whether or not there are C.N.S. modifications in mutants. 
However, except for a few supernumerary collaterals, 
possibly making connections with supernumerary wing 
projections, the projections of C.N.S. neurons in 
bithorax mutants are the same as in normal Drosophila 
(Strausfeld & Singh, 1980). For example, the terminal of 
the giant descending neuron is not affected by the 
mutation. However, its dendritic pattern in the brain is 
secondarily modified in mutants that show reduced retinae 
(bar-eyed). In these mutants the dendrites of the giants 
project almost exclusively into mechanosensory regions 
supplied by receptor axons from the antennae. In normal 
flies the giant neuron dendrites invade terminals from 
the antennae and from visual centres (Plate 4). 

Laser micro-beam surgery will also be used to disrupt the 
passage ofaxons from the brain during early development 
in order to determine whether sensory axons alone contain 
sufficient instructions to form their normal projection 
patterns. 
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PLATE 4 

A. Normal Drosophila, showing neurons filled with cobalt 
after single application of cobalt ions to the left 
antenna (an). Cobalt ions pass from mechanosensory fibres 
into the ipsi- and contra-lateral giant descending 
neurons (G) and from the dendrites of G into visual 
interneurons (lr). Cobalt passes anterograde into two 
thoracic nerve cells. One is a motor neuron that ends on 
the tergotrochantal muscle (m to Terg.M), the other is a 
peripherally-directed relay neuron (pr) that leaves the 
contralateral mesothoracic ganglion. This cell also gives 
rise to dendrites (rd) at the level of sensory axons 
derived from the wing. The giant fibre is known to 
synapse with both these thoracic neurons (King and Wyman, 
1980). The pattern, from. antenna visual centres to 
motorneurons, via the giant descending neuron, summarizes 
the general relationships of descending neurons with 
other nerve cells in flies. 

B. The form of the giant neuron, identical in normal and 
bithorax mutant of Drosophila. 

C. The pattern of giant neuron dendrites in a bar-eyed 
mutant with grossly reduced visual input. Dendrites 
extend exclusively into sensory fibre projections from 
the antennae. (N. Strausfeld, H. Seyan, R.N. Singh.) 
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PLATE 5 

The male "sex-specific" lobula neurons (MLG 1-3; Strausfeld, 
1980) in Calliphora. These have been reconstructud from 
serial sections and show three rotations achieved by the 
computer graphics system (P.T. Speck, Data Analysis Group). 
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4) Structure of the visual system 

a) Cobalt. horse-radish peroxidase and fluorescent dye 
coupling 

Earlier we reported that entire populations of visual 
neurons could be routinely shown up by cobalt 
injection into the nervous sytem. This technique has 
been successfully used on a variety of insects and on 
mouse cortex and cerebellum (Obermayer & Strausfeld, 
1979). The passage of cobalt from one neuron to 
another has enabled us to visualize more about the 
general organization of the visual system than had 
previously been possible. For example, by using this 
method we discovered that the visual systems of male 
and female flies differ in important respects. 
These include the presence of special giant neurons 
(Plate 5) in the lobula which, owing to their 
location, view part of the visual field subtending the 
area of binocular overlap shared by the upper front of 
the two eyes (Strausfeld, 1979, 1980; Hausen & 
Strausfeld, 1980). 

The migration of cobalt across neurons has not yet 
been related to special regions of the pre- and post-
synaptic membrane. However, one of us (D. N&ssel) has 
found that horse radish peroxidase (HRP) will pass 
across the same constellations of neurons as that 
revealed by cobalt. HRP is also an excellent marker 
for electron microscopy studies. The initially filled 
neuron appears dark; but careful dosage of HRP permits 
resolution by both light and electron microscopy 
(Plates 6, 7). Secondarily filled elements appear 
even paler, but are still visible by light microscopy 
and compare favourably with silver-intensified cobalt-
filled nerve cells. Electron microscopy shows that 
secondarily filled neurons are indeed presynaptic to 
initially filled cells, and that the passage of HRP 
from one neuron to another is retrograde. The passage 
across specific cells is also typical of cobalt ions. 
Electron microscopy shows HRP to have become 
incorporated into the membranes of some synaptic 
vesicles (Plate 7). D. Nassel is now examining the 
site of HRP incorporation into vesicular membrane in 
order to determine if recycled vesicle membrane acts 
as the substrate of exogenous HRP uptake, or whether 
there are other, unspecific, sites for its 
incorporation. Other systems are being examined, 
which also show inter-neuronal passage of HRP, in 
order to determine if this method reliably 
demonstrates functional contiguity. 
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PLATE 6 

Light micrographs at two levels of focus of two types of 
wide-field visual neurons in the fly lobula plate. Both have 
been labelled with HRP and have eventually taken up the 
enzyme transneuronally from nerve cells that were backfilled 
from the thoracic ganglion. The lighter cells are vertical 
and horizontal motion-sensitive cells, the darker neuron is 
a heterolateral horizontal motion-sensitive neuron which is 
synaptically contiguous with horizontal cells. (D. Nassel, 
N.J. Strausfeld, H. Seyan.) 
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b) structure and function of multimodal neurons 

Neurons leaving the optic lobes synapse on only 
relatively few relay cells. These leave the brain and 
descend down the ventral cord to thoracic ganglia. 
Descending neurons synapse onto motor neurons (see 
O'Shea et al., 1974; Burrows & Rowell, 1973; Rowell 
et al., 1977). We have documented nearly all the types 
of relay cells from the optic lobes to discrete 
regions of the lateral brain (optic foci). Optic foci 
contain the dendrites of descending neurons. Typically 
these receive input from more than one type of visual 
cell and also receive inputs from other sensory 
systems, such as the antennae (Strausfeld & Nassel, 
1980). The descending neurons are resolved with motor-
neurons and interneurons of the thoracic ganglia 
(Plate 4). Thus, against the background of anatomical 
data, descending neurons can be used as a 
multielectrode probe of the visual system. We have 
begun to examine these cells electrophysiologically in 
conjunction with J. Bacon (Max-Planck-Institut fUr 
Verhaltensphysiologie, Seewiesen) recording from their 
axons using Stewart's (1978) new highly fluorescent 
dye, lucifer yellow. Initial experiments have proved 
very successful. Several cells were recorded and 
filled with dye. These cells were all multimodal: 
motion and wind-flow sensitive. Their structural 
identification shows them to be identical with cobalt-
filled neurons that are contiguous with the antennal 
sensory axons and optic lobe relay cells (Strausfeld & 
Obermayer, 1976). We have also found lucifer yellow 
dye-coupling between descending neurons and visual 
interneurons. Cobalt, HRP and lucifer yellow reveal 
the same constellations of contiguous nerve cells. 
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PLATE 7 

Electron micrographs showing primarily filled long visual 
fibres (R7) and secondarily labelled amacrine cells (Am) 
both labelled with HRP. The HRP reaction product is very 
dense in R7, whereas in Am it is confined to the plasmalemma 
and to the membrane coats of some vesicles. The presynaptic 
T-shape ribbon from the amacrine into R7 (arrowed) is 
especially prominent. No other cells are presynaptic to R7, 
and HRP appears to pass retrograde between R7 and the 
presynaptic element rather than anterograde to elements that 
are postsynaptic to R7. It is suggested that HRP passes 
specifically across synapses in this tissue. Note also that 
the amacrine cell is presynaptic to other profiles (arrows, 
left-hand figure) but does not donate HRP to these. (J. 
Berriman, D. Nassel.) 
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A genetic analysis of embryonic pattern formation in 
Drosophila melanogaster 

Members: C. NUsslein-Volhard, E. Wieschaus 

Visiting workers: M. Lohs-Schardin*, G. Struhl* 

Technical assistants: H. Kluding, M. Weber* 

The establishment of spatial patterns is a phenomenon 
observed in the development of all higher organisms and 
represents one of the major unsolved problems in 
developmental biology. In the Drosophila embryo it is 
generally thought to occur in two steps. In the first step a 
set of positional cues is provided in the egg, perhaps in 
the form of a graded distribution of morphogens defining the 
anterior-posterior and dorsal-ventral axis. In the second 
step the cells formed in each region of the embryo assume 
their particular fates depending on the local concentration 
of morphogens in that region. Our work is directed towards a 
genetic refinement of this model and in the past year has 
concentrated on the identification and characterization of 
mutations affecting either the first or second step. Since 
the egg is made under the control of the maternal genome, 
mutations which interfere with the establishment of 
gradients should be active during oogenesis and their 
phenotypes should depend on the genotype of the mother. By 
contrast, the interpretation and response to a particular 
morphogen level are expected to be zygotic functions 
occurring in each cell at the time when its fate is chosen. 
The relevant mutations here should depend on the genotype of 
the embryo and act early during embryogenesis. 

KrUppel, an embryonic lethal altering the segment pattern 

Embryos homozygous for KrUppel (Gloor, 1950) develop into 
larvae with a much reduced number of segments. Instead of 
three thoracic and eight abdominal segments, KrUppel larvae 
consist of a seventh and an eighth segment of normal 
polarity and an enlarged mirror image duplication of the 
sixth. The larval head, although not involuted, seems 
normal. The effect of the mutation is extremely constant and 
100% penetrant. We have mapped the mutation to the tip of 
the right arm of the second chromosome (60F) and have shown 
that the same phenotypes are obtained with small 
deficiencies of this region. The latter result indicates 
that the mutation is probably an amorph and thus the 
phenotype of the embryos reflects the total absence of 
KrUppel+ gene product. 
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By examining living embryos during early developmental 
stages, we have shown that the mutant effects become visible 
within 15 minutes after the onset of gastrulation, thus 
making KrUppel one of the earliest acting zygotic genes 
known in Drosophila. These morphological studies indicate 
that the reduced number of segments is not the result of the 
death of segment precursors during early embryogenesis. 
Instead, the altered pattern seems to arise by a change in 
the fate map such that the cells which would normally form 
thorax and anterior abdomen form posterior abdomen instead. 

The smaller number of segments and reversal of polarity 
associated with KrUppel is reminiscent of the phenotype of 
the maternal effect mutation, bicaudal (Bull, 1966; 
NUsslein-Volhard, 1977). The results of three different 
tests show, however, that the mu'tant phenotype resul ts 
strictly from the activity of the embryonic genome. First, 
by marking the KrUppel chromosome with Dopadecarboxylase, a 
recessive cuticle marker, we have shown that the 25% 
phenotypically KrUppel embryos produced by a cross of 
heterozygotes are indeed homozygous for the KrUppel 
chromosome. Secondly, duplications and translocations for 
KrUppel+ were used to obtain homozygous embryos from 
duplication mothers essentially wild type with respect to 
KrUppel. These embryos display exactly the same phenotype 
as homozygous KrUppel embryos from heterozygous mothers, 
thereby excluding any dominant maternal effect on the final 
pattern. Finally, in order to rule out the possibility that 
KrUppel might playa role in oogenesis in addition to its 
role during embryogenesis, homozygous clones for KrUooel 
were induced in female germ-cells during larval development. 
The eggs derived from the clones were normal and capable of 
supporting normal embryonic development. When fertilized by 
KrUppel-bearing sperm, the homozygous embryos again showed 
the same characteristic KrUppel pattern. This indicates 
that the wild-type KrUppel gene plays no necessary 
irreplaceable role during oogenesis and its lack during 
oogenesis has no effect on the KrUppel phenotype. 

Embryonic lethal mutant 

In order to identify zygotic genes acting early in 
development, particularly those controlling the process of 
segmentation, we undertook a large-scale mutagenesis 
experiment to obtain embryonic lethal mutations on the 
second chromosome. We isogenized '5800 EMS-treated 
chromosomes, and found 4500 to carry lethal mutations. 1700 
were embryonic lethal and of these 350 showed distinct 
morphological abnormalities recognizable in cuticular 
preparations of homozygous embryos. By complementation 
tests, performed within groups of mutants with similar 
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PLATE 8 

Larvae homozygous for embryonic lethal mutations on the 
second chromosomes. a) Krlippel, b) even-fused, c) spitz, d) 
ventral holes, e) wingless-lethal, f) wild-type control. 

-26-





phenotypes, we have identified 48 loci with more than one 
allele, the average being 4-5 alleles per locus. We estimate 
that we have almost reached saturation in our screen and 
that there may not be many more than 50 genes on the second 
chromosome required for the development of a morphologically 
normal larva. 

Among the mutations are lethal alleles of known viable 
mutations such as engrailed and wingless (6 alleles each). 
Furthermore we identified alleles of previously known loci : 
4 star alleles, 3 KrUppel alleles and 3 alleles at the 
Dopadecarboxylase locus. Most of the mutations, however, 
define previously unknown loci. 

Of particular interest for our main line of research is a 
small number of mutants affecting larval segmentation. In 
addition to the above mentioned KrUppel alleles, we isolated 
7 mutants which reduce segment number. They fall into three 
complementation groups each with its own distinct phenotype. 
Since the second chromosome represents 2/5 of the genomic 
complement in Drosophila, the number of genes controlling 
segment number may be very small. It should therefore be 
possible to identify all of them and from their phenotype 
gain an insight into the role of the zygotic nucleus in the 
establishment of segmentation. 

Cytoplasmic injection of dorsal embryos 

The maternal-effect mutant dorsal causes embryos from 
homozygous females to develop exclusively structures which 
are formed at the dorsal position in a normal embryo. In 
collaboration with P. Santamaria (CNRS, Gif-sur-Yvette) we 
injected cytoplasm from normal embryos into dorsal embryos 
in order to see whether the effect of the mutant gene could 
be rescued by substances present in the normal egg. The 
results show that indeed a partial rescue is possible and 
that 20-30% of the injected embryos develop additional 
structures which are not present in the uninjected control 
embryos. The additional structures formed in injected 
embryos are trachea, including the posterior spiracles, and 
sense organs of the head. They normally derive from a 
dorso-Iateral egg region. By taking cytoplasm from various 
regions of the donor embryo, we showed that the rescuing 
activity is probably evenly distributed in freshly laid 
normal eggs and that the type of additional structures 
formed does not depend on the site in the wild type egg from 
which the cytoplasm is taken. It does, on the other hand, 
depend on the site of injection in the recipient embryo, in 
that anterior injection leads to anterior structures, while 
following posterior injection, posterior lateral structures 
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are formed. This is the first case of rescuing a 
morphogenetic mutant by cytoplasmic injection. The injection 
may provide a bio-assay for isolating morphogenetic 
substances involved in the establishment of positional areas 
in the egg. 

Publications during the year 
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microbeam. Develop. Biol., 13, 239-255. 

NUsslein-Volhard, C. (1979). Maternal effect mutants that 
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melanogaster. In Determinants of Spatial Organisation: eds. 
Subtelney, E.S. & Konigsberg, I.; Academic Press, N.Y., p. 
185-211. 

NUsslein-Volhard, C. (1979). Pattern mutants in Drosophila 
embryogenesis. In Cell Lineage, Stern Cells and Cell 
Determination. INSERM Symposium, 1Q: ed. LeDouarin, N.; 
Elsevier/North-Holland, Biomedical Press, Amsterdam, p.69-
82. 

NUsslein-Volhard, C., Lohs-Schardin, M., Sander, K. & 
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primordia in a new maternal effect mutant of Drosophila. 
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p.291-302. 
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Morphogenetic substances and the nervous system in hydra 

Members: H.C. Schaller*, C.J.P. Grimmelikhuijzen*, H. 
BodenmUller* 

Student: T. Schmidt* 

Technical assistants: R. Breunig*, T. Rau*, M. Weber*, B. 
Zachmann* 

This group uses hydra as a model system to study how growth 
and differentiation are controlled at the molecular level. 
In particular it has isolated four substances which 
influence morphogenesis in hydra: an activator and an 
inhibitor of head formation and an activator and an 
inhibitor of foot formation. It has made further progress 
in the purification and characterization of these 
substances. 

In the normal animal all four substances are secretory 
products of nerve cells. Within the animal kingdom hydra is 
the most primitive organism with a nervous system. Hydra is, 
therefore, suited to study the evolution and essence of 
cells specialized for nervous function. The nervous system 
in hydra has two functions: (1) it is necessary for the 
coordination of movements, and (2) it controls pattern 
formation, cellular growth, and differentiation. The first 
function, which may be described as fast transfer of 
information between cells, absolutely requires the presence 
of nerve cells, i.e. of cells with specialized membranes 
capable of generating and propagating electrical potentials 
and transmitting them to other cells. The most convincing 
evidence that nerve cells are needed for this fast, long-
distance intercellular communication comes from the finding 
that hydra without nerve cells lack this property. Hydra can 
be made nerve-free by mutation or by chemical maltreatment. 
The group has developed a new and more gentle method for 
producing nerve-free hydra. By inducing animals to become 
sexual the multipotent stem cells, which are also the 
precursors to nerves, differentiate into sex cells. If such 
animals are force-fed, the cell population 
multiplies faster than the few remaining stem cells. As a 
result such animals produce asexual offspring which are free 
of stem cells and consequently also of nerve cells. Such 
nerve-free hydra are unable to move, e.g. they do not 
respond to tactile stimuli with contraction, or to a feeding 
stimulus by the coordinated sequence of movements 
constituting the feeding response. In general, fast 
transmission does not function in hydra without nerves. 
Using nerve-free hydra as controls the hope is to find out 
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how and with what transmitter substances the fast neuronal 
communication system works. 

The second function of the nervous system in hydra is the 
control of cellular growth and differentiation resulting in 
pattern formation. This control is achieved by means of 
hormone-like substances such as the inhibitors and 
activators of head and foot formation. These substances act 
as slow carriers of intercellular communication. This slow 
transfer of information is not a strictly neuronal property. 
The group has established the fact that, in the absence of 
nerve cells, epithelial cells take over the hormone-
producing function of nerve cells. This was not unexpected, 
since in an embryo the slow flow of intercellular 
communication must also exist before the nervous system 
becomes established. It also suggests that the slow 
intercellular communication by means of hormone-like 
substances is the more ancient, or primitive, type of 
information transfer between cells, and that the fast 
conduction system requiring nerve cells and 
neurotransmitters is a more modern version of intercellular 
communication. 

One of the hydra neuropeptides, the head activator, has also 
been found in mammalian brain and intestine; in fact it has 
recently been shown that even human beings contain this 
peptide in their hypothalamus and intestinal tract. 
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Bodenmliller, H., Schaller, H.C. & Darai, G. 
hypothalamus and intestine contain a hydra 
Neurosci. Let., lQ, 71-74. 

(1980). Human 
neuropeptide. 
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Semliki Forest virus structure, assembly and entry into the 
host cell; vaccines against enveloped viruses 

Members: K. Simons, H. Garoff, A. Helenius 

Fellows: M. Marsh*, K. Matlin*, M. Sarvas, J. White* 

Visiting worker: G. van Meer* 

Technical assistants: E. Bolzau, E. Kiko, H. Virta 

Structure and assembly of Semliki Forest virus 

We are studying the envelope of Forest virus as an 
experimental model for plasma membrane structure and 
assembly. During the past year we have concentrated our 
efforts on solving the primary structure of the virus 
proteins. Together with A.-M. Frischauf and H. Lehrach we 
have cloned cDNA transcribed from the 26S virus RNA coding 
for the four structural proteins C, E1, E2 and E3. The 
cloned DNA was studied by electron microscopy by H. Delius. 
The DNA has been sequenced using the method of Maxam and 
Gilbert. From the DNA sequence we have now deduced most of 
the amino acid sequences of the virus proteins. 

Both E1 and E2 have hydrophobic peptide segments in the 
carboxy-terminal regions which are long enough to span the 
bilayer. Each of these hydrophobic segments ends with a 
cluster of basic amino acid residues. In E2 there is an 
additional sequence of 30 amino acids before the carboxy-
terminus is reached. In E1 the polypeptide chain is 
terminated after the basic cluster of two arginine residues. 
It may be noted that other spanning surface glycoproteins 
which have been sequenced (glycophorin, HLA, influenza) have 
similar hydrophobic stretches of amino acids ending with 
basic clusters which are located in the carboxy-terminal 
region of the chain. Such an arrangement with a hydrophobic 
sequence ending with a basic cluster may serve as stop-
transfer signal in membrane assembly. 

Another interesting feature of the sequence is that there 
seems to be a peptide between E2 and E1. This peptide must 
be removed by two proteolytic cleavages from the nascent 
chain, and it has features which suggest that it could serve 
as a signal peptide for E1 in membrane assembly. 

-33-



Mechanism of Semliki Forest virus entry into host cells 

Little is known of the way animal viruses enter into host 
cells. Our recent studies, in collaboration with J. 
Kartenbeck (DKFZ, Heidelberg), have revealed the pathway for 
Semliki Forest virus entry (Helenius et al., 1980a). The 
virus is taken up into its host cell through receptor-
mediated endocytosis. After binding to the cell surface the 
receptor-bound viruses move into specialized regions of the 
cell surface membrane called coated pits. These invaginate 
rapidly into the cytoplasm to form coated vesicles with the 
virus particles trapped inside. The coated vesicles fuse 
within minutes with endosomes and later the viruses are 
routed from the endosomes into lysosomes. Earlier studies 
with other viruses have shown that virus particles 
internalized by endocytosis can find their way into 
lysosomes as well. However, this route has usually been 
considered a dead end, since the viruses would be expected 
to be degraded in the lysosomes by the lysosomal hydrolases. 
The Semliki Forest virus genome, however, seems to use a 
clever trick to escape destruction. At the low pH in the 
lysosomes a fusion event is triggered between the virus 
membrane and the lysosomal membrane. In this way the virus 
nucleocapsid escapes unimpaired into the cytoplasm. The 
final step in virus penetration can be blocked by a number 
of weak bases including NHuCl and chloroquine. These belong 
to a group of lysosomotropic agents which increase the 
lysosomal pH thereby inhibiting virus fusion. Recent 
studies have shown that numerous physiologically important 
macromolecules use receptor-mediated endocytosis in coated 
vesicles for uptake into cells (Goldstein et al., 1979). It 
is likely that a number of other enveloped viruses use this 
entry route since most enveloped viruses are blocked early 
in infection by lysosomotropic weak bases. 

The capacity of receptor-mediated uptake of Semliki Forest 
virus into BHK-21 cells is amazingly high: more than 2000 
virus particles can be internalized per minute per cell. 
This means that 1-2% of the cell surface membrane is 
internalized per minute in the coated vesicles. It is clear 
that membrane recycling must occur to make up f0r the loss. 
How this flow of membrane is regulated is not known. 

The fusion reaction between the virus and the lysosomal 
membrane can be mimicked in vitro using liposomes as target 
membranes. Fusion between the viruses and liposomes can be 
triggered by pH 6 or lower. The reaction is very efficient 
and extremely rapid. The fusion displayed an absolute 
requirement for cholesterol, one mole cholesterol per two 
moles of phospholipid being optimal. No fusion was seen 
when the virus spike proteins were cleaved by protease 
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treatment of the virus particles. Fusion activity is 
presumably a function of the E1 protein. In the E1 amino 
acid sequence there is a hydrophobic stretch of 14 amino 
acids, 80 residues away from the amino terminus, which might 
be covered up in the native protein but exposed for 
insertion into the nearest bilayer at low pH. Since no 
proteins are needed in the liposomes, the fusion reaction is 

-primarily a protein-lipid interaction. In the future it 
should be possible to find out at the molecular level how 
fusion occurs in this simple model system. Another 
interesting possibility that will be explored is to use the 
Semliki Forest virus or reconstituted membranes as fusion 
agents to introduce substances into cells, both into the 
plasma membrane and into the cytoplasm. We have shown that 
when the normal infection pathway is blocked by chloroquine, 
many mammalian cells can be infected with Semliki Forest 
virus by dropping the extracellular pH momentarily below 6. 
Electron micrographs and biochemical analysis show that 
viruses fuse directly with the cell surface under these 
conditions, by-passing the normal endocytotic route. 

Penicillinase secretion 

We are concluding our studies on the secretion of the 
penicillinase enzyme in Bacillus licheniformis. These 
studies have revealed a number of interesting features. We 
have found four forms of §his protein: the in vitro 
translated product 3(Mr=34x10 ), the amphiphilic membrane 
bound form (M =31x10 ), and two water-soluble secreted forms 
exo S (M and exo F (M = 29x10 5 ). These proteins 
differ ih size in the amino abid terminal region but the 
carboxy-termini seem to be identical. The exo F form was 
sequenced earlier by Meadway (1969). We have shown that the 
exo S has an amino terminal extension of 8 residues (Simons 
et al. 1978). The DNA sequence of the gene sequence coding 
for the amino terminal region has recently been determined 
(K. Neugebauer and H. Schaller, University of Heidelberg) 
and this shows that there is a region coding for 34 amino 
acids from the initiation codon to the amino-terminus of exo 
S. This amino-terminal segment of 34 amino acids is probably 
the signal peptide of penicillinase. This peptide has a 
hydrophobic stretch of 16 amino acids from residue 13 to 
residue 28 (numbered from the amino-terminus). The unique 
feature of penicillinase secretion is that the signal 
peptide is not cleaved during translation, but the protein 
remains bound to the membrane by its signal peptide. The 
enzyme is released into the extracellular medium by a 
proteolytic cleavage. We do not know where the amino-
terminus of the membrane penicillinase is located, but since 
the form translated in vitro is larger in size a small 
segment must be removed from the amino-terminus during 
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translation. Why so many proteolytic cleavages are involved 
in penicillinase secretion is not known. 

Subunit vaccines against enveloped viruses 

We are continuing our work to develop safe and potent 
subunit vaccines against enveloped viruses. We have 
previously shown that the membrane glycoproteins can be 
prepared either as protein micelles (octameric water-soluble 
complexes devoid of lipid and detergent) or as virosomes 
(spike proteins reconstituted into synthetic lipid 
vesicles). In both these forms the spike proteins were 
extremely efficient in preventing the encephalitis caused by 
Semliki Forest virus when tested in mice. Further studies 
have shown that protein micelles can be prepared with ease 
from the membrane glycoproteins of other enveloped viruses 
(influenza, rhabdo- and paramyxo-viruses). Virosomes are 
much more difficult to make. Protein micelles have a further 
advantage over virosomes in their stability; thus they stay 
intact even after lyophilization. We are therefore testing 
whether protein micelles from other enveloped viruses are 
suitable as vaccines. We have prepared protein micelles 
from parainfluenza 3 virus, a paramyxovirus causing 
pneumonia in domestic animals and young children. This 
subunit vaccine is being tested by M. Sharp (Moredun 
Institute, Edinburgh) in specific pathogen-free lambs. 
Preliminary results indicate that this vaccine is as potent 
as vaccines made of inactivated whole viruses. We are 
extending our studies to influenza virus in 1980. 

Sorting out of surface proteins in kidney epithelial cells 

D. Louvard and his collaborators are studying the mechanisms 
that generate surface polarity in MDCK-cells (see his 
report). Boulan & Sabatini (1978) have shown that budding of 
different enveloped viruses occurs either from the apical or 
the basolateral surface of these cells. Influenza viruses 
bud from the apical surface, whereas VSV and Semliki Forest 
virus bud from the basolateral surface. Together with D. 
Louvard and others we have embarked on a program to study 
this "sorting-out" phenomenon at the molecular level with 
the viruses as tools. We have screened through a number of 
viruses, most of them kindly provided by H. Klenk 
(University of Giessen) and by F. Brown (Animal Virus 
Research Institute, Pirbright). Unfortunately Semliki Forest 
virus was not found suitable for this purpose: infection was 
too inefficient. We have chosen fowl plague virus (a 
myxovirus) as our apical cell surface marker and VSV (a 
rhabdovirus) as our basolateral surface marker. We are now 
studying the pathways by which these viruses infect the MDCK 
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cells and the synthesis and intracellular transport of the 
virus glycoproteins. 
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Dobberstein, B., Garoff, H., Warren, G. & Robinson, P.J. 
Cell free synthesis and membrane insertion of mouse 

H-2D histocompatibility antigen and B2-microglobulin. Cell, 
12, 759-769. 

Fries, E. & Helenius, A. (1979). Binding of Semliki Forest 
virus and its spike glycoproteins to cells. 
Eur. J. Biochem., 32, 213-220. 

Helenius, A. (1980). Entry of Semliki Forest virus into the 
host cell. In Membranes and the Environment: Responses 
between Membranes and External eds. Block, K. & 
Bolis, L.; (in press). 

Helenius, A. & Kartenbeck, J. (1980). The effects of 
octyloglucoside on the Semliki Forest virus membrane: 
evidence for a spike protein-nucleocapsid interaction. 
Eur. J. Biochem., (in press). 

Helenius, A., Kartenbeck, J., Simons, K. & Fries, E. 
(1980a). On the entry of Semliki Forest virus into the BHK-
21 cells. J. Cell Biol., 84, 404-420. 

Helenius, A., Marsh, M. & White, J. (1980b). Virus entry 
into animal cells. TIBS, (in press). 

Helenius, A. & Simons, K. (1980). Mechanisms of animal virus 
entry into cells. In The Molecular Basis of Microbial 
Pathogenicity: eds. Smith, H., Skehel, J.J. & Turner, M.J.; 
Dahlem Konferenzen. Verlag Chemie, Weinheim (in press). 

Morein, B., Bartz, D., Koszinowski, U. & Schirrmacher, V. 
(1979). Integration of a virus membrane protein into the 
lipid bilayer of target cells as a prerequisite for immune 
cytolysis. J. Exp. Med., j5Q, 1383-1398. 

White, J. & Helenius, A .. (1980). pH-dependent fusion 
between the Semliki Forest virus membrane and liposomes. 
Proc. Nat. Acad. Sci., USA, (in press). 

Other references 

Boulan, E.R. & Sabatini, D. (1978). Proc. Natl. Acad. Sci., 
USA, 12, 5071-5075. 

-37-



Goldstein, J.L., Anderson, R.G.W. & Brown, M. (1980). 
Nature, 679-685. 

Meadway, R.J. (1969). Biochem. J., 115, 12P-13P. 

Simons, K., Sarvas, M., Garoff, H. & Helenius, A. (1978). 
J. Mol. BioI., 126, 673-690. 

-38-



events in protein secretion and membrane biogenesis 

Member: 5. Dobberstein 

Fellows: S. KVist*, D. I. Meyer* 

Visiting worker: L. M. Roberts* 

Technical assistant: M. Olsen 

Translocation of proteins across membranes 

secretory proteins and the extracellular parts of certain 
membrane proteins are translocated across the membrane of 
the rough endoplasmic reticulum during their synthesis. In 
an effort to understand how this transfer occurs, we are 
characterizing the components involved in this process. 

Last year we reported (Warren & Dobberstein, 1978) that 
protein(s) which can be detached from rough microsomal 
membranes using high concentrations of KCl are needed for 
transfer to occur. Using a similar approach Walter et al. 
(1979) reported that treatment of rough microsomes with low 
concentrations of trypsin also gives rise to a soluble 
component which is able to reconstitute protein 
translocation activity to trypsin-inactivated membranes. D. 
Meyer has investigated the trypsin and/or salt requirement 
for the soluble membrane component and found that both 
limited proteolysis and high salt are required to release an 
active protein component from the membrane. If rough 
micro somes are prepared in the absence of protease 
inhibitor, endogenous protease(s) carry out limited 
proteolysis to a varying extent, and high salt treatment 
then dissociates the cleaved fragment. Using protease 
inhibitor during the isolation procedure of rough 
microsomes, he has shown that the proteases trypsin, 
clostripain and elastase all cleave an active protein 
component in the membrane. The exact conditions and salt 
concentrations required to release the cleaved fragment from 
the membrane were also determined. The elastase-cleaved 
component is a basic protein and has an apparent molecular 
weight (as judged by gel filtration and ultracentrifugation) 
of 60,000. The larger protein complex described in last 
year's Report did not withstand all critical tests and 
turned out to be an aggregate, possibly containing the 
aforementioned protein. 
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We are in the process of producing antibodies against the 
partially purified active component and hope to be able to 
identify and characterize unequivocally the intact 
cytoplasmically-exposed protein involved in translocation. 

Biosynthesis and membrane assembly of histocompatibility 
antigens 

A knowledge of the properties of the major histo-
compatibility complex (MHC) genes and their products is 
essential in understanding immune recognition and function. 

The classical transplantation antigens in the mouse system, 
H-2K and H-2D, are specifically involved in graft rejection. 
They are composed of a heavy peptide chain noncovalently 
linked to B -microglobulin, a secretory protein with a 
moleculard weight of 12,000. The messenger RNAs coding for 
the H-2D antigen and B2-microglobulin have been partially 
purified (Dobberstein et al., 1979). In collaboration with 
P. Kourilsky at the Institut pasteur in Paris and P. 
Peterson at the Wallenberg Laboratory in Uppsala, we are 
attempting to characterize the genes for these antigens at 
the molecular level. 

The I region of the mouse MHC regulates a number of 
immunological functions including immune responsiveness, 
immune suppression, and cooperation between T and B cells as 
well as between T cells and macrophages. In man the 
analogous region is called HLA-D. Particular alleles of 
this region are associated with certain diseases such as 
rheumatoid arthritis, diabetes mellitus and myasthenia 
gravis. As the mouse I region is rather complex, the same 
can be expected for the HLA-D region, which might even 
include several subregions. Such subregions could possibly 
be involved in the specific immune functions described 
above. A detailed biochemical characterization of the 
products of the HLA-D region genes (HLA-DR antigens) and of 
their assembly and cell surface expression, and finally the 
molecular analysis of the genes itself, are required to 
understand the function of these antigens and the regulation 
of this important genetic system. Work on the HLA-DR 
antigens is being carried out in collaboration with 
Peterson. 

HLA-DR antigens are cell-surface glyeoproteins containing 
two different subunits which are noncovalently linked. 
Using cell-free protein synthesizing systems and in vivo 
pulse labelling, S. Kvist was able to show that HLA-DR 
antigens are composed of at least three different classes of 
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proteins, namely light chains of about 29K daltons and heavy 
chains of 33K and 35K daltons. All chains span the 
membrane. Only a very short segment of about 5 amino acids 
of the 29K and 35K dalton chains is exposed on the 
cytoplasmic side of the membrane, whereas a larger segment 
(about 20-30 amino acids) of the 33K dalton chain extends 
into the cytoplasm. The 33K dalton chain is synthesized in 
large excess over 29K and 35K dalton chains and is probably 
homologous to the basic or invariant spot described in the 
mouse system. Whether it is associated with the polymorphic 
HLA-DR antigens in a similar fashion as B/-microglobulin 
with the HLA-A, -B and -C antigens, remains unclear. 

Publication during the year 

Dobberstein, B., Garoff, H., Warren, G. & Robinson, P.J. 
Cell free synthesis and membrane insertion of mouse 

H-2D histocompatibility antigen and B2-microglobulin. Cell, 
jL, 759-769. 

Other references 

Warren, G. & Dobberstein, B. (1978). Nature, £1}, 569-571. 

Walter, P., Jackson, R.C., Marcus, M.M., Lingappa, V.R. & 
Blobel, G. (1979). Proc. Nat. Acad. of Sci., LQ, 1795-1799. 

-41-



Expression and control of genes for secretory proteins in 
Chironomus 

Member: J.-E. Edstr6m* 

Fellow: H. Sierakowska* 

Student: L. Rydlander* 

Technical assistant: C. Francke* 

Chromosome puffs in insect polytene chromosomes are in 
several instances known to be functionally active genetic 
loci. They represent a favourable material in the study of 
the expression and control of gene activity because of the 
possibilities they offer to identify and analyse the active 
gene. There are, however, few if any suitable systems known 
so far which 1) permit experimental control of the puff 
activity, 2) have a known function and 3) can be induced 
from zero to give a quantitatively important contribution in 
transcription and translation. The system we have chosen 
shows a good promise of meeting these requirements. 

About half of the protein synthesis in salivary gland cells 
of Chironomus tentans is accounted for by the synthesis of 
an extremely high molecular weight fraction of secretory 
proteins (Grossbach). There is a dominating giant 75S mRNA, 
with an origin in the giant puffs Balbiani ring 1 and 2 (BR1 
and BR2) (Daneholt), that is likely to code for these 
proteins. During treatment in vivo with galactose there is a 
drastic change in the BR activity pattern. BR2, normally 
the largest, retracts and a new giant puff appears, BR6, 
which may reach the dimensions of the normal ER2 (Beermann). 
Concomitantly there are changes within the secretory 
proteins. One component, 1b, previously quantitatively the 
largest, decreases or disappears, and a new one, 1c, appears 
in amounts large enough to account for about 25% of the 
total protein synthesis. 

It is among our first goals to establish, using molecular 
techniques, the genetic origin of component 1c as well as 
the role of BR6, likely to be directly connected to each 
other. There are several experimental advantages in using 
this system apart from the ease with which it can be 
manipulated: the genetic loci, the BR, are large enough to 
be isolated and studied by microchemical techniques and the 
giant size of transcripts and translation units for 
differentiated products makes identification and isolation 
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easier, and is also a good basis for 
differential inhibition of gene expression. 

experimental 

We plan to study the mechanisms of ER6 expression and 
induction. We wish to determine the relation of the 
inductive response at the puff level to the effect on 
translation. We shall also study certain metabolic 
consequences of galactose induction and WB shall try to 
apply the results in a simplified system like isolated 
nuclei, in order to analyse the induction mechanism. 

The work planned also includes development of micro-
dissection and microextraction techniques in collaboration 
with visitors and with other to be used in gene 
expression studies. 
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Gene expression and its control 

Members: K. Murray*, A. Dunn* 

Fellow: R. Perez Mellado* 

Technical assistant: H. Krischke* 

Some of the factors that govern gene expression in bacteria 
and their viruses are now quite well understood. A 
combination of this knowledge and the techniques for 
construction of recombinant DNA molecules biochemically 
provided the basis for the productive transfer of some 
eukaryotic genes or their derivatives to Escherichia coli 
and the study of the expression of these genes in their new 
environment. In some instances high levels of expression 
have been attained, but in others it has proved difficult to 
demonstrate any synthesis of the gene product. 

When eukaryotic DNA can be replicated in bacteria as a 
recombinant with a plasmid or phage vector, both biochemical 
procedures and the more classical genetic manipulations can 
be used to make mutations through which various factors 
relating to gene expression and its control can be studied. 
It is relatively simple to perform these genetic operations 
in bacteria and to replicate the DNA for analysis at the 
nucleotide sequence level, whereas equivalent experiments in 
eukaryotic cells, particularly animal cells, are much more 
complex and often not possible. The methods of modern 
genetic engineering provide an opportunity for harnessing 
the classical biochemical genetic approaches to studies of 
the regulation of gene expression in higher cells by 
carrying out genetic and analytical experiments in bacteria 
and returning the altered eukaryotic sequences to higher 
cells for studies of the effect of the changes upon 
expression. This will preferably be effected via a vector 
molecule such as a viral genome. Vectors comprising parts 
of bacterial and eukaryotic replicons such that they can be 
propagated in both bacterial and eukaryotic cells are 
particularly attractive for these purposes. Initially the 
group will be concerned principally with the construction of 
such vectors and studies of the expression of viral 
antigens. 
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Gene expression and regulation 

Member: V. Pirrotta 

Fellows: C. Baldari, K. Kaiser*, G. Scherer 

Student: C. Tschudi 

Visiting workers: J.C. Le Hegarat*, F. Schoffl*, A. Viotti* 

Technical assistants: D. Abildsten, J. Telford* 

The work of our group has been concerned with molecular 
aspects of the organization of genes, of their expression 
and the mechanisms which determine it. While we have 
continued work on a regulatory sequence in the genome of 
phage lambda, most of our research is now centred on 
Drosophila. Using the 5S RNA gene system, we are 
investigating the role of specifically binding proteins in 
the expression of genes and the mechanisms which affect gene 
organization. The main effort of the group is the study of 
gene expression during embryonic development in Drosophila. 
Here also we expect that mechanisms based on gene 
organization and specific recognition will be involved in 
the developmental control of gene expression. 

An unusual RNA polymerase binding site in the immunity 
region of phage lambda 

We have continued our study of RNA polymerase binding to 
B • The enzyme forms a tight, salt resistant complex with 
thI§ site, located in the immunity region of lambda but, at 
least in vitro, it is very inefficient in initiating 
transcription. We have tested the effect of this site on 
transcription in vivo by inserting a 150 bp fragment 
containing B in the HindIII site of pBR322. When 
correctly B functions in vivo as an efficient 
promoter driving theretc gene of pBR322. In another 
experiment we inserted B downstream of the lambda P 
promoter in pBAh3. This plasmid which we 
last year in which the lambda cI ts857 gene and the 0RPR 
reeion are placed upstream of the Tc gene of pBR322. At 
42 C the P promoter drives the Tc gene. When B is 
inserted PR and Tc in the correct it 
renders the expression of Tc resistance independent of P, 
while in the orientation opposite to PR it blocks 
transcription of the Tc gene. We have determined the 
sequence of the B e region and the site to which RNA 
polymerase binds. r the properties of this site, which 
separate specific binding from the ability to promote 
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transcription, make it an attractive system for the analysis 
of the interaction of RNA polymerase with promoters. 

The 5S RNA genes of Drosophila melanogaster 

We have completed the sequence of the 5S gene and of a 
number of independently cloned variant gene copies. Since 
transcription of these genes begins at the 5' end of the 
coding region in each gene copy, we have begun a search for 
proteins which bind specifically to the 5S gene sequence and 
which might be involved in determining its transcriptional 
specificity. Certain fractions purified from Drosophila 
larvae have a specific binding activity to cloned 5S gene 
DNA but not to vector DNA. These fractions are distinct 
from RNA polymerase activity which can be purified 
separately. We are now trying to identify the binding 
region in the 5S gene sequence and to test the binding 
protein for its effect on in vitro transcription of the 5S 
genes by RNA polymerase III. 

In collaboration with N. Junakovich of the University of 
Rome, we are looking at the organization of the 5S genes in 
Drosophila. Junakovich has found that in many Drosophila 
strains the 5S gene cluster is split by the insertion of one 
or more DNA regions in a manner recalling the behaviour of 
IS sequences in bacteria. If this is the case, the 5S RNA 
gene cluster would provide an excellent system to study the 
mechanism of such insertions. We have isolated clones 
containing 5S gene sequences associated with non-5S DNA and 
are now testing this hypothesis. 

Regulation of gene expression in Drosophila embryos 

During embryonic development, individual cells traverse 
stages at which their subsequent differentiation fate is 
determined and later inherited by their progeny. Terminal 
differentiation results in a particular, tissue-specific 
pattern of gene expression. The process of determination is 
itself regulated by the function of certain specific genes, 
as shown by a variety of developmental mutants such as those 
studied by E. Wieschaus and C. Nlisslein. 

We would like to study the control of gene expression during 
development and its relationship to determination and 
differentiation. We have considered two stages at opposite 
ends of the differentiation process. 
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1) The blastoderm stage. During oogenesis the egg is filled 
with a reserve of proteins and mRNAs needed during 
development. The embryonic genome itself is not 
expressed until the blastoderm stage, at which point a 
sudden switch-on of transcription occurs. At the same 
time a number of crucial developmental decisions are made 
which determine the subsequent fate of the cells 
involved. These decisions depend on the expression of 
certain embryonic genes which must be activated at this 
time. are interested therefore in examining gene 
sequences which are newly expressed and which were not 
present in the embryo prior to this stage. 

2) The differentiated state. In the differentiated state we 
expect that a specific set of genes will be activated, 
another set will be turned off or remain inactive, while 
a third set will continue to be expressed. In the normal 
embryo, the variety of differentiated tissues makes it 
difficult to look at a specific differentiation process. 

have used therefore a simplified developmental system, 
the mat-dorsal mutant of C. NUsslein. This is a maternal 
effect mutant which produces embryos which appear normal 
at blastoderm but fail to make any but the earliest 
developmental decisions. At the end of 30-40 hours of 
development, the result is a well differentiated bag 
composed of essentially a single tissue: dorsal hypo-
derm. we want to see how, in the course of this 
development, the final pattern of gene expression is 
achieved. 

To isolate genes which are specifically expressed at a given 
stage we have prepared polyA+-mRNA from the stage of 
interest, made double-stranded cDNA from it and cloned it by 
means of EcoRI linkers in the phage vector lambda 6g1. An 
improved lambda DNA packaging system yields over 10 plaques 
per ng of intact vector DNA. Insertion in lambda 641 occurs 
in the immunity region and results in clear plaque 
morphology. To select for recombinants, we use E.coli 
POP101, a strain which plates selectively clear plaque phage 
mutants. We have then prepared cDNA clone libraries from 
different stages. These, as well as genomic libraries such 
as that of Maniatis and co-workers, are then screened by 
differential hybridization with labeled cDNA from different 
stages. For example, to detect blastoderm-specific clones, 
we plate a library at 500-2000 plaques/plate and, using the 
Benton and Davis technique, we prepare duplicate filter 
replicas and hybridize one to blastoderm cDNA and one to 
pre-blastoderm cDNA. With this procedure we have isolated a 
number of stage-specific clones both from cDNA and from 
genomic libraries. We have begun to analyse these cloned 
sequences for their pattern of expression during 
development, the nature of corresponding RNA species, 
possible common regulatory sequences etc. Improvements in 

-47-



PLATE 9 

In situ hybridization to polytene chromosomes. 

DNA from the late dorsal specific glone CHD102 was 3H_ 
labeled by nick translation at 4.5x10 and hybridized 
to Drosophila salivary gland chromosomes in the presence of 
10% dextran sulphate. Slides were exposed for only 22 hours 
before developing and staining with Giemsa. CHD102 labels 
site 34A on chromosome 2L. 
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the technique of in situ 'hybridization to polytene 
chromosomes and the use of dextran sulphate have enabled us 
to localize genomic clones after exposure times of less than 
24 hours. 

Some of the results which have so far emerged are the 
following: 
1) absence of copia and copia-like sequences both 

in the cDNA library and in total embryonic cDNA. 
2) New multiple disperse gene families, one of which is 

switched-on at blastoderm. 
3) A collection of genomic actin clones, some of which 

appear to be developmentally regulated. Two are 
definitely unrelated to muscle actin and hybridize 
in si tu respectively to 48E and t,o the chromocentre. 

4) An example of the preliminary results which look very 
promlslng is a set of dorsal specific clones which are 
interrelated in a complex way by sequence homologies in 
parts of the coding regions and in parts of the non-
coding regions. 

Another approach to the isolation of genes involved in 
development is to try to clone directly some of those which 
are genetically well-characterized and whose chromosomal 
localization is known. To do this we are collaborating with 
F. Scalenghe and L. Melli in an attempt to clone DNA 
fragments microdissected from specific regions of the 
Drosophila polytene chromosomes. 

Cloning of maize genes 

We have recently started a collaboration with A. Viotti of 
the Laboratorio Biosintesi Vegetali in Milan to clone maize 
genes with the intention to study a family of zein genes and 
a regulatory element which accompanies it. We have 
established a library of cloned restriction fragments and 
are preparing another of cDNA sequences from endosperm mRNA. 
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Regulation of gene activity in eukaryotes 

Member: M. Melli 

Fellows: L. Dente*, F. Scalenghe, E. Ullu 

Visiting workers: I. Bozzoni*, G. Spinelli* 

Technical assistant: K. Goldmann 

Isolation and characterization of human histone genes 

We have recently engaged in the isolation and 
characterization of human histone genes, in order to study 
their transcriptional and post-transcriptional regulation in 
a system of synchronized tissue culture cells (see Research 
Report for 1978). For reasons which will become apparent we 
have decided to clone both the genomic DNA sequences 
containing the histone genes and the cDNA copy of 
cytoplasmic histone mRNA sequences in the form of a DNA-RNA 
hybrid. 

In the past year, we have partially characterized one of the 
genomic histone DNA clusters called AHh1. This recombinant 
derives from the cloning of size-fractionated human DNA, 
digested with the EcoRI restriction enzyme, into an EK2 
host (Agt WES). By using the standard RNA-DNA hybridization 
techniques and Southern transfer we have shown that AHh1 
DNA hybridizes with 9S histone mRNA of HeLa cells, and sea 
urchin histone gene DNA. Translation of the 9S RNA eluted 
from a RNA-DNA hybrid between AHh1 DNA and cytoplasmic RNA 
from synchronized HeLa cells confirms the results of the 
hybridization experiments. The newly synthesized poly-
peptides co-migrate in SDS Laemmli gels with some of the 
histone proteins isolated from HeLa cell nuclei. Up to now 
we have identified at least 3 different histone genes coding 
for the H3, H2A and H4 histone proteins. Restriction mapping 
of the recombinant DNA fragment followed by Southern 
transfer and hybridization with 9S histone mRNA has shown 
that the histone protein coding regions are clustered in 
approximately 7.5 kb starting from the insertion of the DNA 
on the short A arm. The renaturation kinetics of the pure 
histone DNA show that approximately 60-65% of the DNA 
renatures at a rate consistent with the complexity of the 
corresponding sequence, whereas the remaining 35-40% 
renatures instantaneously with or without salt, suggesting 
the existence of a high proportion of self-complementary 
sequences. ElM analysis of the recombinant phage carried 
out by H. Delius has confirmed this hypothesis. The DNA was 
prepared for ElM examination either denatured or after 
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renaturation with the Agt WES DNA vector as a heteroduplex 
in which only the ADNA arms are double stranded (Plate 10). 
The single-stranded recombinant DNA shows the presence of 
distinct loops distributed along the length of the entire 
DNA including the region where the coding sequences are 
found. Since we have not yet mapped the exact positions of 
the different genes we cannot relate the position of loops 
and stems to that of the histone coding sequences. The 
loops show a range of sizes which vary to some extent in 
different preparations suggesting that there might be a 
number of sequences complementary to each other within the 
same DNA strand. The relative instability of the loops also 
suggests that the repeated sequences are not identical to 
each other. 

We have now subcloned in the plasmid pBR322 a 0.55 kb DNA 
fragment derived from the digestion of the histone gene 
sequence with the restriction enzymes EcoRI and BamI. The 
EcoRI site represents the end of the histone fragment which 
is inserted onto the long A arm and is at the opposite end 
of the DNA in respect with the coding regions. In addition 
to a unique sequence this DNA contains part of the repeated 
self-complementary DNA and it can be used to study the 
distribution of such sequences within the entire histone 
molecule. Hybridization of the 0.55 kb fragment with 
recombinant histone DNA digested with the HindIII 
restriction enzyme shows that the subclone is homologous to 
a large number of HindIII fragments including those 
containing histone coding sequences. This result confirms 
the existence of repetitive sequences within the histone DNA 
molecule. Hybridization of the nick-translated recombinant 
DNA with total human DNA suggests that the histone DNA 
repeated sequences might be widely represented in the 
genome. Furthermore the hybridization of the same DNA with 
pulse labelled Hn RNA of HeLa cells shows that the majority 
of the highly repeated rapidly labelled nuclear RNA 
sequences are complementary to this DNA. Both these 
experiments suggest that these sequences might be part of a 
family of repeated sequences interspersed within the human 
genome and probably present in the vicinity of different 
genes which may be expressed. 

Such a family of inverted repeated sequences has been 
recently found in the human genome by Houck et ale (1979) 
and seems to represent approximately 3% of the DNA. The 
presence of a large proportion of inverted repeated 
sequences in human histone DNA is in striking contrast with 
the almost total absence of such structures in the sea 
urchin histone genes (Kedes, 1979) and poses the question of 
their functional meaning. It seems unlikely that the self-
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PLATE 10 

Heteroduplex between Agt WES DNA and a substituted DNA 
carrying human histone genes. In the substituted DNA various 
fold-back structures are visible. (The circular molecule on 
top is PM2 DNA). 

-53-



complementary regions are due to repeated histone coding 
sequences present in the gene with inverse polarity, mainly 
for two reasons: the snap back structures are rather 
unstable and a fragment isolated from the non-coding region 
of the gene hybridizes to many different sites also in the 
coding region. Furthermore, histone mRNA hybridizes only to 
one of the separated complementary strands of AHh1, 
suggesting that this is the sense strand. The repetitive 
and interspersed nature of the snap back sequences suggests 
a structural role, which might be operative at the 
chromosomal level or, after transcription, during the 
processing of the RNA. 

Cloning of histone mRNA-DNA hy?rid into A phages 

The presence of internally repeated sequences homologous to 
ubiquitous genomic DNA fragments makes human histone genes a 
poor probe for the study of histone DNA transcription and 
its organization within the genome. We have previously shown 
that histone mRNA of HeLa cells hybridizes to the human DNA 
with uniform kinetics suggesting approximately 50 
genes/haploid genome (Wilson & Melli, 1975). In the course 
of these experiments we have not found evidence for the 
existence of repeated sequences covalently bound to histone 
mRNA. Thus the cloning of DNA copies of histone mRNA should 
provide the specific probe which is required to study the 
function of these genes. As the majority of histone mRNA of 
HeLa cells does not have poly-A addition at the 3' end, and 
cannot be transcribed as such by reverse transcriptase, we 
have decided to try the direct cloning of RNA-DNA hybrid 
duplexes into phages. 

This system was chosen because globin mRNA is a pure and 
very well characterized molecule, the corresponding cDNA has 
been sequenced (Lawn et al., 1978), and the analysis of the 
potential clones and recombinant fragments can easily be 
carried out. The technique of the cloning experiments was 
essentially the same as that used for double-stranded DNA to 
which restriction sites are attached by blunt-end ligations. 
After digestion with the corresponding restriction enzyme, 
the RNA-DNA hybrid is purified by gel filtration on Sephadex 
200, ligated with the DNA of A641 and transformed using the 
packaging technique. The number of globin recombinant phage 
plaques obtained is 5 to 10000 per nanogram of RNA-DNA 
hybrid. Sequencing of the DNA of one of the recombinant 
phages (carried out by C. Tschudi) has given a sequence 
identical to that published by Lawn et ale (1978) for rabbit 
B-globin RNA suggesting that the presence of the RNA in the 
duplex does not alter the process of phage DNA duplication. 
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The same type of approach was used to clone the cDNA copy of 
poly-A+ RNA from synchronized HeLa cells of which we have 
established a library. This library was screened with the 
sea urchin histone genes of Psammechinus miliaris in order 
to detect clones corresponding to the poly-A+ histone mRNA 
of HeLa cells, previously described by Stephens et ala 
(1977). We have found a number of clones, corresponding to 
approximately 0.3% of the total population, which hybridize 
with sea urchin histone DNA. One of these clones (phH8) 
after insertion in the pACYC184 plasmid has been partially 
characterized and is being sequenced. The recombinant DNA 
seems to code for H2A histone mRNA. The hybridization of 
phH8 with genomic DNA digested with EcoRI and transferred to 
millipore filter shows a strong signal in a band of 
approximately 20 kb, and fainter hybridization to the other 
histone DNA clusters including that 'corresponding to AHh1. 

A similar result is obtained when the same experiment is 
carried out using as probe pure sea urchin H2A DNA isolated 
from the Ah22 recombinant clone of the sea urchin 
Psammechinus miliaris (Clarkson et al., 1976) although in 
this instance the intensity of hybridization of different 
DNA fragments is similar (Bozzoni, Melli, Spinelli & Arnold, 
unpublished). The strong homology between phH8 and the 20 kb 
human DNA fragment suggests that this DNA contains the gene 
coding for poly-A+ H2A mRNA. In contrast a similar 
experiment carried out with poly-A- histone RNA of HeLa 
cells shows a very faint hybridization to the 20 kb DNA and 
a strong signal to a sequence approximately 7 kb long, 
suggesting that the latter fragment is coding for poly-A-
histone mRNA. In conclusion it seems that poly-A+ and poly-
A- histone mRNAs are encoded by different genes, which show 
little sequence homology. This observation is in agreement 
with the results of Stephens et ale (1977) suggesting that 
poly-A+ histone mRNA of HeLa cells might code for variant 
histone proteins. 

Experiments are in progress to characterize the remaining 
poly-A+ histone clones and to clone poly-A histone mRNA-DNA 
hybrids. 

Cloning of defined fragments of Drosophila melanogaster 
chromosomes 

This work is being carried out in collaboration with V. 
Pirrotta and J.-E. Edstr6m. The rationale of the project was 
described in the 1978 qesearch Report. The dissection and 
cloning of specific regions of Drosophila polytene 
chromosomes has shown that, whereas the micromanipulation 
technique is relatively straightforward and allows the 
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isolation of the desired fragments, the cloning procedure 
presents serious problems. We have met essentially two 
of difficulties. The first one concerns the Avector itself 
as we have found that during phage growth recombination 
occurs, most likely with E.coli DNA, such that the 
background of spontaneous recombinant phages is as high as 
the number of expected recombinants between A and 
Drosophila DNA. Since our limiting factor is the amount of 
gene-specific Drosophila DNA, we are trying to decrease the 
background of the vector by using picogram amounts not 
only of Drosophila DNA but also of the vector. Initially, 
our reactions were carried out in 1 volume, which 
requires the use of a few nanograms of ADNA which is the 
mlnlmum concentration necessary for the ligation reaction. 
As the Drosophila DNA was in picogram amounts, the 
ratio between the two was very unfavourable. We are now 
using the oil chamber described for micromanipulation of 
Chironomus Balbiani rings, which allows the use of one 
nanolitre volume, and therefore, of an optimal concentration 
of the DNAs and an optimal ratio between vector and 
eukaryotic DNA. 

The use of this technique should also solve the second 
problem that we have encountered, that of non-controllable 
losses of Drosophila DNA during the cloning. The possibility 
of carrying out the entire procedure, from DNA extraction to 
the packaging reaction, in a volume of 1 nanolitre, 
controlling the events under the microscope, should 

minimum losses of material. 
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Protein-DNA interactions play an important role in the 
molecular biology of living Processes such as the 
expression of genes and the replication of DNA are 
controlled by regulatory proteins and enzymes which 
specifically interact with well-defined polynucleotide 
sequences in DNA. Despite extensive studies, the precise 
molecular mechanism by which proteins recognize specific 
nucleotide sequences still remains obscure. In particular, 
it would be interesting to know whether each sequence-
specific protein has evolved its own mechanism to recognize 
its substrate, or whether on the contrary different proteins 
use the same types of molecular interactions in sequence 
recognition. The Type II restriction and modification 
systems, found in bacteria, are uniquely suited to address 
these questions. Each restriction and modification system 
consists of two enzymes which recognize the same unique 
nucleotide sequence, 4 to 6 base pairs long: a restriction 
endonuclease which produces well-defined double-strand 
breaks within or close to the recognition sequence, and a 
modification methylase which methylates particular bases 
within this sequence. This methylation prevents the 
restriction enzyme from recognizing its target site and 
hence protects the DNA against restriction enzyme cleavage. 
Consequently, the modification function is thought to play 
an essential role in protecting the cell's own chromosome 
against the potentially deleterious activity of the 
restriction endonuclease. 

We have chosen a genetic approach to study the molecular 
mechanism of sequence recognition by proteins. Our basic 
strategy is to examine how the recognition properties of 
restriction and modification enzymes can be altered by 
mutational changes. Since viability of the cell strictly 
requires a perfect match of the recognition specificity of 
both the restriction and the modification enzyme, it can be 
expected that many of the mutations which affect the 
recognition property of one of these enzymes will be lethal 
to the cell. The genetic manipulation of the restriction and 
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modification genes should permit us to devise conditions 
under which this type of lethal mutation is viable. The 
classical approach involves the isolation of temperature-
sensitive or suppressor-sensitive mutations. Mutations which 
change the sequence specificity of restriction enzymes could 
then be isolated by scoring for temperature-senstive or non-
sense mutants which exhibit a lethal phenotype under 

of low temperature or suppression. 
Alternatively, the expression of a restriction gene could be 
experimentally controlled by fusing the gene to a 
regulatable promoter such as the APR or PL promoters. This 
would permit a screening for mutations which render the gene 
lethal when it is expressed in an appropriate host. To this 
end we have undertaken a study of the genes specifying the 
EcoRI restriction and modification system of 
Escherichia coli. We have characterized and physically 
mapped the EcoRI restriction and modification genes. By 
manipulating these genes in vitro, we have recently 
developed a genetic system which permits a rapid isolation 
and characterization of mutants in the EcoRI restriction 
gene. 

An alternative approach to select mutations which affect the 
recognition properties of restriction and modification 
enzymes takes advantage of the fact that certain restriction 
and modification enzymes recognize sequences which are 
closely related to one another. By combining restriction and 
modification genes of two such systems in the same cell, one 
can obtain a positive selection for mutational changes in 
either one of these enzymes. For this we are trying to 
isolate the genes encoding for different restriction and 
modification systems using molecular cloning techniques. 
Despite intensive efforts our attempts have thus far 
remained unsuccessful. 

Genetic studies of the EcoRI genes 

Previous studies had shown that the genes which specify the 
EcoRI restriction and modification system are carried by a 
multicopy plasmid, designated pMB4 (Betlach et al., 1976). 
As a prelude to a detailed genetic analysis of this system, 
we first characterized and physically mapped the EcoRI 
restriction and modification (mod) genes on the pMB4 
plasmid, by means of in vitro recombination techniques. We 
have constructed a restriction enzyme cleavage map of pMB4 
and have cloned a set of restriction fragments of pMB4 into 
the plasmid vectors pACYC184 and pBR322. By analysing the 
restriction and modification properties of cells bearing 
recombinant plasmids, we identified a 2.7 kb SalI-HindIII 
fragment carrying the and mod genes. The precise 
location of the res and mod genes within this segment was 
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determined by further cloning subfragments and by 
introducing specific deletions, generated by restriction 
enzyme cleavage, in the recombinant plasmids. These 
experiments allowed us to construct a physical map, which 
shows that both genes are linked together on a DNA segment 
2.0 kb long, a size which agrees well with the 1.7 kb 
required to code for the EcoRI endonuclease (M.W. 28,500) 
and methylase (M.W. 39,000) proteins. Furthermore, analysis 
of the plasmid-encoded polypeptides in mini cells revealed 
that the recombinant plasmids indeed specified proteins with 
molecular weights of 28,500 and 39,000. 

Although it is generally accepted that bacteria carrying 
restriction genes cannot survive when the companion 
modification gene is absent, this assumption has never been 
proved experimentally. On the contrary, a recent report 
indicated that E. coli cells bearing the plasmid colE1 
specify a "cryptic" EcoRI endonuclease activity without its 
companion methylase function (Miller & Cohen, 1978). It was 
therefore of particular interest to test whether plasmids 
carrying the EcoRI res gene, but not the mod gene, were 
viable in E. coli strains. To this end we constructed a 
series of plasmids in which varying portions of the mod gene 
were deleted by in vitro cleavage with restriction enzymes. 

+ -The results clearly demonstrated that these res mod 
plasmids are not viable in E. coli and can only be 
maintained in strains bearing another compatible plasmid 
which carries the mod gene. This finding constitutes the 
first direct proof that the modification function plays an 
essential role in protecting the cell against the 
restriction enzyme. It thus seems likely that the cryptic 
EcoRI activity described by Miller & Cohen (1978) is encoded 
by a gene different from the EcoRI res gene. Furthermore, 
the finding that strains in which the res and mod genes are 
sequestered onto two different plasmids exhibit normal 
restriction and modification properties demonstrates that 
the expression of each gene is controlled by its own 
separate promoter. 

The finding that res+ mod- plasmids are not viable in 
E. coli strains lacking the modification function provided 
us with a simple system to select directly for mutants 
deficient in restriction activity (res-). Since these 
plasmids also carry a chloramphenicol-resistance gene, 

can be isolated by transforming cells with the 
plasmid DNA and selecting for chloramphenicol-resistant 
derivatives. The application of this selective principle 
required further manipulations of the mod gene, however; 
because the res+mod- plasmids were isolated from a strain 
bearing a second (mod+) plasmid, the majority of the 
transformed cells isolated did not carry a mutant plasmid, 
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but rather had acquired both plasmids together. To resolve 
this problem we eliminated the mod+ plasmid and inserted the 
modification gene in the bacterial chromosome by first 
inserting the gene into a phage vector and then 
lysogenizing strains with these recombinant mod+ A phages. 
Since, however, this construction resulted in a reduction of 
the mod gene copy number (from 20-50 on the plasmid to 1-2 
on the chromosome), we were not surprised to find that the 
res+mod- multicopy plasmids were not viable in strains 
lysogenic for these recombinant A phages. To increase the 
level of methylase synthesis in the recombinant A pro-
phages, we fused the mod gene to the strong promoters PL and 
PR, and then inserted these promoter mod gene fusions into 
an appropriate A vector. As expected, the res+mod-
plasmids were now viable in strains lysogenic for these 
mod+ phages. The restricting properties of these strains 
indicated that these promoter fusions result in a 20 to 100 
fold over-production of the EcoRI methylase. Direct 
measurements of the methylase activity present in these 
strains is in progress. These overproducing strains should 
greatly facilitate the large scale preparation of EcoRI 
methylase for crystallographic studies. 

The analysis of the mutants selected upon transformation 
with the res+ mod- plasmids isolated from the mod+ lysogens 
revealed that the plasmids present in these transformed 
cells carry mutations which inactivate the restriction gene. 
The majority of the spontaneously isolated res- mutants 
carried the insertion element IS1. Restriction enzyme 
analysis showed that all IS1 insertions are located at 
different positions within the region which encodes for the 
res gene. This result unequivocally demonstrates that the 
restriction function is absolutely lethal when the 
modification function is absent. Furthermore, recent 
studies of temperature-sensitive mutants of the res gene 
revealed that most of the mutations which completely 
inactivate the restriction function do not result in a 
viability of the res+ mod- plasmid, indicating that even the 
presence of trace amounts of EcoRI endonuclease activity is 
lethal to the cell. The lethal phenotype associated with the 
EcoRI endonuclease thus constitutes a very sensitive means 
for detecting EcoRI activity, so it should be most useful 
for isolating mutants which alter the recognition 
specificity of this enzyme. Our future efforts will be 
directed towards constructing a functional map of the 
restriction gene and the isolation of mutations which affect 
the EcoRI recognition specificity. 

Yet another useful application of the 
concerns its use as a cloning vector, since 
provides a direct selection for recombinant 
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insertion of DNA fragments in the HindIII, fglII and PstI 
sites located within the gene inactivates the 
restriction function and thus allows the plasmid to 
transform the mod strain. Since the non-recombinant 
plasmids are not viable in this strain, one obtains a direct 
selection for the recombinant plasmids carrying insertions 
in the res gene. In in vitro cloning experiments using the 

as a cloning vector it was demonstrated 
that 99% of the transformed cells carried recombinant 
plasmids. 

The cloning of restriction and modification genes 

The rapidly expanding of restriction enzymes in 
DNA research has led to the isolation and characterization 
of a large number of different enzymes in a variety of 
bacterial strains. An extensive survey carried out by J. 
Brooks in our group revealed that the chromosomal DNA of 
most of these bacterial strains is specifically protected 
against cleavage by the corresponding restriction enzyme 
produced by the strain. This result demonstrates that most 
of the type II restriction enzymes are part of a restriction 
and modification system. We have used in vitro cloning 
techniques to try to isolate the genes encoding for these 
restriction and modification enzymes. To this end we have 
inserted DNA fragments obtained by partial Sau3A cleavage of 
the chromosomal DNAs of these bacteria into plasmid vectors. 
Two approaches have been used to isolate the restriction and 
modification genes. The first takes advantage of the fact 
that cells carrying a restriction and modification system 
survive infection with phages. Using this 

we developed a procedure which provides a 10 - to 
10 -fold enrichment for restricting cells. This approach, 
however, relies on the assumption that restriction and 
modification genes are genetically linked and can thus be 
recovered on a single DNA fragment. In the second approach 
recombinant plasmids the methylase gene were 
selected for by in vitro cleavage with the corresponding 
restriction enzyme. Both types of selection have been 
applied to isolate the restriction and modification genes 
from Proteus vulgaris (PvuI and PvuII), Enterobacter cloacae 
(EclI), Serratia marcescens (SmaI), Thermus aquaticus 

Arthrobacter luteus (AluI) and Staphylococus aureus 
(Sau3A). Despite intensive efforts, these attempts have thus 
far remained unsuccessful. Control experiments revealed that 
the thymidilate synthetase genes could be isolated from the 
first three strains, but not from the latter three. The most 
likely explanation for our failure to clone the restriction 
and modification genes from these strains is that these 
genes are not properly expressed in E.coli. Our studies of 
the EcoRI system have clearly demonstrated that alterations 
to the relative levels of restriction and modification 

-62-



activities are either lethal to the cell or result in a loss 
of the cell's restricting property. We shall therefore make 
further attempts to clone these genes, either by using 
plasmid vectors in which DNA segments can be inserted 
downstream of a strong promoter to clone methylase genes, or 
by using suitable phage vectors such as M13 to clone 
restriction genes. 
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Cloning and sequence analysis in eukaryotic molecular bio-
1.Qgy 

Members: h. Lehrach, A.-M. Frischauf 

Students: J. Reiter*, T. Sundt* 

Visiting workers: M. Applebury*, W. Bahr*, A. de Batselier*, 
J. Bedbrook*, J.C. Perriard*, C. Unger-Ullmann* 

Technical assistants: R. Buckland*, D. 
Poustka*, M. Roth* 

Diamond*, A. 

Work in our laboratory during the year can be classified 
into two general areas of interest, the application of 
cloning and in vitro genetical techniques to the analysis of 
functions and mechanisms in eukaryotes and the use and 
development of computer-assisted DNA sequence analysis and 
interpretation techniques in eukaryotic molecular biology. 
It is however clear that many projects involve, or are 
planned to involve, both sets of techniques. 

Sequence analysis and sequence interpretation 

The major sequence analysis project, a collaboration with H. 
Garoff and K. Simons for the cloning and sequencing of 
Semliki Forest virus 26S mRNA, is close to completion. 
Semliki Forest virus 42S RNA and 26S mRNA sequences have 
been reverse-transcribed into complementary DNA, converted 
into double-stranded DNA sequences and cloned into the 
vector pER322. Clones covering the entire 26S region have 
been isolated, characterized by restriction mapping and ElM 
techniques (in collaboration with H. Delius) and sequenced, 
following either a sub-cloning strategy described below or 
sequencing of restriction fragments using the standard 
Maxam-Gilbert procedure. The longest continuously sequenced 
region, extending approximately 2000 bases from the 3'end of 
the mRNA with one single reading frame, contains the entire 
sequence of the spike protein E1, a region potentially 
coding for a short peptide excised during processing, and 
the C-terminus of E2, in addition to 3' untranslated regions 
of the mRNA. The correct reading frame is clearly defined 
by the the known N-terminal sequence of the protein E1. The 
two other reading frames contain multiple stop codons. 
Among the most interesting features of the sequence is the 
distribution of hydrophobic, and potentially trans-membrane, 
sequences, which we have identified by incorporating a 
criterion developed by Segrest and Feldmann (1974) into our 
translation program. Clearly identified transmembrane sites 
can be observed at the expected distances from the ends of 
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E1 and E2. Two additional shorter hydrophobic, but probably 
not trans-membrane, sequences are found internal to E1 and 
in the peptide removed by processing. 

To determine a large fraction of the Semliki Forest virus 
sequence we used a newly developed sub-cloning strategy, 
which permits sequencing essentially independent of sequence 
and restriction sites. In contrast to other sub-cloning 
strategies which owing to the statistics involved require 
the sequencing of a number of clones far in excess of the 
theoretical minimum, our strategy is not stochastic and this 
reduces the effort considerably. To derive the substrate 
for sequencing we create deletions extending randomly into 
the cloned sequence by biochemical methods, separate the 
linear fragments on low melting-point agarose gels into 
fractions differing by approximately 100 base-pairs, and re-
clone after circularization with T4-induced ligase. Clones 
are then picked and grown up to make small-scale DNA 
preparations. The DNA is cleaved, labelled, recleaved with 
ClaI or HindIII and immediately sequenced by the method of 
Maxam or that of Maat and Smith; this 
considerably reduces the number of steps in a sequencing 
experiment. Obviously this technique will be especially 
useful for sequences containing few useful restriction 
sites, as for example those of yeast mitochondrial DNAs. 

In parallel to the sequencing experiments we have begun, in 
collaboration with S. Stier (Data Analysis Group), to 
develop a set of programs to input, check and assemble 
sequence data. This package, partly building on programs 
made available to us from Cold Spring Harbor and the MRC 
Laboratory in Cambridge, includes programs to input and 
check DNA sequences, to identify non-random overlaps, and 
(by aligning the overlapping sequences) to derive a final 
"best sequence". To avoid potential bias we have attempted 
to reduce interactive steps as much as as possible, making 
most of the decisions automatic and postponing those on 
disagreements to the final assembly process. Further 
development of programs to permit fully automatic assembly 
of sequences is in progress. In addition to the development 
of programs necessary for the establishment of sequences, we 
have been using the computer extensively for their analysis 
and interpretation. Examples are searches for restriction 
sites, translation into different reading frames, the search 
for encoded protein sequences, the determination of amino 
acid composition, and the search for potential trans-
membrane peptides (mentioned above). Verification of DNA 
sequences using protein data will also rely heavily on 
computer techniques, permitting the use of faster 
verification methods. 
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As described in last year's Research Report we have 
collaborated with the Data Analysis Group to develop 
techniques to read and analyse sequencing gels by computer. 
Though the system is still in the development stage, it is 
very clear that, besides removing the work and potential 
source of error associated with the reading and manual input 
of DNA sequences, it will permit the retrieval of 
considerably more information from each sequencing 
experiment. In addition it will give a detailed statistical 
analysis of the result, associating a probability with each 
base determined and giving alternative interpretations, as 
well as overall error probabilities. The most fascinating 
possibility inherent in the procedure is the direct 
alignment of gel pictures using cross-correlation techniques 
which would allow the fullest possible use of the available 
information. In addition to these inherent advantages of the 
computer techniques for interpreting sequencing gels, the 
very large-scale sequencing projects which have now become 
possible owing to advances in sequencing technology will 
almost certainly be dependent on automatic procedures for 
the acquisition and analysis of DNA sequence information. 

Further collaborations with the Instrumentation Division, 
aimed at automating further steps in the sequencing process, 
are under discussion. 

Structural and genetic studies on cloned genes 

Another part of our effort during the year has been to 
prepare for the structural and genetic analysis of different 
genes in order to identify regulatory signals and 
mechanisms. Our main effort in this direction, as described 
in the last Research Report, has been directed at cloning 
cDNA and gene sequences from various contractile and muscle-
specific proteins expressed in different muscle and non-
muscle tissues. This work has led to the establishment and 
screening of cDNA banks containing sequences from rat (in 
collaboration with D. Yaffe's laboratory in the Weizmann 
Institute, Rehovot), mouse and chicken skeletal muscle 
sequences. Screening of these libraries nas made it 
possible to identify cDNA clones for rat muscle actin and 
rat muscle light chain 2 (Katcoff et al., 1980). 

One of the rat muscle actin clones has been partially 
sequenced and clearly identified as muscle-type actin by 
comparison with published protein sequences (two positions 
are specific for non-cytoplasmic actin and one for skeletal 
muscle actin) (J. Reiter, Diplom thesis). Analogous 
screenings of the chicken library (in collaboration with J.-
C. Perriard, E.T.H. ZUrich) and mouse library have produced 
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candidates for different muscle genes. Verification of the 
identity of these clones by sequencing and other techniques 
is still in progress. 

The next step, the identification of the corresponding 
genome clone sequences, is proceeding in two directions. One 
technique, which is being developed in collaboration with J. 
Bedbrook (Canberra, Australia), is based in part on work on 
the compatibility behaviour of small plasmids initiated in 
Harvard and concluded in the EMBL (Bedbrook, Lehrach & 
Ausubel, 1979); it aims to develop a selection technique 
for clones containing genome fragments that include 
sequences homologous to cloned cDNA fragments. A series of 
vectors required for these experiments has been constructed, 
and we shall be able to test this" approach in the near 
future. The other approach is to screen available or 
freshly-constructed genome banks in phage lambda or cosmid 
vectors by modifications of the Benton-Davies plaque 
hybridization protocols. 

In addition to these main projects and in-house 
collaborations, we have initiated some other projects with 
visitors. One already initiated last year 
with G. Kohler (Basel Institute of Immunology), aims at the 
characterization of immunoglobin heavy chain deletion 
mutants. cDNA populations from hybridoma mutants have been 
cloned and screened for heavy-chain cDNA clones. Further 
characterization of candidates, partly carried out by D. 
Robinson, is in progress. 

Other visitors have come to the laboratory to learn various 
techniques and in some cases to clone specific genes in 
collaboration with us. C. Unger-Ulmann (Institute of 
Molecular Biology, Austrian Academy of Sciences) has visited 
the laboratory to prepare double-stranded DNA for bee 
promellitin. W. Bahr (Princeton) has attempted to clone 
cDNA sequences for bovine rhodopsin; candidate clones will 
be identified at home by DNA sequencing. Similarly A. de 
Batselier (Weizmann Institute, Rehovot) has visited the 
laboratory to construct cDNA clones enriched in rat non-
muscle actin and tubulin sequences; these are being analysed 
at the Weizmann Institute. 
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The expression of cloned genes 

Member: R. Cortese* 

Fellows: L. Bossi*, L. Cesareni*, G. Ciliberto* 

Visiting worker: J.D. Smith* 

Technical assistant: S. Ciampi* 

Our group has started work in two general areas of interest. 

Correlation of structure and function of tRNA genes 

In our previous work (see References) cloned DNA containing 
tRNA genes was injected into the nucleus of the frog oocyte. 
The various transcriptional products (tRNA precursors) were 
identified and analysed, their sequence was determined and 
their intracellular localization was established. The 
immediate transcriptional product is usually a molecule 
longer than tRNA, with 5' and 3' extranucleotides and, in 
some cases, intervening sequences. This primary transcript 
is converted to mature tRNA by way of a defined and ordered 
process consisting of several steps; first there is the 
removal of the 5' extranucleotide, than the 3' extra-
nucleotide is cleaved off, followed by the CCA modification. 
During this process several nucleosides are modified in a 
stepwise fashion (methylations, pseudouridylation), and only 
at the end is the intervening sequence spliced away, thus 
generating a mature functional tRNA which is then exported 
into the cytoplasm to enter the protein-synthesizing 
machinery. 

We have established in detail the various steps in the 
pathway of gene expression, from gene to gene product. It is 
our intention to mutagenize in vitro various tRNA genes to 
identify the DNA segments responsible for the various 
aspects of the gene expression pathway. As we can study the 
various steps separately, we should be able to isolate 
mutants altered in any of them. 

In parallel with this study, we are also interested in 
characterizing the enzymatic reactions responsible for tRNA 
maturation, using as substrates the various tRNA precursors 
which we can produce in large amounts. 

-69-



Cloning of serum protein genes 

We have started a new project aimed at cloning genes 
expressed in the liver cell which direct the synthesis of 
serum proteins. We have constructed a number of cloning 
vehicles containing unique restriction sites in convenient 
locations with respect to bacterial promoters. We plan first 
to clone cDNA from liver cells, identifying interesting 
clones by specific immunological reaction directly onto the 
Petri dish. We plan to use these cDNA clones as probes for 
further study. 
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Organization of structural (cytoskeletal) elements and their 
temporal and spatial association with cell membranes 

Members: B.M. Jockusch, G.W. Griffiths 

Visiting workers: J. Kuznicki*, J.H. Sanger*, J.W. Sanger*, 
K.T. Tokuyasu* 

Technical assistant: K.H. Kelley 

Many forms of cellular motility, such as maintenance and 
change in cell shape, polarity, locomotion, exo- and endo-
cytosis and intracellular trapsport, require a precise and 
reversible association between structural proteins and cell 
membranes. Our group is interested in the molecular 
mechanism of such associations. In particular, we are 
studying the formation and function of the micro filament 
system, as well as of coated vesicles, with the help of 
specific antibodies. 

The protein a-actinin is involved in the organization of 
actin to give functional units of microfilaments in muscle 
as well as in non-muscle cells. Moreover, a-actinin is 
located wherever such microfilaments associate with 
membranes, even in protozoans. It is, however, likely, that 
muscle and non-muscle a-actinin are not identical, in 
analogy to the situation found for actin. In myotube 
development studied in vitro, a-actinin is already present 
in high concentrations in the presumptive myoblasts, where 
it is found in "actin cables" and at the attachment points 
with the membrane. This distribution is similar to that 
found in fibroblasts. Differentiation io the mature cross-
striated myotube is characterized by the appearance of 
a-actinin in Z-lines which are formed at the same time as 
the myotubes start to contract. 

a-actinin comprises more than 50% of the total protein in 
normal Z-lines. In some pathological conditions, like human 
congenital nemaline myopathy, the Z-lines of skeletal muscle 
are grossly enlarged and form rod-like structures which 
distort the myofibrillar arrays and lead to malfunction of 
the musculature. We have found that thin sections through 
nemaline rods show the same lattice structure as normal Z-
lines and that a-actinin is a major constituent. The rods 
can be considered as Z-lines that have replicated in a 
lateral direction. Since nemaline myopathy patients are 
reported to exhibit delayed wound healing, we have taken 
skin biopsies from such patients into culture. Fibroblasts 
will be examined as to their content and distribution of 
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a-actinin and this will be correlated with their locomotion 
and ability to attach to the substratum. Since nemaline 
myopathy is inherited as a single Mendelian trait with 
dominant a defect in a-actinin in muscle as well 
as in non-muscle cells would strongly indicate that both 
proteins coded for by the same gene (collaboration with 
F. Jennekens, Children's Hospital, University of Utrecht). A 
structural investigation of the nemaline rods has been 
started. Using optical diffraction methods on ultra-thin 
sections and possibly on frozen ultra-thin sections after 
incubation with antibody fragments against a-actinin, we 
hope to gain some insight into the exact location of 
-actinin within the lattice work of nemaline rods and their 

normal counterparts, the Z-lines (with K. Leonard and G.W. 
Griffiths). 

Our antibodies against skeletal and smooth muscle a-actinin 
cross-react with a related protein in non-muscle cells. This 
non-muscle a-actinin can be identified in lymphocyte 
membrane preparations. It participates in patching and 
capping of surface receptors, suggesting a functional role 
of a-actinin in associating microfilaments with integral 
membrane proteins. 

The periodic spacing of the Z-line-equivalent structures (as 
defined by the location of a-actinin) in tissue culture 
cells is characteristic of the cell type and is different in 
fibroblasts (WI 38), epithelial cells (PtK?) and heart cells 
(embryonic chicken heart). While the myOfibrils of heart 
cells are very stable, the equivalent structures ("actin 
cables") in non-muscle cells are easily broken down (e.g. by 
10% dimethyl sulphoxide) and re-formed within 15 min (after 
removal of the drug)(Plate 11). During this process, tight 
junctions are cleaved but re-formed at the same site 
afterwards. Micro-injected fluorescently labelled a-actinin 
is readily incorporated with the spacing 
(with J.M. and J.W. Sanger, EMBL, and T. Kreis, ETH ZUrich). 
The reversible organization of membrane-attached micro-
filaments has been studied in chicken fibroblasts infected 
with Rous sarcoma virus temperature-sensitive in the sarc 
gene. A close temporal coupling was found between the 
expression of the sarc gene product (a kinase) and the 
quantitative breakdown of well-organized actin cables to 
soluble actin monomers. 

To improve the level of resolution in our structural studies 
of contractile elements, G.W. Griffiths has set up at EMBL 
the technique of binding antibodies to ultra-thin frozen 
sections (with K. Tokuyasu) as well as to sections of BSA-
embedded tissue. A quantitative study of the binding of 
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PLATE 11 

Organization and stability of microfilament bundles in 
different cell types, as revealed by indirect immuno-
fluorescence with a-actinin antibody. (1) PtK2 , an 
epithelial cell line, (2) WI 38, human fibroblastic line, 
(3) and (4) chicken embryonic heart cells (primary culture). 
The periodicity of the a-actinin-containing regions (Z-line 
equivalents, arrows in (2)) differs with the cell type. In 
(3), the boundary between two cells is shown between the two 
arrows (premature intercalated disc) demonstrating membrane 
associated a-actinin. (4) Heart cell culture treated for 30 
min with 10% dimethyl sulphoxide. The sarcomeric structure 
of the heart cell myofibril remains unaffected, whereas the 
equivalent microfilament bundles of fibroblasts in the same 
culture broke down. a-actinin is spread diffusely 
throughout the cell which has rounded up (arrow). This 
process is fully reversible. Each scale mark: 10 

-74-



antibodies against actin, myosin and a-actinin to sections 
of skeletal muscle as well as a comparison between the two 
methods has been completed. 

Crossreactivity of anti-a-actinin with an integral membrane 
protein of blood platelets (GP IlIa) has been reported (see 
Research Reports 1978). We have observed a close spatial 
association between GP IlIa and a-actinin in human 
fibroblasts (with A. Nurden, Paris). Proteolytic finger-
prints of the purified proteins should answer the question 
whether these proteins are similar (the glycoprotein might 
be a modified a-actinin), or whether they are different 
proteins with a high affinity for each other (with K. 
Clemetson, University of Bern). 

We are interested in the possible role of coated vesicles in 
intra-cellular transport. An antibody against clathrin, the 
major coat component of coated vesicles from pig brain, is 
being used in ultra-thin frozen sections to study 
distribution of coated vesicles at various stages of 
spermatid development in the rat (with G. Griffiths and G. 
Warren)(Plate 12). To obtain antibodies of high specificity 
and narrow cross reactivity against cytoskeletal proteins, 
we have started to establish the technique of monoclonal 
antibodies. Our preliminary results are encouraging; we have 
already obtained hybridomas producing specific antibodies 
(with C.Morris and H. Deschner). 
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PLATE 12 

Involvement of clathrin-coated vesicles in acrosome 
formation. (1) Section of Epon-embedded rat seminiferous 
tubule showing part of the spermatid during acrosome (A) 
formation. Coated vesicles (arrows) originating from the 
mature (inner) face of the Golgi apparatus seem to fuse with 
the acrosomal membrane (double arrows). x 38,000. (2) Same 
structure as (1) in frozen thin section labelled with 
affinity purified rabbit anti-clathrin followed by ferritin-
conjugated sheep anti-rabbit IgG. Ferritin grains are 
located over the acrosomal/coated vesicle region. x 45,000. 
(3) Epon-embedded rat spermatid following cytochemical 
incubation for the lysosomal marker enzyme acid phosphatase. 
Reaction product indicating sites of enzyme activity is seen 
as a black precipitate of lead. This is a slightly earlier 
stage of development than that shown in (1). The acrosomal 
vesicle reacted significantly for the enzyme as did much of 
the Golgi apparatus, especially its inner elements. This 
shows the lysosomal nature of the acrosome which is 
responsible for digesting part of the egg membrane during 
the fertilization process. x 43,000. (G. Griffiths, G. 
Warren and B. Jockusch). 
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Intracellular transport of newly-synthesized plasma membrane 
proteins 

Member: G. Warren 

Fellow: J. Green* 

Technical assistants: M.-T. Sagne, H. Walker* 

Many membrane proteins are assembled in the membrane of the 
endoplasmic reticulum and then sorted to different locations 
in the cell. The details of this sorting process are 
obscure but it is clear that significant progress will only 
be made if one can first determine th€ precise pathway taken 
through the cell by a particular set of membrane proteins. 
Cells infected with Semliki Forest virus (Simons et al., 
1978) are ideally suited for such a study because those 
cellular components responsible for transport are entirely 
devoted to conveying the viral spike proteins from their 
site of assembly in the endoplasmic reticulum to the cell 
surface. We are using a variety of techniques to determine 
the precise pathway. 

1. If infected cells are pulsed for a short time with 
radio-labelled amino acids or sugars, and then chased, it 
is possible to monitor the transport of the spike 
proteins. E1 and p62 are assembled in the membrane of 
the endoplasmic reticulum and are transported as a 1:1 
complex to the cell surface. About 25 minutes after the 
pulse, some of the core oligosaccharides bound to the 
spike proteins are converted to the complex form (assayed 
by their resistance to endoglycosidase H). This is 
consistent with their arrival in the Golgi complex as 
determined by other techniques. About 35 minutes after 
the pulse, the spike proteins start to appear on the cell 
surface. This can be monitored by the proteolytic 
cleavage of p62 to E2 and E3. 

2. If cells are fractionated on sucrose gradients at various 
times after a short pulse, the transfer of spike proteins 
from the endoplasmic reticulum to the plasma membrane can 
clearly be seen. The spike proteins pass through that 
membrane fraction containing most of the galactosyl 
transferase of the cell, but more purification is needed 
before the role of the Golgi complex in this transport 
can be established. 
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3. Thin, frozen sections of infected cells can be labelled, 
using antibodies to the spike proteins, and then 
visualized using a ferritin-conjugated antibody (with G. 
Griffiths and B. Jockusch). The endoplasmic reticulum, 
Golgi complex and plasma membrane are heavily labelled. 
Pre-treatment of infected cells with cycloheximide, to 
inhibit viral protein synthesis but not transport, has 
been used to establish the passage of spike proteins 
through the Golgi complex on their way to the surface. 
The resolution of this immunocytochemical technique is 
high enough to localize the spike proteins to a 
particular membrane. It should now be possible to 
determine the pathway taken by the spike proteins through 
the Golgi stacks. 

4. Coated vesicles have been implicated in the intracellular 
transport of plasma membrane proteins (Rothman, J.E. & 
Fine, R., personal communication). We are trying to see 
if the spike proteins are conveyed by these vesicles from 
the endoplasmic reticulum to the Golgi and from Golgi to 
the plasma membrane. Since coated vesicles are minor 
components of the cell, it is necessary to start with 
large quantities of tissue culture cells. We can now 
obtain 100-150 of coated vesicles from 40g of BHK-21 
cells. The coated vesicles from infected cells appear to 
contain spike proteins but more work is needed before the 
role of these vesicles in transport can be established. 

5. To determine which cellular components (proteins, ions, 
energy sources) are involved in intracellular transport, 
it will be necessary to reconstruct parts of the pathway 
in vitro. Cells infected with Semliki Forest virus are 
particularly suited to this type of approach since the 
modifications to the spike proteins that occur during 
intracellular transport can easily be monitored and used 
to determine whether these proteins have moved from one 
membrane to another. Though many approaches have been 
tried we have so far had no success. 

Publication during the year 
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Mitochondrial electron transfer enzymes 

Members: H. Weiss, P. Wingfield 

Visiting worker: S. de Vries* 

Technical assistants: B. Juchs, A. Scharm, M. Slaughter* 

Over the last year the work of this group has mainly 
concentrated on the structure of the mitochondrial electron 
transfer complex ubiquinone:cytochrome c reductase. This 
multi-subunit enzyme catalyses the reduction of ferri-
cytochrome c by reduced ubiquinone. The redox energy 
released by this reaction is cQnverted into a transmembrane 
proton gradient which is used to drive the synthesis of ATP. 
In order to understand the mechanism of energy transduction 
by ubiquinone:cytochrome c reductase it is essential to know 
the structure of the enzyme. 

The following structural studies have been performed: 

1. High resolution electron microscopy of membrane crystals 
(in collaboration with K. Leonard and coworkers). 

Cytochrome c reductase was released as a dimer (M -r 550,000) from the inner membrane of Neurospora crassa 
mitochondria by the non-ionic detergent Triton X-100. A 
micelle of the detergent replaces (most of) 
the membrahe phospholipid. lhe enzyme-detergent complex 
(S?O 15.6; Stokes radius 86X) was purified by affinity 

on immobilized cytochrome c followed by 
gel filtration (Weiss & Kolb, 1979; Weiss & Wingfield, 
1979b). 

Membrane crystals of the enzyme were prepared by 
replacing the enzyme-bound detergent by phospholipid 
(wingfield et al., 1979). The membrane crystals 
contained cytochrome c reductase (1g protein per 0.6 g 
phospholipid) in highly ordered arrays (see Plate 17 in 
the report of K. Leonard). The crystals are ideally 
suited for high resolution microscopy since they extend 
to several microns in length in each of two dimensions 
and are only one molecule thick (15 nm) in the third 
dimension. 

Three-dimensional image reconstruction has shown that the 
monomeric unit of the enzyme is rod-like (approx. 40 i x 
70 x and traverses the lipid bilayer 
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PLATE 13 

b 
30 

b 
30 

45 45 
50 

b 
30 

b 
30 

45 45 
50 

c - side 

m- side 

Preliminary model of ubiquinone:cytochrome c reductase. The 
numbers refer to the molecular weights (in kD) of the 
subunits; C-side refers to the outer surface of the inner 
membrane and M-side to inner surface. The hatched area 
represents the phospholipid bilayer. 
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perpendicular to its elongated axis. The two peripheral 
sections of the enzyme which extend into the water phases 
on either side of the bilayer are different in length, 
about 30 and 70 respectively. The integral sections 
(located within the lipid bilayers) of two monomeric 
units interact to form the dimeric enzyme. There is no 
interaction between adjacent peripheral sections (Plate 
13) . 

At present we are producing antibodies against the 
various subunits of the enzyme. The antibodies will be 
used to label the membrane crystals specifically and thus 
determine the position of the subunits within the enzyme. 

2. Stepwise cleavage and characterization of subcomplexes 
and subunits 

The monomeric unit of ubiquinone:cytochrome c reductase 
compr ises two b cytochromes (l1r 'V 30,000 each) , a 
cytochrome c 1 (11 'V 31 ,000) , an lron-sulphur subunit 
(l1r'V25,000) and rsix subunits without known prosthetic 
groups (l1r 'V 50,000, 45,000, 14,000, 12,000 and 9,000) 
(Weiss & Kolb, 1979). The enzyme:Triton X-100 complex is 
very susceptible to dissociation by increase in the ionic 
strength in the medium. The enzyme can also be 
dissociated by treatment with the anionic detergent 
deoxycholate. These properties were used for the 
sequential dissociation of the enzyme. The subcomplexes 
and subunits of the enzyme which have been purified to 
physically homogeneous states are shown in Table 1 (see 
also Weiss et al., 1979). 

Binding of Triton X-100 to a subunit is used to indicate 
whether the subunit is located integrally or peripherally 
with respect to the lipid bilayer. A subunit which binds 
one micelle of detergent is likely to be located within 
the bilayer. Absence of detergent binding is good 
evidence for the peripheral location of a subunit. 
Cytochrome c binding is used to establish whether the 
subunits are oriented towards the outer side of the inner 
membrane (C-side) since the cytochrome c binding site is 
located on that side of the membrane. The results are 
summarized in Table 1. 

On the basis of the above information the following model 
for ubiquinone:cytochrome c reductase is proposed (Plate 
13). Cytochrome c 1 is located towards the outer surface 
of the membrane. This subunit is part of the 
smaller peripheral section of the enzyme (see above). The 
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Table 1 

SUBCOMPLEXES OF UBIQUINONE:CYTOCHROME C REDUCTASE 

Preparation 

kD 
Dimeric 
cytochrome c "'550 
reductase 

Dimeric 
cytochrome bC 1 "'250 
subcomplex 

Monomeric 
cytochrome bC 1 "'120 
subcomplex 

Subcomplex 
without "'150 
prosthetic 
groups 

Dimeric 
cytochrome b 

Cytochrome c 1 "'160 

Fe-S subunit "'25 

Subunit Composition Triton X-100 
binding 

kD kg/mole 

2x(50,45,45,31,30;30, ",100 
25,14,12,9) 

2x ( 31 , 30, 30, 14, 12,9 ) "'90 

31 ,30,30, 14, 12? ,9 "'90 

50,45,45 0 

30,30 "'90 

5x(31) 0 

Cytochrome c 
binding 

mole per mole 

2 

2 

0 

0 

"'5 

25 not determined 0 
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50,000 and 45,000 subunits are located at the inner 
surface of the membrane (M-side) and are a part (or all) 
of the larger peripheral section of the enzyme. The 
cytochrome b subunits are located in the lipid bilayer 
and contribute to the integral section of the enzyme. The 
interaction of the b cytochromes of two monomeric units 
causes the dimerization of the enzyme. Since the 
monomeric unit contains two b cytochromes the integral 
section of the dimeric ubiquinone:cytochrome c reductase 
consists of a tetrameric cytochrome b. 

Work at present under way includes 

a. Reconstruction of the enzyme from its individual 
subunits. This approach will help to explain the 
functional contributions of the various subunits to the 
overall enzymic reaction. 

b. Preparation of membrane crystals and three-dimensional 
crystals of the various subcomplexes and subunits. F. 
Winkler has recently obtained microcrystals (2x10x50 

from the Mr water-soluble subcomplex which 
extends from the inner surface of the membrane (see 
above). 

c. Neutron scattering studies (in collaboration with S. 
Perkins and A. Miller). It is hoped that in the first 
instance these studies will establish the distribution 
of protein, lipid and water in the cytochrome c 
reductase, and that in the end they will help to 
determine a low resolution map of the subunit 
arrangement. Neurospora crassa has been cultured in 
90% D2 0 medium and the cytochrome c reductase success-
fully isolated from these cells. The average 
deuteration of the protein was about 75%. 
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Membrane biogenesis in polarized epithelial cells in culture 
(MDCK) 

Members: D. Louvard, H. Reggio* 

Fellow: K. Soderberg* 

Student: E. Coudrier* 

Visiting worker: K. Tokuyasu* 

Technical assistant: S. Robinson 

The aim of this project was described in the 1978 Research 
Report. The group studies the molecular mechanisms involved 
in or responsible for the cell surface polarity normally 
displayed by· different types of epithelial cells (liver 
cells, kidney or intestinal cells, pancreatic and thyroid 
cells, etc.). The model system used for this study is an 
established cell line derived from canine kidney tissue 
(MDCK) which forms a stable monolayer in culture. Twenty 
years since their isolation these cells still possess a 
differentiated character, as is evidenced by their 
morphology, cell surface polarity, vectorial transport of 
water and responsiveness to the hormone vasopressin (a 
hormone involved in the regulation of transport of solutes 
in normal kidney in vivo). 

We are particularly interested in cell surface biogenesis. 
Epithelial cells in general provide an interesting system, 
since the cell surface can be divided into at least two 
domains: the apical membrane which faces an absorptive or 
secretory lumen, and the basolateral faces which are 
involved in the cell-cell contact specific for epithelia. 
The two domains are delineated by a special structure called 
the "junctional complex" which circumscribes the apical 
faces. The junctional complex seals the epithelium so that 
the penetration of ions through the cell layer is reduced; 
it is also believed to prevent the lateral diffusion of 
membrane proteins from the apical face to the lateral 
domain. 

The protein composition of these faces is very specific and 
each face contains a set of proteins present on one face but 
not on the other. How is this segregation secured during 
membrane biogenesis? What are the intracellular routes of 
those proteins that are destined for different areas of the 
cell surface? 
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Specific antibodies against proteins of each domain have 
been prepared. Immunoprecipitation and immunofluorescence 
have been used to characterize these reagents. Mainly by the 
use of immunofluorescent techniques the following 
observations have been made. An antibody raised against a 
dog kidney aminopeptidase has been found to be a marker for 
the apical membrane, while an antibody raised against the 
dog kidney Na+K+ATPase was found to label the lateral faces 
specifically. An antibody raised against a-actinin (a 
peripheral protein known to be associated with the inner 
face of the junctional complex in intestinal cells; Graig 
et al., 1979; Geiger et al., 1979) was shown to be a 
convenient marker for this complex in MDCK. These 
observations demonstrate that cells of MDCK possess a 
structural polarity in culture. 

Antibodies against proteins from the apical face, which are 
allowed to bind at 40 C, induce the aggregation of their 
specific antigens at 37 0 C. This redistribution is rapidly 
followed by the internalization of the aggregates. Within 30 
minutes the cell surface is completely depleted of the 
clustered antigens. The internalized antigens accumulate in 
large perinuclear vacuoles. The complete removal of the 
specific membrane proteins, e.g. aminopeptidase, from the 
cell surface is followed by the reappearance of a small, but 
significant, fraction of the endocytosed immunocomplex at 
the cell surface. The immunocomplexes reappear mainly at 
the edges of the cell surface, and they display a pattern 
similar to that obtained for a-actinin. During this 
massive-induced internalization of some of the surface 
antigens, and in the absence of protein synthesis 
(cycloheximide block), we have been able to follow the 
appearance of un-crosslinked antigens at the cell surface. 
Reappearance, like internalization, is very rapid. Newly 
inserted molecules are seen within 30 minutes, primarily on 
the edges of the cell at the sites of cell-cell contact. The 
input of antigen into the cell surface is so fast that 45 
minutes after the beginning of the induced ehdocytosis the 
cell surface appears normal. The newly inserted molecules 
are presumably drawn from a large intracellular pool of 
antigens which are localized in small vesicles scattered 
throughout the cytoplasm, although mainly concentrated 
around the nucleus. These data support the idea that there 
is a specific area for the insertion of cell surface 
antigens at or near the junctional complex (Louvard, 1980). 

The project has now been extended in three new directions. 
E. Coudrier is trying to isolate membrane components from 
junctional complexes. As a starting material we use the 
purified brush border from pig intestine which is rich in 
junctional elements. We have fractionated these structures 
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using a combination of mechanical treatments, chao tropic 
agents and detergents in order to isolate different well-
defined protein fractions. These proteins are now being used 
to raise antibodies. The antisera produced will be assayed 
for their effects on the formation of a cell monolayer and 
on the development of the electrical resistance usually 
displayed by MDCK monolayers. This approach assumes that 
specific antibodies raised against the surface components of 
the junctional complexes will be able to interfere in the 
cell-cell contact necessary to create a tight junction. 

K. Soderberg is trying to take advantage of an early 
observation made by our group, namely that RNA tumor 
viruses such as MSV can transform MDCK, and the variant 
cells produced are no longer polarized or capable of forming 
junctional complexes. She is now trying to isolate an MDCK 
variant transformed by a temperature-sensitive tumor virus 
such as RSV (in collaboration with T. Graf, DKFZ, 
Heidelberg) or MSV (in collaboration with J. Forchhammer, 
Fibiger Laboratory, Copenhagen). The isolation of such a 
variant, which would be transformed (or non-polarized) at 
the permissive temperature and non-transformed (or 
polarized)at the non-permissive temperature, would allow us 
to study the sequence of events leading up to the polarized 
phenotype of this cell line. 

H. Reggio has continued a collaboration with V. Herzog 
(Institut fUr Zellbiologie, MUnchen) on the pathways of 
endocytosis in rat pancreas. This work has been accepted 
for publication. He has also introduced electron 
microscopic techniques to the group with the assistance of 
the ElM Applications Group. Using the cryosectioning 
techniques of K. Tokuyasu he is now setting up methods for 
immunocytochemistry of frozen sections (Tokuyasu & Singer, 
1976) using fluorescent antibodies, ferritin-labelled 
antibodies and the recently developed conjugates of 
antibodies and Imposil for labelling of specific proteins 
(Dutton et al., 1979). Experiments are being undertaken to 
study at the ElM level the endocytosis of antibodies 
adsorbed to the apical surface of MDCK in the hope of 
extending our understanding of this process beyond the 
limits of the light microscope and immunofluorescent 
investigation. 

This system is also being used in collaboration with K. 
Simons' group, using virus as a tool to understand the 
mechanisms involved in the "sorting out" of membrane 
proteins in MDCK (see report of K. Simons). 
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Electron microscopy of nucleic acids 

Members: H. Delius, B. Koller 

Visiting worker: I. Kiss* 

Technical assistant: J. Clarke* 

Restriction fragments of Vicia bean chloroplast DNA have 
been mapped by combining electron microscopic analysis of 
partial denaturation patterns with gel electrophoresis. 
Restriction fragments of chloroplast DNA were purified by 
gel electrophoresis and partially denatured. The partial 
denaturation maps of the individual fragments were assembled 
into histograms, and these histograms were aligned on the 
histogram of the denaturation patterns from the intact 
circular chloroplast DNA, leading to the map of restriction 
fragments for two restriction enzymes as shown in Plate 14. 
The same procedure was applied to spinach chloroplast DNA, 
and confirmed the published restriction map. 

Only one set of ribosomal RNA genes was found in Vicia 
chloroplast DNA, in contrast to all other higher plants so 
far analysed which have duplicated ribosomal 'genes. 
Hybridization of rRNA to the denatured restriction 
fragments, and analysis in the electron microscope using the 
mica adsorption technique, allowed the accurate 
determination of positions for the 16S, 23S, and 5S genes 
(Plate 15a). 

Sequence studies (Schwarz & Kossel, 1980) had established a 
very high degree of homology between 16S RNA genes from 
E.coli and maize chloroplast DNA. When heteroduplexes were 
formed between a restriction fragment of lambda rif d18 
phage which contains the E.coli rRNA operon rrnB, and Vicia 
chloroplast DNA, it was found that in addition to the 
homology between the 16S genes a homology can be visualized 
which extends through most of the 23S rRNA gene. The spacer 
region between 16S and 23S is much more extended in the 
chloroplast DNA than in the E.coli DNA (Plate 15b). 

Much help with this work has come from the collaboration 
with I. Kiss (Szeged) who provided the plasmid and phage 
DNAs containing the E.coli ribosomal genes. During her 
second stay at the EMBL, RNA polymerase binding maps were 
established for several recombinant DNAs carrying ribosomal 
genes. These data will be correlated with the results of the 
sequence analysis done in Szeged. 
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The work on the localization of the early terminator in T7 
phage DNA, in collaboration with H. Priess (Mlinchen), has 
been finished. A typical terminator hairpin structure was 
found in the DNA sequence within 30 nucleotides from the 
position determined by the electron microscopic 
measurements. 

In collaboration with G. Darai (Heidelberg) the DNA from an 
unidentified agent (probably a mycoplasma) found as a 
contamination in many virus preparations analysed. 
Restriction fragments of a size of up to 75x10 dalton were 
eluted from agarose gels using a procedure developed 
earlier, and measured in the electron micgoscope after 
cytochrome spreading. The total of 270x10 dalton was 
compared to length measurements on .DNA clusters found in 
cytochrome spreadings of the intact DNA apparently 
consisting of circular DNA molecules. These measurements 
were made possible by P.T. Speck (Data Analysis Group) who 
developed an algorithm which automatically detects and links 
all discernible connected line structures in these pictures 
(see a plot of the calculated line superimposed on the 
original scan of the negative made by the Optronics scanner 
in Plate 16). This automatic length determination yielded a 
minimal moleculag weight for three of these large molecules 
of 500 to 540x10 dalton. 

other collaborative work included: 

- the determination of RNA polymerase binding sites and 
transcription patterns of plasmids carrying restriction 
enzyme genes (with M. Zabeau). 

- the localization of cloned segments from the Semliki 
Forest virus genome on the viral RNA (with H. Garoff, H. 
Lehrach, and A.-M. Frischauf). 

- the analysis of inverted repeat structures in recombinant 
DNA carrying histone genes (with M. Melli). 

Publication during the year 

Priess, H., Koller, 
Electron microscopic 
terminator for the 
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mapping and sequence analysis of the 
early message of E. coli phage T7. 
press) . 
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PLATE 14 

Mapping of Vicia bean chloroplast DNA (cpDNA) restriction 
fragments by partial denaturation analysis. 

a) individual denaturation maps of circular cpDNA visually 
aligned to give the best fit of the loop patterns that 
are indicated by the black boxes. 

b) Histograms derived from denaturation patterns: the upper 
one from circular cpDNA, the lower one reconstructed from 
individual histograms of the partially denatured 
restriction fragments produced by Sal I restriction 
endonuclease. 

c) the upper histogram shows the pattern of circular 
as in a); the lower pattern is a composite of the 
restriction fragment patterns. 

cpDNA 
KpnI 

d) SalI restriction fragment patterns in the upper 
histograms are compared with KpnI restriction fragment 
histograms in the lower composite pattern so that the 
sizes of the fragments obtained after a double-digestion 
with both enzymes can be predicted. 

The circle at the bottom of the figure shows the resulting 
restriction map for Vicia cpDNA including the positions of 
the rRNA genes. 
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PLATE 15 

a) Vicia DNA of the restriction 
hybridized with Vicia ribosomal 
prepared by the mica adsorption 
stretches are single-stranded DNA 
32 protein, and the thin lines 
hybrid double strands. 

fragment SaIl 3b was 
RNA. The sample was 
technique. The thick 

complexed with T4 gene-
represent the DNA/RNA 

b) A heteroduplex between circular single-stranded Vicia 
cpDNA, and the lambda rif d18 x BamHl B fragment 
containing genes for ribosomal RNAs. 
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PLATE 16 

Large supposedly circular DNA molecule from an unidentified 
agent (probably a mycoplasma) prepared by the cytochrome 
spreading procedure. A trace of the DNA structure was 
automatically computed employing an algorithm developed by 
P.T. Speck. The calculated line is superimposed in white on 
the original scan of the picture. 
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High resolution electron microscopy group 

Member: K. Leonard 

Fellow: F. Booy* 

Visiting workers: J. Chapman*, S. Grundy*, D. Holmes*, M.A. 
Reedy*, M.K. Reedy*, H.G. Schramm* 

Technical assistant: T. Arad 

Work carried out by this group over the last year has been 
mainly on the following projects. 

Image reconstruction of cytochrome reductase 

As mentioned briefly in the 1978 Annual Report, this multi-
subunit mitochondrial enzyme from Neurospora crassa has 
been prepared as membrane vesicle crystals (by P. Wingfield 
and H. Weiss, see p. 82 and Wingfield et al., 1979). These 
are ideally suited for electron microscopy and image 
analysis, extending to several microns in size in two 
dimensions and being only one molecule (i.e. about 15 nm) 
thick in the third dimension. The first stage of this work 
was to analyse the structure of single-layer negatively 
stained vesicles by optical diffraction and by computer 
Fourier filtering (Plate 17a). The crystals have unit cell 
dimensions of 13.5 x 17 nm, and have plane group Qgg in 
projection. For a single layer this means that alternate 
dimers of cytochrome reductase (M.W. 550,000) are arranged 
up and down in the membrane of the vesicle. Using the 
methodology of Fuller, Capaldi & Henderson (1979), we have 
gone on to calculate a low-resolution 3-dimensional image 
reconstruction of the dimeric molecule from a tilt series of 
negatively stained crystals (Plate 17b, c). At this 
resolution (approx. 50 only the overall shape of the 
molecule can be seen, but the partitioning of protein 
density between the regions on the two sides of the 
membrane is consistent with biochemical data and with the 
results of metal shadowing. This work is continuing with the 
aim of obtaining a higher resolution structure from 
negatively stained tilted images, and of using antibody-
labelled crystals in an attempt to locate the position of 
subunits. These crystals are also being examined frozen 
hydrated in the STEM and CTEM cold stages (see section on 
ElM of frozen specimens below and ElM Applications Group 
report). 
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PLATE 17 

a) Computer Fourier-filtered image of a negatively stained, 
single layer membrane crystal of cytochrome reductase. 
Protein is white and stain is dark. The unit cell has 
been drawn in, and has the dimensions 13.5 nm x 17 nm. At 
the centre of the unit cell as drawn here is a dimeric 
molecule of the enzyme, M.W. 550,000. 

b) A low resolution computer reconstruction of the 
distribution of protein in the membrane crystal obtained 
by combining tilted images. The reconstruction, here 
viewed normal to the plane of the membrane, shows four 
dimeric molecules arranged alternately up (black) and 
down (white) in the (space group E2 12 12 1 ). 

c) Model of a single dimer with the dimer axis running from 
top to bottom. The overall height is about 15 nm and the 
model has been divided into three regions. The central 
white region (B) corresponds approximately to the part of 
the molecule which is embedded in the membrane. The upper 
dark region (A) most probably corresponds to the large 
water-soluble complex (M.W. 140,000 per monomer). The 
lower, much smaller, dark region would then correspond to 
the cytochrome c1 subunits (see also p. 82). 
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STEM mass measurement of unstained specimens 
(In collaboration with R. Freeman of the ElM Applications 
Group) . 

The aim of this work has been to establish a system, 
including specimen preparation and computer facilities, for 
determining mass or mass/length of unknown biological 
particles. We commenced the work in response to the need for 
mass/length data on filamentous phages pf1 and fd (with the 
group of D. Marvin) before the STEM-computer link had been 
finished. This is now fully operational, and enables large 
numbers of unstained images to be stored and rapidly 
processed. The mass of unknown particles is measured 
relative to the mass of a known object (e.g. tobacco mosaic 
virus) which avoids the necessity for careful calibration of 
the microscope and for long term stability of the electron 
detection system. Installation of the STEM low temperature 
stage has considerably facilitated this work by almost 
completely removing the effects of mass loss (etching) and 
specimen contamination which introduce errors into the mass 
measurements. Considerable effort was applied, during the 
visit of M. Reedy, towards measuring the mass/length of 
insect flight muscle thick filaments to attempt to answer 
the important question as to the number of myosin molecules 
per helical repeat in the thick filament. A value of 4 
myosins per 14.5 nm thick filament repeat was obtained 
(Reedy, Leonard, Freeman & Arad, in preparation). Mass 
measurement work on other systems included that on bacterial 
pili (with D. Marvin and W. Folkhardt), on insect flight 
muscle thin filament proteins (with B. Bullard, University 
of Oxford), and on collagen fibres (with J. Chapman, 
University of Manchester). 

This work has now reached the point where 
is a routine technique, and has proved to 
use of STEM which cannot be readily 
conventional transmission microscopy. 

mass measurement 
be an important 

duplicated by 

Electron microscopy of frozen specimens (F. Booy) 

In cooperation with the E/M Applications Group, research has 
been carried out on the development of specimen preparation 
procedures for the study of unstained biological materials 
in the hydrated, frozen state at high resolution. 

For normal TEM work, quench-freezing techniques have proved 
satisfactory for the preservation of structural detail to a 
high resolution in crystalline, frozen-hydrated specimens. 
This has been demonstrated in electron diffraction 
experiments, where patterns extending to 3 or better have 
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been obtained (Booy et al., 1979; Taylor, 1978). We have 
also carried out low-temperature electron diffraction in the 
Philips EM 400 cold stage to study frozen, hydrated collagen 
fibres, complexed amylose crystals, paramylon granules, 
purple membrane and catalase crystals. Work on the 
cytochrome reductase crystals and on cryosections of 
collagen and muscle is at present in progress. 

For biological tissues that cannot be prepared (e.g. by 
crystal growth) in a form suitable for electron microscopy, 
cryosectioning techniques are being developed (in 
collaboration with C. Walter and G. Griffiths), following 
the method of Tokuyasu, using sucrose to cryoprotect the 
sectioned material. It has become apparent that commercially 
available micro tomes are far from ideal for cryosectioning, 
and we have made some modifications to the Reichert OMU3 (in 
collaboration with J.-C. Homo) which substantially improve 
its performance. Either sections have been examined at room 
temperature after thawing, washing and negatively staining, 
or washed sections have been refrozen and examined in the 
frozen hydrated state. Preliminary results with collagen 
gave good high-angle diffraction and indicated that some 
artefacts occur during the drying down of negatively stained 
sections. 

Imaging at low temperature with commercially available cold 
stages is not possible at high resolution because of drift 
and vibration. The cold stage which is under development for 
the STEM has a good resolution (see ElM 
Development Group report) and will be used to image 
specimens which have been shown by electron diffraction to 
be well preserved. Preliminary attempts (with R. Freeman) 
have been made to transfer frozen cytochrome reductase 
vesicles and frozen sections into the STEM cold stage. 
Initial results with the vesicles showed that cold transfer 
is possible and that some structure could be observed (Plate 
17). With frozen sections cold transfer was also possible 
but there were difficulties in removing excess water by 
sublimation, and due to the presence of sucrose in the 
sections. It is hoped that with further development of a 
cold transfer device between the cryo-microtome and the 
STEM, and the use of lower concentrations of sucrose as 
cryoprotectant while sectioning, these techniques will prove 
fruitful. 

Publications during the year 

Folkhard, 
Dubochet, 

W. , Leonard, K. R., Mal sey , S., Marv in, D. A. , 
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Electron microscopy applications group 

Members: J. Dubochet, R. Freeman, C. Walter* 

Fellow: J. Lepault 

Visiting workers: E. Delain*, J. Escaig*, J.-C. Jesoir*, G. 
Moyne*, P. Oudet* G. Pflugfelder*, D. Robertson*, H.G. 
Schramm*, J. Thomas*, K. Tokuyasu*, J. Yaniv* 

Technical assistants: M. Groom*, A. McDowall* 

Development: cryo-electron microscopy 

Methods involving the freezing of biological samples are 
widely used in electron microscopy, for example freeze-
etching, freeze-fracturing, freeze-drying and cryo-
sectioning. All these methods, however, have one 
unsatisfactory element in common; at some step the frozen 
water is removed from the specimen before the latter is 
introduced into the electron microscope. This treatment 
causes the loss of the primary advantage of the freezing 
method, namely the preservation of the aqueous environment 
of the biological sample. Of course from the point of view 
of the biological material, solid ice is not identical to 
liquid water, nevertheless it has been amply demonstrated 
that freezing - when carried out correctly - is the best 
method of preserving living tissues. The few studies made by 
electron or x-ray diffraction on frozen crystals of protein 
have demonstrateQ the preservation of molecular structure 
down to a few units (Taylor & Glaeser, 1974). 
Frozen hydrated samples, however, present considerable 
technical difficulties in their preparation, transfer and 
observation in the electron microscope. More important they 
are very beam-sensitive, structure disappearing after a 
dose of a few - too low for high resolution 
observation of single macromolecules. 

In spite of these difficulties, the group led by R.M. 
Glaeser in Berkeley has spent the last 7 years in 
successfully exploring the possibilities of direct 
observation of frozen hydrated biological particles (Taylor 
& Glaeser, 1976). They discovered that the contrast in such 
specimens is comparatively high and they were able, by 
working on small two-dimensional crystals, to obtain images 
approaching the quality of those currently recorded from 
negatively stained specimens (Taylor, 1978). 
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The remarkable results obtained with the electron microscope 
developed by the Dietrich group in the Siemens research 
laboratories at Munich have now opened up new possibilities 
for cryo-electron microscopy. This microscope, in which the 
specimen is maintained together with the superconducting 
objective lens in a liquid helium cr6ostat, provides for the 
first time very low temperature (4.2 K) at the specimen and 
at the same time high resolution (1.4 and extreme 
mechanical and electrical stability. Preliminary results 
obtained in 1978 showed that beam damage to biological 
samples is reduced by orders of magnitude when observed in 
the cryomicroscope (Dietrich et al., 1979). During 1979 we 
have continued our collaborative investigation of this 
effect. Using electron diffraction from small organic 
crystals of various lipids, amino acids and nucleoside 
phosphates, we have made quantitative comparisons of beam 
damage at room temperature and at 40 K in the cryomicroscope. 
It was found that the dose required to reduce the intensity 
of the first order reflection of these crystals by a factor 
of 1/e was 30-300 times larger in the cryomicroscope than at 
room temperature. The gain was generally larger when the 
criterion of the total disappearance of reflections was 
used. The best results were obtained on very small crystals 
mounted on carbon films. When mounted on plastic films the 
gain is smaller and is strongly flux-dependent, the 
gain with increasing flux between 10 and 1 

Specimens which contain bound water molecules 
were not found to behave differently during irradiation. We 
expect therefore that the gain observed in the 
cryomicroscope will also be observed on frozen hydrated 
specimens, but this point remains to be tested. 

On the basis of the results obtained with the cryomicroscope 
(Dubochet & Knapek, 1979), we guess that the smallest volume 
of biological material detectable in the cryo-electron 
microscope will be about 2 orders of magnitude smaller than 
at room temperature. We therefore see for the future the 
possibilitx of reducing the routinely achieved rxsolution to 
around 10 from its present value of around 50 for a non-
periodical object. 

On the basis of the results mentioned above, a long-term 
project has been started in close collaboration with the ElM 
Development Group. As a first step, the remarkable 
properties of the Dietrich cryomicroscope will be made 
accessible to European molecular biologists. For that 
purpose, a new model of the superconducting lens built by 
Siemens AG has been ordered and will be mounted on an easy-
to-operate CTEM. Simultaneously methods for the preparation 
and the transfer of frozen hydrated specimens will be 
developed. It is foreseen that this first stage will be 
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achieved in 1981. As a second step which will be completed a 
few years later, a cryo-STEM will be built with 
comprehensive detector and information treatment capability. 
(See also report by ElM Development Group.) 

During 1979, the work of the ElM Applications Group on the 
cryomicroscopy project was mostly to 
the preparation and observation 
specimens, and more generally for 
delicate unstained specimens. This 
three lines. 

implement methods for 
of frozen hydrated 

the observation of 
work proceeded along 

1) Preparation of frozen hydrated specimens 

In collaboration with members of other groups (F. Booy, 
G. Griffiths) a special effort has been made in the 
acquisition and development of methods for preparing 
cryo-sections. The visit of K. Tokuyasu and the course on 
cryo-sections organized on that occasion gave us the 
opportunity to learn the latest methods from the various 
groups working with this technique. 

The method developed by J. Escaig for the rapid freezing 
of biological suspensions has also been implemented. The 
direct observation of frozen specimens demonstrates that 
a suspension can be frozen without significant 
rearrangement of biological particles. 

2) Methodology for the observation of unstained specimens at 
minimum electron dose 

Repeating the work of N. Unwin on the purple membrane and 
on other periodic specimens embedded in glucose (Unwin & 
Henderson, 1975), we have sought the optimal recording 
conditions as a function of the desired resolution and 
the type of microscope. For the CTEM, we have confirmed 
that the final quality of the image is only limited by 
the quantum noise of the electron beam. In our STEM, 
however, the quality of the image appears to be lower 
than would be expected from electron statistics only. We 
have therefore not yet been able to obtain STEM images 
from delicate specimens comparable to CTEM low-dose 
images, an important requirement for the continuation of 
the STEM project. 
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PLATE 18 

Frozen crystallized cytochrome reductase vesicle taken in 
the STEM at -200°C (magnification 150,000). 
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3) Observation of specimens at low temperature 

The STEM with its new low-temperature stage (see report 
by the ElM Development Group) and its information 
treatment system was used for assessing beam damage 
quantitatively. We confirm that as previously suspected a 
fixed electron dose the same damage in the 
scanning and fixed beam modes6 Damage decreases with 
temperature, but down to 40 K the gain obtained by 
cooling the specimen is small compared to the results 
obtained in the cryomicroscope at 40 K. Mass loss can 
similarly be suppressed by cooling the specimen and 
contamination becomes virtually nonexistent. 

The direct observation of frozen hydrated specimens 
turned out to be less difficult than we expected. In 
spite of the fact that we are not yet able to obtain high 
resolution images - in the CTEM probably because the cold 
stage is not yet stable enough, and in the STEM because 
of the difficulty mentioned under 2 above - progress has 
been made in the preparation and transfer of frozen 
hydrated samples to the cold stage. As test specimens we 
have mostly used catalase crystals and membranes of 
cytochrome reductase (Plate 18). 

Service 

It is one of the tasks of the ElM Applications Group to 
provide access to electron microscopy for the scientists of 
the Laboratory, and to help other European molecular 
biologists with the use of the few special instruments and 
methods available at the EMBL. A special selection committee 
was appointed to select projects for the STEM, but 
unfortunately until now the demand has not been so great as 
to necessitate any selection. 

The ElM Applications Group has collaborated in 1979 with the 
following scientists within the EMBL: C. Grimmelikhuijzen, 
J.-C. Jesior (Grenoble), R. Leberman, D. Louvard, H. Reggio, 
K. Simons, K. Matlin, J. White, G. Warren, G. ·Griffiths, H. 
Weiss, and F. Winkler. 
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The following visiting scientists have used the facility: 

- K. Tokuyasu (University of San Diegoj methodology of 
cryosections) 

- M.A. and M.K. Reedy (Duke Universityj collaborating with 
ElM Structure Group) 

- D. Robertson (Duke University, high resolution imaging of 
two-dimensional crystals) 

- J. and J. Sanger (University of Pennsylvania; 
collaborating with B. Jockusch) 

- H.G. Schramm (MPI flir Biochemie, Martinsriedj three-
dimensional reconstruction of protein structure) 

Collaboration took place with scientists from the following 
laboratories: 

- E. Delain (Paris; structure of glyco-protein; methodology 
of freeze drying) 

- J. Escaig (Paris; methodology of freeze-fracture) 
- G. Moyne (Paris; origin of replication on the SV40 mini-

chromosome) 
- M. Noll (Basel; structure of reconstructed nucleosome 

cores) 
- P. Oudet and J. Thomas (Strasbourg; structure of 

nucleosome-like particles formed with histones H3 and H4) 
- G. Pflugfelder (Munich; transcription of nucleosomes) 
- J. Yaniv (Paris; nucleosome-like particles in 

procaryotes). 
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Structure and assembly of filamentous bacterial viruses 

Members: D.A. Marvin, D.W. Banner*, G.G. Kneale*, J.E. 
Ladner*, C. Nave 

Fellow: W. Folkhard 

Visiting workers: J. Armstrong*, K.-O. Greulich*, T. Watts* 

Technical assistants: R.S. Brown, A.G. Fowler, F. Marvin* 
(part-time), H. Siegrist* (part-time) 

The filamentous bacterial virus system is a model minimum 
system that carries out fundamental biological processes and 
is accessible to study at the level of molecular structure. 
The virion is a rod-shaped nucleoprotein containing single-
stranded circular DNA encapsulated at the core of a helical 
array of coat protein subunits. It adsorbs to host bacteria 
via the pilus, a rod-like protein appendage of some strains 
or-bacteria. Adsorption of the virion is thought to trigger 
a retraction of the pilus, and therewith the virion, through 
the bacterial membrane into the cell. The infecting DNA is 
then converted to a double-stranded form that replicates and 
produces single-stranded circular progeny DNA under control 
of the viral gene 5 protein. The gene 5 protein forms 
elongated intracellular nucleoprotein complexes with the 
progeny DNA. Assembly of the completed progeny Vlrlon 
involves placing the viral coat protein in the bacterial 
membrane, its 50-residue a-helix extending across the 
membrane. During assembly the gene 5 protein is displaced 
from the DNA and replaced by the coat protein as the DNA 
passes through the membrane without lysing or otherwise 
killing the cell. 

Comparative studies between different strains of filamentous 
bacterial viruses are likely to help in determining the 
structure of the virion and also in generating structural 
rules for constructing filamentous assemblies. The three 
different filamentous viruses fd, Pfl and Xf have similar 
diffraction patterns and similar coat proteins, with an 
acidic N-terminus, a basic C-terminus and a hydrophobic 
middle. Although there is no detailed homology between the 
amino-acid sequences of these viruses, there is a common 
hydrophobic stripe along one face of the a-helix which may 
indicate common features of subunit packing. 

The virion 

For x-ray fibre diffraction, well-oriented samples are 
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PLATE 19 

X-ray fibre diffraction pattern of the 
filamentous virus, prepared at 10°C in a 7 
field, showing 5.40 ult symmetry. 
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PLATE 20 

X-ray fibre diffraction pattern of the 
filamentous virus, prepared at 6°C in a 7 
field, showing 5.46 u/t symmetry. 
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essential. 
orienting 
conditions 
the magnet 
diffraction 
10 0 C (Plate 
is observed 
when fibres 
the "high 
(Table 2). 

We have continued to develop the technique of 
Pf1 virions in our 7 Tesla cryomagnet. Solvent 
in the virus gel and temperature conditions in 
are important. For instance one type of 

pattern is observed when fibres are prepared at 
19), and a different type of diffraction pattern 
when fibres are prepared at 60 C (Plate 20); but 
are prepared at 6°C in the presence of glycerol 
temperature" diffraction pattern is observed 

One basic question about the symmetry of the Pf1 virion has 
still not been answered. Are there 4.40 or 5.40 protein 
structure units in one 15 i turn of the "high temperature" 
form Pf1 virus helix? For many purposes the question about 
helical symmetry is irrelevant, since the difference in the 
number of units per turn is counterbalanced by the 
difference in the axial rise per subunit, so interactions 
between nearest neighbours in the helical array are similar 
for the two options (Plate 21a and b). The calculated 
transforms of the two types of model are also similar, 
illustrating the fact that it is difficult to determine the 
number of units per turn directly from the fibre diffraction 
data. Several indirect approaches have been tried, but none 
of them are completely convincing. For these reasons we 
have prepared heavy atom derivatives of the virion and 
analysed the intensity changes due to the heavy atom in 
order to distinguish between the two symmetry options. To 
obtain a chemically defined derivative, we used techniques 
developed for TMV: we introduced -SH groups into the 
protein with SPITC or SHIMS, which react with -NH/ groups. 
The modified protein was then treated with mercury 
compounds MMN or PCMBS. We found conditions giving complete 
substitution on the amino terminus, with perhaps some 
substitution at Lys-20. (Some of these experiments were 
done in collaboration with A. Tsugita, and with J. Armstrong 
and R. Perham at the University of Cambridge.) The best x-
ray diffraction results were found with a SHIMS-PCMBS 
derivative (Plate 22). A second approach was to iodinate 
enzymatically the single accessible tyrosine at 25. 
Characterization of the reaction shows 1 mole of I/mole 
of coat protein. We have also obtained well-oriented fibres 
showing clear intensity changes with this derivative (Plate 
23). 

For the SHIMS-PCMBS derivative, intensity was observed on 
second layer line at a reciprocal space radius of 0.032 

X where the unsubstituted virus gives little intensity. 
The radius of the mercury would therefore be 27 i if the 
Bessel function on this layer line is as prxdicted for 
the 4.40 u/t option; and the radius would be 32 if a &5 is 
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PLATE 21 

Stereo pairs showing interactions between an a-helical 
subunit and its two nearest neighbours. The lines connect 
a-carbons in the sequence. The points represent positions 
of B-carbon atoms. The view is perpendicular to the virion 
axis. The N-termini of the subunits are upwards. 

a) 4.40 u/t helix. The interactions between the subunit at 
the centre and its neighbours 5 units (right) and 9 units 
(left) along the basic helix are shown. 

b) 5.40 u/t helix. The interactions between the subunit at 
the centre and its neighbours 6 units (right) and 11 
units (left) along the basic helix are shown. 

c) 5.46 u/t helix showing interactions as described for (b). 
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PLATE 22 

X-ray fibre diffraction pattern of the Pf1 strain of 
filamentous virus substituted with SHIMS-PCMBS, prepared at 
2°C in a 7 Tesla magnetic field, showing 5.41 u/t symmetry. 
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PLATE 23 

X-ray fibre diffraction pattern of the Pf1 strain of 
filamentous virus substituted with 1 2 , prepared at 4°C in a 
7 Telsa magnetic field, showing 5.46 u/t symmetry. 
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present as predicted for the 5.40 u/t option. The intensity 
differences between native and derivative patterns on the 
equator can in principle be used to give the radius of the 
mercury independent of the number of units per turn. The 
differences are small aRd still equivocal, but they point 
towards a mercury at 32 and therefore towards the 5.40 u/t 
symmetry option. 

We have continued our molecular model-building studies on 
the structure of the Pf1 virion (Plate 24), to improve the 
fit of the calculated Fourier transform to the observed 
diffraction pattern while remaining within stereochemical 
constraints. There is good agreement between the calculated 
transform of our published models of the Pf1 structure and 
the observed diffraction patterns if the electron density 
attributable to the amino-acid side-chains is spread 
uniformly around the circumference of the model in the space 
between -helix backbones, but the between 
calculated and observed is poor in the 15 near-meridional 
region if side-chains are fixed in the standard most 
probable positions. We have generated other feasible sets 
of side-chain conformations, using stereochemical data of 
Janin, Karplus and others, and have been able to construct 
models for which the high 15 near-meridional region of the 
calculated transform is reduced by half while the rest of 
the transform retains good agreement with the observed data. 
It is important during such model-building continually to 
examine the van der Waals constraints between adjacent 
protein subunit molecules as well as the constraints within 
one molecule. The Evans and Sutherland interactive graphics 
facility at present being developed by the Computer Group 
will accelerate this process. Further model-building 
combined with the phase information provided by the two 
heavy atom derivatives should enable us rapidly to resolve 
the remaining questions about the details of Pf1 structure. 

Experimental x-ray fibre diffraction studies on the 
structure of fd have been resumed using the cryomagnet to 
improve orientation in the fibres. Unexpectedly, the 
diffraction patterns of magnetically aligned fd fibres 
indicate some sort of double orientation (Plate 25). Two 
sets of layer lines are present, each indicating good 
orientation within the set. Sharp reflexions on the layer 
lines are elongated in the meridional direction. The 
presence of 2-methyl-2,4-pentanediol in the fibre removes 
the double orientation effect but also reduces the overall 
quality of the pattern. 
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PLATE 24 

Stereo pair showing a space-filling model of the 5.40 u/t 
helix. The view is perpendicular to the virion axis. The 
N-termini of the subunits are upwards. Some individual 
subunits are picked out in darker shades. (Prepared by R. 
Feldmann of NIH). 

PLATE 25 

X-ray fibre diffraction pattern of the fd strain of 
filamentous virus prepared in a 7 Tesla magnetic field. 
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PLATE 26 

X-ray fibre diffraction pattern of the Pf1 "gene 5" protein-
DNA complex. 
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We have made several improvements to our suite of computer 
programs for analysis of fibre diffraction data. The 
program which generates model coordinates has been expanded 
to permit the generation of coordinates for a set of non-
identical protein subunits. This modification will help in 
the analysis of possible disorder within the molecule. The 
program to combine observed amplitudes with phases from a 
model has been extended to facilitate comparison and scaling 
of related data sets. This modification will help in the 
analysis of heavy atom derivatives. 

The transition 

The helix symmetry of the Pf1 virion can be altered slightly 
by a number of different treatments .. One change in symmetry 
is the temperature-induced transition between 5.40 u/t and 
5.46 u/t, but we also find that other modifications induce 
the virion to take up any of a number of conformations 
between 5.38 u/t and 5.46 u/t (Table 2). We are studying in 
detail the temperature-induced transition between 5.40 u/t 
and 5.46 u/t, because the end points are well-defined and 
the inducing agent (heat) can be precisely metered. Good 
quality diffraction patterns have been obtained from each of 
the two forms (Plates 19 and 20) and used to develop 
molecular models of each (Plate 21b and c). The differences 
between the two diffraction patterns can be explained 
without the need to postulate any major change within each 
protein subunit (Nave et al., 1979). The interactions 
between neighbouring subunits change slightly, but only by a 
few tenths of an In particular, the knobs-into-
holes fit of the side-chains of one subunit into the space 
between the side-chains of its neighbour is unchanged 
between the two models. The fact that the transition is 
limited in extent can be explained by a limitation on 
internal twist within the a-helix that is coupled by 
knobs-in to-holes packing to the number of units per turn in 
the virion. 

The temperature-induced structural transition is discrete. 
In one series of experiments (Table 2) fibres were prepared 
at 6o C, 80 C and 10 o C. The fibres prepared at 6 0 C showed the 
5.46 u/t diffraction pattern; those prepared at 10 0 C showed 
the 5.40 u/t diffraction pattern; but the fibres prepared at 
8 0 C showed a mixture of the two diffraction patterns and not 
an average diffraction pattern. Within the transition range 
there is evidently a distribution of molecules between only 
two structural forms. 
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Tilble 2 

Effect of changing conditions on virion symmetry 

Conditions for fibre making Conditions in x-ray 
exper iment 

Virion Un i t rise Sa te1li te Vi r ion Env i ronmen t tefl1p. % temp. % 
symmetry layer lines (0 C) relative (O°C) relative 

( u/t) humidity hum id ity 

'i.39 2.8 none Na tive Na +, pH 7.5 6 92 29 98 

5.40 2.8 weak Na t ive Tris 10mM, pH 8.0 10 100 92 29 98 

5.41 2.8 none Na t i ve Na +, pH 8.0 6 92 29 98 

5.41 3.0 none SH1MS+PCMBS HEPES 10mM, glycerol 25 100 27 98 

5.42 3.0 none SP1TC+MMN Tris 10mM, glycerol 25 100 24 98 

5.44 3.0 none 12 Tris 10 mM, glycerol 6 100 27 75 

5.46 3.0 none Na ti ve Tris 10 mM, pH 8.0 6 75 25 98 

5.46 3.0 weak 12 Tris 5 mM, pH 6.8 4 100 29 98 

5.41 2.8 
) none Nat i ve Tris 10 mM, pH 8.0 8 100 92 27 75 

5.46 2.9 



The transition has been followed in solution using 
differential scanning calorimetry, density measurements, 
circular dichroism measurements and fluorescence 
measurements in collaboration with H.-J. Hinz of the 
University of Regensburg, and K.-O. Greulich and H. Ludwig 
of the University of Heidelberg. Changes in these 
measurements with temperature between 8°C and 120 C can be 
correlated with the changes in molecular structure observed 
by x-ray diffraction. The partial specific volume increases 
by about 2% as the temperature is increased across the 
transition region. This fact, combined with the decrease of 
5% in length observed by x-ray diffraction indicates a 7% 
increase in cross-sectional area, or a 2.6% (0.8 increase 
in apparent radius of the virion as the temperature is 
increased across the transition region. 

Comparison of the calorimetrically determined enthalpy of 
the transition with the van't Hoff enthalpy calculated from 
the change of the transition equilibrium constant with 
temperature gives the size of the cooperative unit in the 
transition to be about 26 protein subunits. The calorimetry 
can also be used to calculate the change in free energy 
across the transition. The value is very small compared 
with the free energy of denaturation of proteins, consistent 
with x-ray evidence that the transition involves only slight 
rearrangements of the subunits relative to one another, and 
no substantial change in the shape of the individual 
subunits. 

The pilus to which Pf1 virus adsorbs is called the PAK 
pilus. It is a flexible filamentous appendage of 

aeruginosa strain PAK bacteria, measuring about 
60 in diameter and averaging 2.5 in length. Both PAK 
and PAO (a related pilus to which Pf1 does not adsorb) 
contain a single type of protein subunit weighing about 
18,000 daltons. Their amino-acid compositions, sequences, 
and x-ray fibre diffraction patterns are similar. 

The x-ray fibre diffraction pattern of PAK pili (Research 
Reports, 1978) is reminiscent of the diffraction pattern of 
bacterial flagella; but it is quite different from the 
diffraction pattern of F-pili (Folkhard et al., 1979), which 
are the adsorption sites of fd filamentous virus. The pitch 
of the basic helix of subunits in PAK pili, determined from 
the diffraction pattern, is Analysis of layer line 
positions indicates either 3.06 u/t or 4.06 u/t, with the 
latter value favoured by mass-per-unit length measurements 
in the STEM (in collaboration with K. Leonard). There is 
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considerable -helix in the protein subunit, and the strong 
near-equatorial intensity at 10 and near-meridional 
intensity at 5 indicates that the -helices are oriented 
roughly parallel to the long axis of the virion. In 
preliminary model-building studies we Qave simulated the 
intensity distribution in the strong 10 X equatorial region 
by a model of overlapping interdigitating elongated subunits 
reminiscent of the Pf1 virion. 

The radial electron density distribution calculated from the 
equatorial intensity distribution of PAK diffraction 
pattern shows a central hole about 6 X radius, and a 
minimum of electron density at about 16 radius. Such a 
minimum in the electron density distribution in the middle 
of the protein shell is also found for F-pili and for Pf1 
filamentous virus. We interpret this minimum to indicate a 
girdle of hydrophobic amino acids, which may be a feature 
common to helical arrays of elongated protein subunits held 
together by hydrophobic forces. 

The "gene 5" protein-DNA complex of Pf1 

We have isolated, purified and characterized a filamentous 
complex from Pf1-infected bacteria that appears to be 
similar to the gene 5 protein-DNA complexes in fd-infected 
bacteria. This complex contains viral DNA and a viral-coded 
protein. The protein has a molecular weight of about 17,000 
daltons, compared with 10,000 daltons for the fd gene 5 
protein; and the amino-acid composition of the Pf1 protein 
(determined in collaboration with A. Tsugita) is quite 
different from that of the fd protein. Comparative 
structural studies between the Pf1 protein and the fd 
protein should help to elucidate the common functional 
properties of these proteins. X-ray fibre diffraction 
patterns of the Pf1 complex (Plate 26) are of better quality 
than the diffraction patterns of the fd complex (Research 
Reports, 1978). 

Publications during the year 
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structure of bacterial F-pili. J. Mol. BioI., l3Q, 145-
160. 

Gray, C.W., Brown, R.S. & Marvin, D.A. 
visualization of adsorption protein 
J. Supramol. Structure, Suppl. 3, 91. 
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Structural studies on macromolecular assemblies and on 
proteins interacting with nucleic acids 

Member: F.K. Winkler 

Technical assistants: A. D'Arcy*, H. Siegrist* 

Semliki Forest virus 

Semliki Forest virus can be regarded as a model system for 
biological membranes and many aspects of its structure, 
function and synthesis have been investigated in this 
laboratory over the past few years (see reports by K. 
Simons, A. Helenius and H. Garoff, 1979 and previous years). 
In view of the detailed knowledge gained about the chemical 
structure of its components (recent sequencing data) and 
about the mechanism of its entry into the host cell, a more 
detailed picture of its three-dimensional structure appeared 
highly desirable. The small crystals obtained by R. 
Leberman in 1977 raised the hope that the structure might be 
determined to a resolution sufficiently high to reveal the 
arrangement of subunits or subunit clusters in the inner and 
outer protein shell and especially of the protein segments 
crossing the lipid bilayer. 

Unfortunately, our efforts to produce crystals of the size 
and the quality required to carry out such an analysis have 
not been successful in spite of our trying out a large 
number of crystallization conditions and variables. Larger 
single crystals grew rarely and not reproducibly, they 
proved very to handle and they diffracted x-rays 
at best to 40 resolution (Plate 27d). A brief account of 
the work done and of the difficulties encountered at various 
stages may explain why it was decided to halt work on this 
project towards the end of 1979. 

i) Crystal growth and crystal properties 

Crystals could only be grown by using polyethylene glycol 
(PEG) as a precipitation agent. All other common agents 
like salts or organic solvents yielded only amorphous 
precipitates. Best results were obtained with vapour 
diffusion techniques by mixing about equal amounts of 
virus solution (4-6 mg/ml virus, 100 mM NaCl, 50 mM 
tris/HCl pH 7.4) and reservoir solution (6-8% PEG 6000, 
200 mM MgCl , 50 mM tris/HCl pH 7.4). The exact ratio of 
initial proved to be the most sensitive variable 
in controlling the size of the Crystallization 
attempts at temperatures below 18 C never yielded larger 
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crystals. Crystals usually appeared after a few days and 
seemed to grow to their final size within a day or less. 
Most crystals grew as octahedra truncated parallel to a 
(111) face; the largest crystals grown measured up to 0.2 
mm along the edge and were almost half as thick. Fresh 
crystals were very fragile and extreme care had to be 
taken to prevent cracking when they were mounted in 
capillaries for x-ray diffraction. SFV crystals undergo 
some kind of aging process within a few weeks; in the end 
they become completely insoluble in water and no longer 
show the diffraction rings and spots typical for samples 
of fresh crystals (Plate 27a). Insolubility in water is 
also observed after brief soaking of crystals in a 
solution of ph below 6. A wet "powder" pattern of such 
crystals (or of aged ones) no longer shows the striking 
radial fringe pattern of native virus but only diffuse 
central scattering. The virus is known to have a high 
fusion activity with lipid membranes below pH 6 and 
undergoes a dramatic structural change (contraction up to 
100 in diameter). Since PEG is known to induce fusion 
between cell membranes it appears likely that aging is 
due to fusion between virus particles in the crystal 
lattice. 

ii) X-ray diffraction studies 

Only small crystals, measuring 50-100 in their largest 
dimension, could be grown reproducibly; this made it 
necessary to monitor their stability and quality when 
grown or kept under different conditions by comparing the 
diffraction patterns of wet powder samples. A typical 
example from freshly grown crystals is shown in Plate 
27a. Superimposed on the radially-averageQ continuous 
transform of the virus, visible to about 30 resolution, 
spots from xrystal reflections can be clearly observed to 
about 45 resolution. The fact that the continuous 
transform shows up strongly, quite independent of the 
average size of the crystals used in these samples, 
indicates that lack of crystalline order rather than the 
small size of the crystals limits the resolution of 
coherent scattering. Rotational disorder of the virus 
particles in the crystal lattice seems unlikely in view 
of the analysis of thin section electron micrographs of 
pelleted SFV by Wiley and Bonsdorff (1978). These show 
the presence of three-dimensional crystals up to a few 
microns in size with cubically close-packed virus 
particles located on the origins of a face-centred cubic 
lattice. For non-specific nearest neighbour contacts 
hexagonal close packing seems equally favourable but 
random stacking of hexagonal layers has not been observed 
in such microghaphs. However, the nearest neighbour 
distance of 520 measured in these micro-crystals shows 
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PLATE 27 

Wet "powder" (small crystals) and single crystal x-ray 
exposures of Semliki Forest virus. 

Photographs were taken on an Enraf-Nonius oscillation camera 
using Cu Ka radiation (Elliott GX18, 100 x 1 mm focus, 35 
kV, 40 rnA) focussed by a double mirror system of the Franks 
type. A He-filled tube was interposed between sample and 
film {dtstance 133 mm). The bar on each photograph measures 
0.02 (50 resolution). 

a) Exposure (18 h) of a sample of crystals with largest 
dimensions between 30 and 100 spun to the end of a 
thin walled glass capillary (0.5 mm The 
continuous transform extending to about 30 resolution 
is very similar to that analysed by Harrison et al. 
(1971) for Sindbis virus. 

b-d) Still photographs of some of the largest single 
crystals examined. Parasitic scatter is due to non-
optimal alignment of the collimation system and of the 
direct beam stop. 

The reciprocal lattice of a cubic face-centred lattice 
is body-centred cubic. Since the spot centres are not 
well determined on still photographs the measurement of 
spacings is rather inaccurate unless a number of spots 
appear in a row. Nevertheless, all dominant spacings 
of low order and the angles between them agree well 
with a face-centred cubic lattice and a unit cell edge 
of about The directions of prominent lattice 
vectors /KKL7 are indicated; the three directions in 
d) are n"ot exactly coplanar. 

Exposure times: b) 18.5 h c) 2 h d) 14 h. 

The crystal used exposure c) measured about 
0.18 x 0.15 x 0.08 mm and its volume was several times 
larger than that of the other two. A subsequent 20 h 
exposure of c) did not show crystal reflections to 
higher resolution but made the circular fringes of the 
continuous transform of the virus appear. Radiation 
damage is unlikely to be the cause of this as crystals 
cooled to below OOC or fixed with glutaraldehyde 
behaved similarly. 
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that the virus particles have contracted by about 100 
in diameter. It cannot be excluded that this leads to a 
packing different from that of native virus. The strong 
reflections visible in Plate 27a coincide with maxima of 
the continuoux transform of the native virus (diameter 
650 to 700 proving that no such contraction has 
occurred in crystals grown as described in para. i) 
above. The same crystals when examined by freeze-fracture 
techniques (by J. Lepault) show hexagonal and square 

with identical nearest-neighbour contacts of about 
620 again suggesting a face-centred cubic lattice, but 
of larger periodicity. The dominant lattice spacings 
measured on a number or stationary x-ray exposures of the 
largest single crystals examined (Plate 27b-d) are also 
consistent with a face-centred lattice. The length 
of the unit cell edge (about 890 ix equivalent to a 
nearest neighbour distance of The available 
evidence together suggests that the virus particles pack 
into a face-centred cubic lattice with specific nearest 
neighbour contacts but that the order is only of short 
range such that particles separated by more than a few 

cells do not scatter coherently to better than about 
40 resolution. 

Coated vesicles 

Coated vesicles have been shown to function as intracellular 
carriers in a variety of processes including receptor-
mediated protein uptake, plasma membrane recycling and 
intracellular membrane transfer. These organelles consist 
of a membrane vesicle surrounded by a protein coat which 
shows a pronounced, regular surface structure built 
predominantly from a single kind of protein, named clathrin. 
The coats of these vesicles can be disassembled and 
reassembled into coats ("baskets"). Our goal is to 
reassemble the essential coat components into defined 
regular structures, i.e. baskets of a single type, such that 
they can be studied by diffraction techniques. Before this 
can be attempted the coat structure must be better defined 
biochemically, i.e. the essential components must be 
identified and characterized. Experiments that should 
provide this information have just been started in close 
collaboration with G. Warren. 

Crystal structure analysis of enzymes interacting with 
nucleic acids 

Apart from being indispensable tools in genetic 
recombination experiments, restriction endonucleases 
represent an ideal class of enzymes for studying specific 
protein/nucleic acid interactions. Unfortunately they occur 
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in very small quantities in bacterial cells and it is 
difficult to obtain the amounts of pure enzyme needed to 
start crystallization attempts. So far the characterization 
of two enzymes, MboI and BcII, which recognize the 
nucleotide sequences GATC and TGATCA respectively, has been 
attempted. In the case of MboI initial results indicated 
that the quantitative yield of enzyme was hopelessly low. 
For BclI a purification procedure and very promising yields 
have been reported (Bingham et al., 1978). We were unable 
to reproduce these yields and doubt whether the enzyme has 
been correctly characterized. As somewhat lower yields 
would still be acceptable we continue work on the proper 
characterization of this enzyme with modified purification 
procedures. 

Molecular cloning techniques make it possible to obtain 
amplified expression of certain gene products. This appears 
to be the most elegant way to circumvent laborious large-
scale preparations for enzymes the structures of which would 
be of great interest but which are only present in small 
quantities in a cell. In the case of restriction 
endonucleases these techniques have not yet been successful 
(see report by M. Zabeau). Significant amplification has, 
however, been reported for the enzyme T4 DNA ligase (Murray 
et al., 1979) . This enzyme catalyses the repair of 
phosphodiester breaks in DNA-DNA and DNA-RNA hybrid duplexes 
and is capable of joining duplex molecules with both 
staggered and flush ends. Sufficient amounts of pure enzyme 
for crystallization should soon be available. 
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Structure of bacterial polypeptide elongation factors 

Members: R. Leberman, D. Suck 

* Fellow: W.H. Gast 

Student: R. Guariguata 

* Technical assistant: B. Antonsson, K. Siegemund 

These studies are being carried out in collaboration with 
the following staff of the Max-Planck-Institut fUr 
medizinische Forschung in Heidelberg. 

Scientists: W. Kabsch, A. Wittinghofer 

Student: R. Frank 

Technical assistant: R. Schumann 

During the past year we have continued our studies on 
bacterial polypeptide elongation factors. The x-ray 
diffraction studies have all been carried out on the factors 
from E. coli (MRE 600), whereas many of the solutions 
studies have been made with the more thermostable EF-Tu from 
Bacillus stearothermophilus. 

X-ray diffraction 

As we reported last year only one isomorphous heavy-atom 
derivative of trypsin-treated EF-Tu.GDP suitable for high 
resolution data collection is available. Using data from 
this derivative, a single isomorphous replacement Fourier 
map was calculated and averaged over the 
non-crystallographic two-fold axis. After three cycles of 
molecular replacement, applying a rather tight and accurate 
envelope and setting the density outside the molecule to 
constant value, the electron density map greatly improved. 

The gross features of the map are fully consistent with the 
6 structure and shows that the molecule has an unusual 
open form. The molecule is best described as having three 
domains. The head or tight domain, representing about 50% 
of the density, contains several helical regions and a 
central B-pleated sheet. The part of the molecule previously 
described as the tail shows a clear subdivision into two 
domains each representing about 25% of the electron density. 
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The domain adjacent to the head appears to be 
whereas the other domain contains no obvious 
structure elements. 

B-barrel, 
secondary 

Although the electron density in a-helices and B-barrel of 
the head and its adjacent domain is well defined and allows 
tracing of the polypeptide chain with only a few 
ambiguities, the density of the other part of the molecule 
is less well defined and at this stage we are unable to 
trace the complete chain. It is, therefore, necessary to 
improve the phases by finding a second isomorphous heavy-
atom derivative. Thus the search for further derivatives 
continues. The methods have been extended from the 
traditional soaking procedures to modification of the 
protein before crystallization, either to reduce the number 
of heavy-atom binding sites or to introduce new potential 
sites. 

The complex of the two E.coli elongation factors EF-Tu and 
EF-Ts, which constitutes half the tetrameric RNA polymerase 
Q-replicase, can be crystallized as we described in the 
previous Report. These crystals can now be grown routinely. 
They are not optimal for diffraction study since their 
growth appears to be limited and they are rather sensitive 
to radiation damage. Conditions are being sought for growing 
other crystal forms. 

One of the important properties of EF-Tu is its ability to 
form specific complexes with aminoacyl-tRNAs and GTP. Over 
the past few years we have been studying these complexes 
with the view to crystallizing them for x-ray diffraction 
studies. They contain, however, two labile components, 
namely GTP and aminoacyl-tRNA. The search for conditions to 
stabilize these components, which at the same time might be 
suitable for crystallizing the ternary complex, are 
beginning to yield results. Thus we now have solvent 
conditions under which the half-life of phenylalanine-
tRNA Ylle in the ternary complex can be extended by a factor 
of five. 

Electron microscopy 

EF-Tu from the two thermophilic bacteria 
B.stearothermophilus and PS3, in contrast to many other 
bacterial enzymes, does not crystallize as well or better 
than the E.coli factor. Fine fibrous crystals can be 
produced with ammonium sulphate or sodium citrate solutions 
and these may be better than the similar E.coli fibres 
(Wurtz et al., 1978) for an electron microscope study. The 
preliminary results obtained by M. Groom and J. Dubochet 

-137-



(a) 

(b) 

1.0 -

--

1 -·"'·-m 

PLATE 28 

Electron microscope photograph of crystals of EF-Tu.GDP 
from B.stearothermophilus produced with ammonium sulphate 
solutions. (A) General view of the fibrous crystals seen at 
low magnification. (B) Some of the crystals at higher 
magnification. (C) Optical transform of the boxed section 
shown in (B). 
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(Electron Microscope Applications Group) look very promising 
as can be seen from the example shown in Plate 28. The order 
in the microscopic crystals is well preserved and the 
optical diffraction pattxrn of the electron micrograph shows 
reflections to about 27 

Solution studies 

The structural studies in solution have been predominantly 
performed with elongation factor Tu from 
B.stearothermophilus. This protein provides the means to 
study many reactions with a stable nucleotide-free factor. 

Two of the three thiol groups of EF-Tu from E.coli have 
been implicated in the binding of both aminoacyl-tRNA and 
guanine nucleotides. Similar thiol groups are present in the 
B.stearothermophilus factor. These groups in both the 
nucleotide-free and the GDP-containing factor were modified 
and the GDP-binding ability of the modified proteins 
compared to that of the native protein. It was found that 
the GDP-binding ability of the factor was hardly affected by 
modification of the thiol presumed to be involved in 
nucleotide binding, and it would appear that a thiol group 
is not essential for the binding of GDP (Wittinghofer & 
Leberman, 1979a). 

The requirement of Mg2+ in enzymatic reactions involving 
nucleotides and nucleic acids is ubiquitous, but the 
function of the metal ion in such systems is often not 
defined. Using the nucleotide-free elongation factor Tu f 20m 
B.stearothermophilus we have studied the effect of Mg +, 
either alone or complexed with GDP, on various properties of 
the protein. These studies have shown that the metal ion is 
not only involved in nucleotide binding but also has a 
direct effect on the tertiary stucture (Wittinghofer & 
Leberman, 1979b). 

In these systems Mg2+ can often be replaced by Mn 2+ and this 
permits studies on the metal ion by electron spin 
(ESR). 2A combined ESR and binding constant study for Mg + 
and Mn + has been carried out (Kalbitzer, Antonsson & 
Wittinghofer, submitted for publication). This shows that 
EF-Tu can be described as a metallo-enzyme, the protein 
binding one equivalent of metal ion to a high affinity site 
which be adjacent to the nucleotide binding site. 
Using Mn + as a probe it could be shown that conformational 
changes in the protein on binding the antibiotic kirromycin 
are very different to those produced by catalytic amounts of 
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PLATE 29 

Structure of the analogous Mg2+ complexes of GDP(a-S)(A) and 
GDP. 
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EF-Tsj this is in contrast to evidence which suggests that 
kirromycin and EF-Ts induce the same conformational change 
in EF-Tu. 

The synthesis of thiophosphate analogues of GDP provided the 
means to study the absolute stereochemistry of the Mg.GDP 
complex binding to EF-Tu (Goody & Leberman, 1979). By 
competition studies with the analogues in the GDP-binding 
assay, it was found that only the analogue GDP(a-S)(A) 
competed effectively with GDP and therefore this 
diastereomer corresponds to the configuration of GDP in the 
complex with EF-Tu (Plate 29). 

Neutron diffraction 

The structure of trypsin-modified EF-Tu.GDP at 6 
resolution is a with an overall shape reminiscent 
of the shape of tRNA e (Kabsch et al., 1977). Because of 
this observation models were proposed for the interaction of 
the factor and aminoacyl-tRNA in the ternary complex in 
which neither component undergoes a major conformational 
change. To test these hypotheses a neutron diffraction study 
has been initiated to examine the effect of aminoacyl-tRNA 
on the conformation of EF-Tu in the ternary complex (in 
collaboration with A. Miller and S. Perkins of the Grenoble 
outstation, and G. Bentley of the Institut Laue-Langevin). 

The initial studies on the effect of GDP and GTP on the 
nucleotide-free EF-Tu from B.stearothermophilus have been 
completed. These show that binding the nucleotide leads to 
no major conformational changes. The study continues with 
measurements on the ternary complex EF-Tu.GTP.aminoacyl-tRNA 
using the factors from both E.coli and B.stearothermophilus. 
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structural basis of the control mechanism of allosteric 
enzymes 

Member: M.F. Moody 

Fellow: P. Vachette* 

Technical assistant: A.M. Foote 

We have continued the well-known allosteric 
enzyme aspartate transcarbamylase (ATCase), which is an 

system for studying the behaviour of allosteric 
enzymes in solution. 

The basis of this project.is the large change of solution 
scattering pattern seen when ATCase is ligated with the 
substrate analogues carbamyl phosphate succinate, or 
with the transition state analogue PALA /N-(phosphonacetyl)-
L-aspartate7. This change had first to be established more 
securely and accurately. Now this has been done (see last 
year's Report and the publications listed below), it is 
planned to exploit this change to study the proportions of 
the different quaternary forms present in solution, either 
at equilibrium or while the conformational change is 
occurring (sections (c) and (d)). In addition, we are 
trying to extend the information available concerning the 
nature of the structural transition (sections (a) and (b)). 
Besides the scientific importance of understanding 
allosteric control mechanisms, the new techniques that we 
shall need to develop (e.g. for kinetic solution scattering) 
should prove of general utility. 

a) X-ray scattering data from other forms of ATCase 

Since purification of the ATCase monomer yields small 
quantities of the dimer, preliminary x-ray measurements 
of this have been made. The results show that it should 
be feasible to investigate how monomers are connected in 
the dimer. This would reveal the size of the molecular 
expansion in the direction(s) joining the two molecular 
centres (the dimer is known to change shape after PALA-
ligation, from studies by Dubin and Cannell, 1975). 

Preliminary x-ray studies have also been initiated 
purified catalytic subunit, and indicate that a 
decrease in the radius of gyration probably occurs 
PALA ligation. This is in agreement with the 
increase in sedimentation rate after activation 
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PLATE 30 

EXAFS (extended x-ray absorption fine structure) curves for 
aspartate transcarbamylase unligated (bottom curve), fully 
ligated with PALA (middle curve), and for the model compound 
zinc dimethyldithiocarbamate (top curve). The data were 
obtained by absorption measurements. 
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substrate analogues, found earlier by Kirschner and 
Schachman (1971a, 1971b, 1973). 

b) An EXAFS study of ATCase 

As a result of the development of synchrotron radiation 
sources of intense x-ray beams of adjustable wavelength, 
the fine structure of atomic absorption edges (EXAFS) has 
been used to provide information about the distances of 
atoms adjacent to the absorbing atom. An EXAFS apparatus 
has recently been set up at our Outstation at Hamburg, so 
the EXAFS spectrum of the zinc atom of ATCase was studied 
in collaboration with J. Bordas, M. Koch and J. Phillips. 
The specimen used was a high-speed centrifuge pellet of 
the enzyme, and comparison of the spectrum (Plate 30) 
with that of model compounds (zinc sulphide, zinc 
dimethyl thiocarbamide) confirms the crystallographic 
conclusion (from W.N. Lipscomb's group) that the zinc is 
tetrahedrally coordinated with 4 sulphur atoms. 
However, the tetrahedron must be distorted, since the 
bond distances are not identical. The possible changes 
in the EXAFS spectrum after ligation with PALA (Plate 30) 
are still under study. Some changes would be expected in 
view of the large quaternary structure change, and of the 
need for this change to be transmitted somehow between 
the catalytic subunit and the regulatory subunit in order 
to account for feedback inhibition. Furthermore, the 
ultraviolet circular dichroism spectrum of the cadmium 
form of the enzyme shows a large change following 
activation with substrate analogues (studies by Griffin 
and co-workers, 1973). 

c) X-ray scattering measurements to find the composition of 
static solutions 

Besides their structural value, solution scattering 
measurements of ATCase solutions can be used to 
investigate their composition. For the size and angular 
range of the change in scattering pattern is such that it 
can be used, rather in the manner of an optical 
difference spectrum, but with the advantage that the 
changes are specifically sensitive to alterations of 
quaternary structure. Qualitative studies have already 
shown that this method should be useful for studying the 
number of forms and their concentrations in solutions 
where the enzyme is partially ligated with PALA. Since 
the changes extend to spacings of less than 20 a wide-
angle camera is needed to obtain all the data. A 
toroidal focussing x-ray camera is therefore being 
adapted for producing wide-angle scattering patterns 
(spacings less than about 80 of ATCase solutions. 
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Variation in the radius of gyration as a function of the 
percentage of active sites bound with PALA. The 
experimental data are represented by +. The broken line 
shows the titration curve obtained from sedimentation 
velocity experiments by Howlett & Schachman (1977). 
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The various problems encountered in the development of 
this apparatus appear to be nearly solved, so it is hoped 
that reliable wide-angle patterns of ATCase solutions 
will soon be obtainable with ease. But, to be sure that 
complications such as aggregation are not invalidating 
the data, it will be necessary to complement these with 
low-angle data. No suitable camera yet exists at 
Heidelberg, so some of the necessary data have been 
obtained (in collaboration with A. Tardieu) at the small-
angle camera in the synchrotron radiation laboratory LURE 
(near Paris). Dimer-free ATCase was titrated with 
different concentrations of PALA, giving two sets of 
curves, at two ATCase concentrations, and at PALA 
saturation levels ranging from 0% to 100%. Th1 scattering 
patterns were recorded only out to 0.02 and the 
radii of gyration determined from these curves are shown 
plotted against the PALA saturation level in Plate 31. 
Although the change from the T to the R state can be 
followed, they do not yet provide a reliable titration 
curve. In order to ensure the required accuracy, the 
experimental conditions in LURE have to be improved, so 
that small differences between successive curves can be 
detected. In particular, the solvent scattering has to 
be recorded for each curve to reveal changes in the 
parasitic scattering due to small movements of the beam. 

d) A kinetic x-ray scattering study of ATCase dissociation 

As explained in last year's Report, the change in the x-
ray solution scattering pattern of ATCase is so large 
that it should be possible to investigate the allosteric 
transition by using the high-intensity source of x-rays 
at the Hamburg Outstation. We have therefore continued 
our development of stopped-flow equipment for use at the 
Hamburg Outstation, where an optical bench and associated 
detector system has been constructed for time-resolved 
experiments (though it was designed primarily for studies 
on muscle, and is not yet optimized for solution 
scattering work). 

Our earlier experience (summarized in last year's Report) 
showed that, though kinetic x-ray experiments are 
certainly feasible, it is a very difficult task to obtain 
reliable data from them. A systematic development of 
the technique is therefore being undertaken and, as a 
first stage, we are studying a relatively slow reaction, 
where the problems of mixing, time-slicing and data 
collection are less severe. This reaction is the 
dissociation of ATCase (10 mg/ml) in the presence of Q-
chloro-mercuribenzene sulphonate at 0.8 mg/ml, to give 2 
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PLATE 32 

A group of x-ray scattering curves obtained at LURE for 
ATCase dissociation. 40% of active sites were saturated 
with PALA (concentration: 0.16 mM). Because of the 
different lengths of the original time frames, the data have 
been represented at 5 sec intervals by putting together 2 
identical (scaled) copies of a 10 sec frame, 4 of a 20 sec 
frame, etc. The curves shown are the sums of scattering 
curves from 29 shots, and the scattering curve for the last 
40 sec has been subtracted from all the others. Chann1l 
number 1 corresponds to a spacing of 2 sin e/A= .0036 
and a one channel corresponds to a separation 
of 2.27 x 10 . 
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Native ATCase: HAMBURG 
LtI(cps) 

5 

o 

PLATE 33 

A group of x-ray scattering curves obtained at Hamburg for 
the dissociation of unligated ATCase, using 5 sec frame 
intervals. The curves shown are the sums of scattering 
curves from 30 shots, and the scattering curve averaged over 
the last 10 sec has been subtracted from all the others. 
Channel number 1 corresponds to a spacing of 2 sin 8/\ = 
.0029 and a differ5nce 1of one channel corresponds to a 
separation of 3.5 X 10-
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catalytic trimers and 3 regulatory dimers (a 
much studied by Gerhart & Schachman, 1965, and 
& Schachman, 1977). 

reaction 
Blackburn 

The mixed solutions were passed into a flattened quartz 
capillary for x-ray diffraction. The proper functioning 
of the equipment was checked by monitoring the reaction 
in the capillary with ultraviolet light. Between shots, 
the dissociated solution was washed out with distilled 
water, and the capillary cleaned by suction. Until the 
solutions in the syringes were exhausted, all phases of 
mlxlng and washing were remotely controlled, and their 
proper execution could be followed from the oscilloscope 
trace. Using this device, the first successful stopped-
flow x-ray scattering experiments were conducted both at 
our Hamburg Outstation (in collaboration with M. Koch and 
J. Bordas), and at LURE (in collaboration with A. 
Tardieu). 

The averaged scattering curves (with the last curve 
subtracted to show the change during the reaction) are 
shown in Plate 32 (40% PALA saturation, LURE), Plate 33 
(0% PALA, Hamburg), and Plate 34 (100% PALA saturation, 
Hamburg). The first two experiments used time-frame 
intervals of 5 sec (or more, in Plate 32), and were 
therefore not adapted to detect reactions as fast as that 
shown in Plate 34, where 1 sec intervals were used. 

The time courses of the reactions, estimated by 
integrating the averaged scattering curves over different 
angular ranges, depend on the particular range chosen. 
This suggests the possibte presence of an intermediate. 
The slight dip at 0.01 in the first scattering curve 
of Plates 32 34 (channels 30 35 in Plate 32) 
indicates that the later curves must show detectable 
scattering over the same angular range. Thus x-ray 
scattering can follow not only the disappearance of 
ATCase, but also the appearance of its subunits. 
Information on this last point would be unavailable in a 
light-scattering stopped-flow study. 

The experimental methods are being improved, both to 
obtain better scattering curves (for studying the 
formation and structures of any intermediates), and also 
to see the faster details of this and other reactions. 
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ATCase Saturated with PALA: Hamburg 

l1I(cps) 

5 

4-

3-

PLATE 34 

A group of scattering curves obtained at Hamburg with 1 sec 
frame intervals for the dissociation of ATCase with its 
active sites completely saturated with PALA (concentration: 
0.41 mM). The curves shown are the sums of scattering 
curves from 46 shots, and the scattering curve averaged over 
the last 10 sec has been subtracted from all the others. 
Channel qumber 1 corresponds to a spacing of 2 sin e/A = 
.0029 and a of one channel corresponds to a 
separation of 3.5 X 10 . 
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Publications during the year 

Koch, M.H.J., Stuhrmann, H.B., Tardieu, A. & Vachette, P. 
(1980). Small angle scattering of solutions. In 
Uses of Synchrotron Radiation in Biology: ed. Stuhrmann, 
H.B.; Academic Press, London (in press). 

Moody, M.F., Vachette, P. & Foote, A.M. (1979). Changes in 
the x-ray solution scattering of aspartate transcarbamylase 
following allosteric transition. J. Mol. Bioi., 133, 517-
532. 

Other references 

Blackburn, M.N. & Schachman, H.K. (1977). Biochemistry, JQ, 
5084-5091. 

Dubin, S.B. & Cannell, D.S. (1975). 
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Biochemistry, 192-

Gerhart, J.C. & H.K. (1965). 
1054-1062. 
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Griffin, 
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J.H., Rosenbusch, J.P., Blout, E.R. & Weber, 
J. Bioi. Chern., 248, 5057-5062. 

K.K. 

Howlett, G.J. & Schachman, H.K. (1977). 
5077-5083. 

Biochemistry, JQ, 

Kirschner, M.W. & Schachman, H.K. (1971a). Biochemistry, 
lQ, 1900-1918. 

Kirschner, M.W. & Schachman, H.K. (1971b). Biochemistry, 
lQ, 1919-1926. 

Kirschner, M.W. & Schachman, H.K. (1973). Biochemistry, 12, 
2997-3004. 
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Protein sequencing 

Member: A. Tsugita 

Fellows: I.Kubota, K. Maeda* 

Student: M. Tadros 

Technical assistants: R. van der Broek, J.J. Scheffler 

Our work has continued the development and application of 
3equence methods for the so-called insoluble proteins. A 
new specific method for modifying the N-terminus of a 
protein, based on Edman degradation, has been established 
(Tsugita et al., 1979). The method has been developed for 
several kinds of application. Sequence determination was 
concentrated in three areas: 1) myosin heavy chain (in 
collaboration with the Grenoble Outstation), 2) DNA-binding 
proteins; gp32 of T4 phage (in collaboration with J. Hosoda, 
University of California) and DNA-binding protein of Pf1 
phage (in collaboration with D. Marvin's group) and 3) 
phage capsid proteins. 

We have also been working in a preliminary way on several 
proteins in order to help other internal and external 
research groups; the membrane glycoproteins of Dictyostelium 
cells in respect of their contact properties, in 
collaboration with G. Gerisch (Max-Planck-Institut, Munich; 
MUller et al., 1979), thioredoxin isomers of spinach 
chloroplasts (with P. Schurmann, University of Neuchatel), a 
lipoprotein from the outer membrane of P.mirabilis (with R. 
Plopp, University of Kaiserslautern), aD-fructose 
1,6-diphosphate aldolase of Staphylococci (with K.H. 
Schleifer, Technical University of Munich) the outer surface 
protein of A-phage (with T.J. Hohn, Biozentrum, University 
of Basel; Imber et al., 1980); the regulatory subunit of 
aspartyl transcarbamylase for M.F. Moody; coat proteins of 
filamentous viruses in connexion with the location of 
chemically modified residues, for D. Marvin; and Semliki 
Forest virus proteins for K. Simons. 

Development of fundamental techniques 

A specific method for modifying the a-NH 2 group of the N-
terminus of a protein, as distinct from E-NH groups of Lys 
residues, has been established by a simple of 
the Edman degradation method (Tsugita et al., 1979), and 
details of the reaction conditions have been worked out 
(Kubota & Tsugita, 1980). This method has been developed for 

-154-



several kinds of application. (i) Specific partial 
degradation of the N-terminal labelled protein, followed by 
separation of the N-terminal labelled peptides gives all the 
peptide fragments (Tsugi ta et al., 1980). (ii) Analysis of 
the radioactivity and protein concentration of the N-
terminal radioactively-labelled protein leads to the 
determination of the subunit weight. The method has been 
found useful when proteins contain sugar or lipid 
components, and for small molecules (Kubota & Tsugita, 
1980). (iii) The protein is bound to a solid phase through 
the N-terminus and the solid support is packed into a 
column. Digestion with various carboxypeptidases is carried 
out by elution. The effluent is fractionated and analysed 
and the result is the C-terminal sequence of the protein as 
a function of the linear degradation kinetics (Tsugita & 
v.d. Broek, 1980). (iv) The protein is modified with 
trisulphopyrene-isothiocyanate, one of the Edman reagents. 
This reagent binds covalently to the protein giving a 
fluorescent, water-soluble, strongly negatively charged, and 
denatured, protein derivative. The derivative can be 
subjected to electrophoresis on acrylamide gel in the 
absence of dodecylsulphatej separation takes place roughly 
according to the molecular weight and is visible under UV 
light without staining. This technique can be used for the 
separation of small proteins and peptides (of molecular 
weight 500 to 10,000). In addition, in conjunction with the 
a-NR? modification technique and using a volatile buffer 

for the electrophoresis, molecular weight 
determination of a heterogeneous protein mixture has been 
achieved. Also some specific amino acid residues can be 
approximately located in proteins by the partial specific 
degradation of the a-NR 2 labelled proteins. 

DNA-binding protein gP32 of T4 phage is a single-stranded 
DNA-binding protein. The sequence of 3he first 80 residues 
has been determined. Two §egions, Lys -Arg-Lys 5 & 
Rosoda, 1978) and Lys2 -Gly-Glu-Trp-Lys-Leu-Lysj were 
indicated as DNA-binding sites. The C-terminal sequence (54 
residues) contained clusters of Ser and Asp (Plate 35). This 
region had been shown to be the inhibitory or controlling 
region of DNA-binding (Rosoda & Moise, 1978). 

T4 capsid proteins 

The precursor protein (79 residues) of the internal peptide 
(25 residues) has been completely sequenced (Plate 36) 
(Tsugita et al., 1980) using the above N-terminal labelling 
method. Taken in conjunction with the sequences of the 
cleavage sites of the other proteins involved in the 
capsid morphogenesis system, our results lead us to propose 
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PLATE 35 

Carboxy-terminal sequence of gP32 of T4 phage 

50 45 40 35 30 
-AIel t\la Lys Lys Ala Asp Lys Val Ala Asp Asp Leu Asp Als Phe Asn Val Asp Asp Phe Asn Thr Asp Lys Thr Glu Asp 

25 20 15 10 5 1 
Asp rhe Met Ser Gly 3!!" __ S!!_f'!! __ S3! Ala Asp Asp Asp Thr Asp Asp Leu Asp Leu Leu Asp Ser Asp Leu-OH 

PLATE 36 

Sequence of the precursor protein of internal peptide II (plpepII) 

5 10 15 20 25 
Met G 1 u G 1 Y Le u Il e Gl u Ala Lys Glx Glx Gly Leu Met Ile Gl u Ala Ile Lys Ser Asn Asp Leu Val Ala Ala 

30 35 40 45 50 
Arg Lys Leu Phe Ala Glu Ala Met Ala Arg Thr Ile Asp Leu lIe Lys Glu Glu Lys Il e Ala Ile Ala Arg Asn 

55 60 65 70 75 
rhe Leu lIe Glu Gly Glu Glu Pro Glu Asp Glu Asp Glu Asp Asp Asp Asp Ser Lys Glu Asp Asp Asp Lys Ser 

79 
Glu Asp Asp Glu-



that the cleavage takes place between a-helical and random 
structures at a Glu-Ala link. In addition, the sequencing 
of the partially digested fragment (of 130 residues) of the 
major capsid protein has been extended to about 50%. The 
fragment has an extremely hydrophobic core (of 20 residues) 
which is perhaps responsible for the special character of 
this fragment, which forms two-dimensional crystals (Aebi 
et al., 1979). 

Publications during the year 

Aebi, V., van den Broek, R., Smith, P.R., ten Heggeler, B. 
Dubochet, J., Mesyanzhinov, V.V., Tsugita, A. & Kistler, J. 
(1979). Crystalline aggregation of a proteolytic fragment 
of the major head protein of bacteriophage T4. 
J. Mol. BioI., jJQ, 255-272. 

Imber, R., Tsugita, A., Wurtz, M. & Hohn, T.J. (1980). The 
outer surface protein of bacteriophage lambda. 
J. Mol. BioI., 277-295. 

Kubota, I. & Tsugita, A. (1980). A new semi-empirical method 
for the determination of the subunit molecular weight of a 
protein. Eur. J. Biochem., 106, 263-268. 

MUller, K., Gerisch, G., Fromme, I., Mayer, 
(1979). A membrane glycoprotein 
Dictyostelium cells with the properties of 
Eur. J. Biochem., 419-426. 

H. & Tsugita, A. 
of aggregating 
contact sites. 

Narita, K., Imada, M. & Tsugita, A. (1979). Method of 
acid analysis. In Protein chemistry 2: eds. Ando, 
al.; Kyoritsu Shuppan Co., Japan. p.206-283. 

amino 
E. et 

Tsugita, A. & Van den Broek, R. (1980). Solid phase C-
terminal sequencing by carboxypeptidase. In Solid phase 
methods in protein sequence analysis: ed. Birr, C.; 
Elsevier/North-Holland, Amsterdam, p. 67-77. 

Tsugita, A., van den Broek, R. & Gregor, I (1980). 
chemical approaches for the investigation of 
morphogenesis. Biosystems, 12, 225-238. 

other references 

Protein 
T4-head 

Hosoda, J. & Moise, H. (1978). J. BioI. Chern., 22}, 7547-
7555. 
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Tsugita, A., Gregor, I., Kubota, I. & v.d. Broek, R. (1979). 
In Cytochrome Oxidase, eds. King, T.E., et al.; 
Elsevier/North-Holland, Amsterdam, p. 67-77. 

Tsugita, A. & Hosoda, J. (1978). J. Mol. Biol., 122, 255-
258. 
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Electron microscope development 

Members: A.V. Jones, J.-C. Homo, B.M. Unitt 

Technical assistants: P. Labouesse*, N. Webster 

Introduction 

1979 marked the beginning of a major commitment to cryo-
electron microscopy in both the Instrumentation and 
Structures Divisions. The trend had already begun in 1978 
with the development of imaging techniques for the Scanning 
Transmission Electron Micros,cope (STEI'O, enabling high 
contrast images to be obtained from unstained biological 
sections (Jones & Leonard, 1978; Freeman et al., 1978). 

The logical next step was to replace the conventional 
embedding procedure by freezing prior to sectioning, in 
order to provide an environment for the specimen as close as 
possible to its natural state. To this end, a specimen stage 
operating at liquid nitrogen temperature was developed for 
the STEM, while as a parallel activity the ElM Applications 
Group began to develop techniques for preparing and 
sectioning frozen specimens. 

Towards the end of 1978 results obtained in an experimental 
microscope at the Siemens Research Laboratory in Munich had 
indicated that specimen damage (the ultimate limiting factor 
in biological electron microscopy) was strongly inhibited if 
the specimen was maintained at liquid helium temperature 
(4 0 K) during microscopy. Experiments carried out by J. 
Dubochet in this microscope confirmed the results already 
obtained. On the basis of these results, it was proposed to 
the Scientific Advisory Committee and the Instrumentation 
Policy Planning Committee in January 1979 that a microscoge 
specifically designed for specimen temperatures near to 4 K 
be constructed. The proposed instrument was to be a STEM in 
order to take advantage of its high efficiency of dose 
utilization and proven ability to image unstained specimens 
successfully. Acceptance of the proposal was recommended by 
both Committees with the addition that since the 
construction of the STEM would be a relatively long-term 
project, the ElM Development Group should also undertake the 
construction of a Transmission Electron Microscope (TEM) 
having similar cryogenic properties which would make 
available cryomicroscopy facilities in a more restricted 
form at the earliest possible date. 
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The cryomicroscopy project 

The fundamental problem in both microscopes is to maintain a 
specimen temperature approaching 40 K while providing 
adequate mechanical stability for high resolution microscopy 
with relatively long exposure times (to avoid the 
possibility of specimen heating by the incident electron 
beam). The limiting factor is always thermal drift which is 
best avoided by maintaining the entire specimen region 
(including the objective lens itself) at the same 
temperature. This leads automatically to the use of a 
superconducting lens. 

Cryogenic objective lens 

The initial proposal had been to make use of the expertise 
at the Siemens Research Laboratories by having them 
construct both of the superconducting objective lenses. 
There were however some disadvantages in such a proposal. 
The Siemens group is heavily committed to a particular type 
of superconducting lens, the so-called "shielding lens" 
which uses a superconducting diamagnetic shroud, instead of 
the conventional ferromagnetic core, to form the lens field. 
Such a lens has excellent optical properties, particularly 
at high beam energies, but is operationally much less 
flexible an important consideration when designing a 
microscope for general use. There were also some problems 
about delivery time and price. It was therefore decided 
that rather than commit ourselves to a single technology we 
would have the lens for the Cryo-TEM constructed by Siemens 
but would ourselves develop a ferromagnetic superconducting 
lens for the Cryo-STEM. To supplement the expertise 
available at EMBL, it was further proposed that the latter 
should be developed in collaboration with the group of Prof. 
Laberrigue (Laboratoire de la Microscopie Electronique, 
Universite de Reims). 

Cryo-TEM 

Having chosen the lens for the Cryo-TEM, the next problem 
was to find a suitable microscope in which to install it. 
The basic criteria were, of course, optical and mechanical 
compatibility with the Siemens cryo-lens with the additional 
proviso that it should be an instrument in current 
production to ensure the availability of spare parts in the 
foreseeable future. Mechanical compatibility is relatively 
easy to assess. Optical compatibility is much more 
difficult to quantify. High magnification performance is 
determined primarily by the objective lens parameters and 
should in principle present few problems. Intermediate and 
low magnification operation is more complex since the 

-161-



parameters of all lenses can contribute in varying degrees 
depending on the operating mode. This is also true of 
diffraction operation. The net result is that the overall 
performance is virtually impossible to predict a priori and 
is normally optimized empirically. The requirement for 
optical compatibility thus reduces to having an adequate 
number of imaging lenses assembled in a manner which 
combines mechanical stability with ease of modification of 
individual lens elements. On the basis of these criteria, a 
Zeiss EM10 was chosen for the Cryo-TEM. Additional 
advantages were the location of the Zeiss factory (in 
Oberkochen), the cooperative attitude of the Zeiss staff, 
and the fact that we were able to purchase a demonstration 
microscope at a substantial reduction in price. The Cryo-
TEM is scheduled to be put into operation approximately 6 
months after the delivery of the Siemens objective lens (it 
is hoped in the early part of 1981). 

Cryo-STEM 

As a project the Cryo-STEM development differs fundamentally 
from that of the Cryo-TEM. First, the cryo-STEM is a much 
more complex instrument, involving, for example, an 
estimated 6 man-years of development for the electronics 
alone. Secondly, whereas the construction of the Cryo-TEM 
consists mainly of the integration and modification of 
purchased components, the major part of the Cryo-STEM will 
be designed and constructed at EMBL. The design of the 
Cryo-STEM is, of course, strongly influenced by our 
experience with the conventional HB5 STEM. On the basis of 
this experience we have developed fairly clear (although 
unavoidably subjective) ideas on which features of the HB5 
should be retained, which should be modified, and what form 
these modifications should take. 

It is not possible in a report of this nature to describe in 
detail the design of the Cryo-STEM. The following discussion 
concerns only those aspects which are critical to the design 
or which represent an innovation or significant departure 
from current practice. The field emission gun is identical 
to that used in the HB5 and has, in fact, been purchased in 
slightly modified form from V.G. Microscopes Ltd. The 
design and construction of such guns is extremely 
specialized and would have added a minimum of 1 year to the 
project had we decided to build it ourselves. The 
intermediate (condenser) lens system replaces the 
conventional single lens by a double lens system to allow 
the beam current to be varied without defocus. This is 
particularly important for "low-dose" operation in which all 
adjustments (focus, stigmation etc.) are carried out at high 
beam current on an area of specimen adjacent to the area of 
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interest, immediately before the micrograph is taken at a 
much lower beam current (to reduce specimen damage). This 
configuration also allows the beam to be focussed using the 
second intermediate lens, which in turn allows the 
superconducting objective lens to be operated in persistent-
current mode for increased stability. The intermediate lens 
assembly also incorporates an additional limiting aperture 
which duplicates the functions of the conventional objective 
aperture. This further simplifies the design of the critical 
specimen region. 

The gun, intermediate lenses and scanning system will be 
constructed as a basic unit. This section of the optical 
column can be designed using well-established principles and 
should require little empirical' modification. The 
superconducting objective lens and the detector optics are 
innovative and can draw very little from previous work. It 
is thus likely that substantial empirical design will be 
needed to obtain an optimized solution. Two types of 
objective lens will be evaluated. The first is a 
conventional ferromagnetic core lens, suitably modified for 
superconducting operation. The second is the so-called 
"snorkel" or mono-pole lens designed by Prof. T. Mulvey of 
Aston University. The latter has very interesting optical 
properties particularly for probe-forming instruments such 
as the STEM, coupled with a mechanical design that provides 
greatly increased access to the specimen region. This type 
of lens has been little used in conventional instruments 
because of its high power consumption and the difficulty of 
obtaining adequate heat dissipation. When modified for 
superconducting operation, of course, these problems no 
longer exist. 

Very little has yet been done on the design of the detector 
optics, although the principles are fairly well established: 
(1) A more flexible dark-field detector than the present HB5 

system will be required. It is not yet clear whether 
simple control of the detector acceptance angle will 
suffice, if not, a segmented detector as proposed by 
Rose (1977) may be needed. 

(2) The electron spectrometer should be fitted with parallel 
read-out to reduce beam damage. 

(3) A form of parallel read-out for electron diffraction 
must be developed. 

For a number of reasons it was decided to concentrate 
initially on the detailed design of the electronics. Since 
innovation in electronics is mainly a matter of detail, it 
was possible to solidify the overall concept of the 
electronics system much more easily than that of the 
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electron optics. Furthermore, the sheer quantity of the 
electronics, coupled with long delivery times for critical 
components and the requirement that particular electronic 
units be available to test the electron optics, made an 
early start essential. This approach also provided 
additional time for the critical initial design phase of the 
electron optics. As already explained, the innovations in 
the electronics are at a more detailed level than can be 
covered in this report. Two items, however, deserve special 
mention. The first is the use of microprocessors in place 
of "hard-wired" control logic for many of the microscope 

functions; this has the particular advantage for 
an experimental microscope that operating functions can be 
modified at a later stage of development simply by re-
programming the microprocessors. The second is the 
development of a dual 1 Mbyte frame buffer to act as a 
"refresh memory" for the video displays. In addition to 
this primary function of providing flicker-free images using 
conventional T/V monitors, the buffer can be used to make 
data acquisition totally independent of the operation of the 
on-line computer; it can also be the basis of "grey-scale" 
terminals for interactive image processing and as such has 
already attracted a great deal of interest both inside and 
outside the EMBL. The design of the various electronic 
units is based wherever possible on the use of "standard" 
printed circuit boards, both to economize in design effort 
and to simplify servicing of the completed microscope. A 
large number of these boards has now been designed and is 
currently in serial production. 

Related projects 

To provide better facilities for the development of 
cryogenic preparative techniques by the ElM Applications 
Group, the cryo-stage already constructed for the HB5 STEM 
has been further developed to lower the minimum operating 
temperature to 400 K a resolution of 3.4 at 45 0 K. In 
addition a new type of specimen airlock has been fitted, to 
enable pre-frozen specimens to be transferred to the STEM at 
liquid nitrogen temperature. 

Publications during the year 

Boulin, C., Herzog, R.F. & Unitt, B.M. (1980). High speed 
data acquisition system from a scanning electron microscope. 
Proc. 1st European Symposium on Real-time Data Handling and 
Process Control, (in press). 
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Freeman, R., Griffiths, G.W., Jones, A.V. & Leonard, K.R. 
(1978). Proc. 9th Inst. Congr. on Electron Microscopy. 
Toronto Vol. 2, p. 110-111. 

Jones, A.V. & Leonard, K.R. (1978). Nature, Z1l, 659-660. 

Rose, H. (1977). 251-267. 
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Computer group 

Members: R. Herzog, M. Albrecht*, H. Bosshard*, C. Boulin, 
F. Herzog (half time), D.B. Iversen*, R. Kempf* R.C. 
Ladner*, T. Pitt*, H.R. Struve 

Students: R. Balzinger*, P. Martin*, J. Viry* 

The main events in 1979 were the temporary halting of the 
molecular modelling project after R.C. Ladner's departure, 
and planning for a more powerful computer centre with the 
help of outside experts. The shift from development to 
maintenance became even more pronounced than in 1978, most 
of the activities being service operations, except for those 
of the CAMAC and hardware development group (q.v.). 

Description of the EMBL NORD 10 Network 

The computers used at EMBL are NORD 10 minicomputers, 
organized as a network for data collection and processing. 
This network has been in operation since mid-1978, and since 
the purchase of a more powerful central facility has been 
delayed, it was, and still is, used for general computing. 

There have been very few changes from the 1978 
configurations, except for the increase in the number of 
terminals on all systems. Plate 37 shows the configuration 
as of January 1980. The overload of the time-sharing system 
(TSS), which was predicted, occurred during mid-1979. The 
computing times spent on the TSS are shown on Plate 38. An 
obvious fact is depicted: the computer has been put to a lot 
more use in the last quarter of 1979 than in the past, but 
the margin for increase is now smaller. On these charts, 
the times for real-time programs are not counted; this use 
amounts to roughly 50% of the accounted time. We could 
provide about 100% more computing time, but the response 
would be appallingly slow. The large users have been 
successfully moved to batch streams, but the batch queues 
never have more than one or two jobs, therefore some 
increase is possible there. The most common request from 
users is not for faster response, but for more terminals. 
Our system would be hard put to it to support many more than 
the present 27 installed terminals. Usage overnight and 
during the week-end has been increasing satisfactorily. 

For a more detailed description of the systems, refer to the 
1978 Research Reports. 

-166-



System development and support 

Members: D. Iversen, F. Herzog, R. Herzog, H. Struve 

As more users came to use the mini-computer network, more 
and more work was required to adapt the present systems in 
an attempt to cope with loads they were not intended to 
carry. The following steps were taken: 
1) improvement of the back-up and data exchange utilities. 
2) improvement of the system for the preparation of 

documents (in collaboration with the Biomedical Centre, 
University of Uppsala). 

3) fine tuning of the operating system of the TSS NORD to 
allow better interactive work, in parallel with large 
batch jobs. A special scheduler program was incorporated 
in the operating system. 

STEM interfacing and software support 

Members: C. Boulin, F. Herzog, R. Herzog, T. Pitt, G. 
Ritter, B. Unitt 

The Mark I interface described in last year's Report has 
been improved by the addition of a track ball. Interactive 
operations on images are now possible on the grey-scale T/V 
display, including selection of image areas and measurement 
of coordinates. 

Hardware for a faster data-acquisition system was designed 
and tested, while its delivery to users with associated 
software is scheduled for mid-19BO; see the following 
report. Installation of an array processor was carried out 
early in 1979, and its somewhat difficult usage will be 
simplified by embedding it in the image-processing package 
SEMPER, developed at Cambridge University. This package was 
installed in September 1979, in its standard version, and 
provides most functions required for processing two-
dimensional micrographs, albeit slowly. 

CAMAC and hardware development 

Members: C. Boulin, M. Albrecht, R. Kempf 

Time digitizer project 

A data acquisition system for a linear position-sensitive x-
ray detector, of the Gabriel type, has been successfully 
coupled to provide direct digitalization. 
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PLATE 37 

Processors 

TSS 
STEM 
Graphics 
Hardw 
kb 
AP 

Time-sharing, general computing. 
Electron microscope acquisition. 
Real-time graphics, molecular modelling. 
Hardware development machine. 
Memory size, kilobytes. 
Floating point system array processor 120B. 

Mass storage devices 

Mb 
FD 
MT 

CDC cartridge disc with size, megabytes. 
Floppy disk drive, 308 kb/side. 
Magnetic tape station, 800/1600 bpi, 75 ips. 

General peripherals 

term 
LP 
MP 
TP 
TR 
CR 

Terminals (300-9600 baud). 
Teleprint line printer, 300 lines/min. 
Texas 810 matrix-printer, 150 chars/sec. 
Facit papertape punch, 75 chars/sec. 
Iomec papertape reader, 400 chars/sec. 
Documentation card reader, 285 cards/min. 

Graphical devices 

Versatec 
Tablet 
Optronics 
PS2 

Electrostatic printer/plotter. 2 
Digiplan locater device 27 x 27 cm . 
Film scanner and film reader. 
Evans & Sutherland Picture System 2. 

Data acquisition 

CAMAC 
STEM 
SC 
TV 
TB 

Data lines 

HDLC 
Asyn 
Wang 

CAMAC crate (parallel or serial). 
Electron microscope interface. 
Scan converter (625 TV lines). 
Greyscale display (TV monitor) . 
Tracker ball. 

High speed DMA data link, 154 kbaud. 
Asynchronous data link, 4800-9600 baud. 
Line to Wang 720 desk computer. 
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The modules used have been obtained from the B.P. Division 
of CERN (Engster et al., 1975). The time intervals which can 
be measured span the 0-768 nanosecond range, with a 2 
nanosecond resolution. Our contribution has been the design 
and implementation of an efficient interface between the 
signals coming from the linear detector and the storage 
system (a time frame generator and histogram store from 
SENSION) in use at the Hamburg Outstation. This interface 
consists of an auxiliary CAMAC crate controller coupled to 
the L2 crate controller, connected to the host PDP 11 
computer (Plate 39). Another module processes the signals 
from the detector, and provides read requests as well as 
synchronization of the measurements (Plate 40). Acquiring 
an event takes between 1.2 sand 1.8 s. This derives from 
the standard CAMAC cycle, but we have provided non-standard 
acquisition at the maximum rate of the histogram store (1.2 
MHz), with a dedicated CAMAC crate for the acquisition 
system. A prototype of this system was first used during 
July 1979 for an experiment on fast kinetics in muscle, 
under the direction of H.E. Huxley (Huxley et al., 1980). 
These results are described elsewhere in this Report. After 
minor improvements, the system is now operational in 
experimental area X13 at the Outstation. It should be noted 
that such a system is two orders of magnitude faster than 
the standard acquisition techniques (using analogue 
conversions) . 

STEM Mark II interface 

A large part of the activity in 1979 went into the final 
design and the implementation of prototype CAMAC modules for 
the fast STEM Mark II interface. In association with the 
scan generator (Boul in et al., 1980) it is possible to 
perform simultaneous acquisition on two channels. This 
system consists of six different modules for the various 
functions required (Plate 41). 

A new module to perform continuous direct memory access from 
CAMAC has been made, thus requiring only initialization once 
per image. All the information normally loaded in counters 
(memory address, word count) have been stored internally, 
and can be used in the "continuous mode". Signal (LAMs) 
indicate when the transfer reaches the first half of the 
memory buffer, and when the transfer passes the end of the 
buffer; transfer then restarts automatically from the 
beginning of the buffer. 

An input 
memories, 

buffer 
allows 

module, organized around two 
parallel acquisition of the line 
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scanned while the previous one is transmitted via Direct 
Memory Access to the host computer. 

To visualize the images, an output buffer module also 
provides zooming and parallel transfer capabilities. In 
order to correct for the non-linearities in the system 
without loss of time, a module provides "gamma correction" 
on the fly, while the data are read out of the host 
computer. Up to 4 selectable tables can be loaded 
simultaneously. 

The power of the system resides in the fact that, once 
initialized, the modules hardly require any attention from 
the host computer, which is then freed to operate the disc 
at the highest possible speed. The modules are based on 
internal microsequencers using fast read-only-memories. A 
supervisor module (Autonomous Function Controller) carries 
most of the dialogues with the data acquisition modules, and 
is the only one conversing with the host computer (Plate 
41) . 

It is planned to compute the .histogram of images while they 
are being acquired. This will provide immediate visual 
feedback on the quality of an image, and of the correction 
tables to apply. A histogram module was constructed, and is 
also planned for use with x-ray detector systems requiring 
medium memory sizes. 

Fly flight dynamics 

G. Geiger's experiment (see p. 10) was moved to the hardware 
development system, in order to relieve interference both to 
TSS users and to G. Geiger himself (the system had been 
blocked for 1.5 minutes every 10 minutes while 
experimenting) . 

Besides certain improvements, such as the addition 
third channel, this equipment has not evolved from 
year's system (Plate 42). 

Students 

of a 
last 

Two students (from the Institut de Technologie de Mulhouse, 
Haute-Alsace) made a Date-and-Time clock card for the NORD 
10. This 6-week project gave us a convenient way to restart 
our NORD properly after power failures. The same modules are 
being provided to CERN for the PS control system. 
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Molecular computer graphics 

Members: R.C. Ladner*, H. Bosshard* 

The molecular modelling project begun by R.C. Ladner during 
late 1977 was halted on his departure from the EMBL in 
April. During the last three months of his work, the Evans 
& Sutherland system started operation using the operating 
system of the NORD. This development was carried out in 
collaboration with the Central Institute for Industrial 
Research, Oslo. 

After the appointment of H. Bosshard as a replacement for 
R.C. Ladner, it was decided (in August) to use a "package" 
of programs called FRODO, devised by A. Jones at the MPI fUr 
Biochemie, Martinsried, instead of the original software. 
This "package" was received by the Laboratory in December 
and has since been put into effect with the help of two 
powerful facilities that were implemented late in the year -
FIND-TEXT (a pattern-matching algorith) and CHANGE-TEXT (a 
text pattern-changing algorithm), both written in RATFOR. 

Publications during the year 

Bordas, J., Koch, M.H.J., Clout, P.N., Dorrington, E., 
Boulin, C. & Gabriel, A. (1980). A synchrotron radiation 
camera and data acquisition system for time resolved x-ray 
scattering studies. J. Phys., (in press). 

Boulin, C., Herzog, R.F. & Unitt, B.M. (1980). High speed 
data acquisition system from a scanning electron 
microscope. Proc. 1st European Symposium on Real-time Data 
Handling and Process Control, (in press). 

Other references 

Engster, C., Van Koenigsveld, L. & Verwey, H. (1975). 
Report NP/1975-0620. 

CERN 

Huxley, H.E., Faruqi, A.R., Bordas, J., Koch, M.H.J. & 
Milch, J. (1980). Nature (London), 284, 140-143. 

-177-



Data analysis group 

Members: S.W. Provencher, J.M.F. Chamayou*, V.G. Dovi, P.T. 
Speck, R.H. Vogel 

Students: J. Glockner, S. Stier* 

Ill-posed inverse problems 

S.W. Provencher and J. Glockner 

The algorithm and Fortran package for the automatic 
regularized solution of linear ill-posed or unstable data 
inversion problems (see last year's Report) was fully tested 
and will be availabe for distribution as soon as the user's 
manual is completed. It was applied in the following areas: 

1) Equatorial fibre diffraction 

Some advantages over the direct application of the 
Fourier-Bessel inversion formula are: (a) no 
extrapolation or cut-off errors occur since only the 
measured data are needed, (b) statistical weighting of 
the data is possible, (c) the particle's radial electron 
density can be constrained to be non-negative and to be 
within specified regions, (d) approximate confidence 
regions or error bars can be automatically constructed 
around the most likely electron density, and (e) the 
maximum number of peaks in the radial electron density 
can be specified. With this last option it was possible 
to show that no singe-peaked solution was consistent with 
the F-pili data of W. Folkhard or the T2L tail tube data 
of M. Moody and L. Makowski (Brandeis University, 
Waltham) and that the central dips in electron density 
were therefore not artifacts of the inversion. The 
method was also used to decide objectively between 
alternative sign assignments to the T2L amplitude data 
and to help verify the location of the mercury in a 
derivative of Pf1 (with C. Nave). 

2) Low-angle x-ray scattering 

The same advantages as above over the direct application 
of an inverse Fourier transform apply here. This was 
verified by computing distance distributions of PALA-
ligated and native ATCase from data of M. Moody. In 
addition, slit smearing and other linear effects can be 
corrected together with the Fourier transform in one 
step. 
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3) Estimation of globular protein secondary structure from 
circular dichroism 

This is a very convenient and popular method for 
conformational studies of proteins and their interactions 
in solution. However, it is also quite unreliable because 
the typical procedure (Saxena & Wetlaufer, 1971; Chang, 
Wu & Yang, 1978) is to try to analyse the circular 
dichroic (CD) spectrum as a linear combination of four 
reference spectra that are supposed to be characteristic 
of the classes "helix", "B-sheet", "E-turn", and 
"unordered", despite the fact that no one spectrum can 
represent the widely varying conformations and spectra of 
all members of one of these broad and somewhat vaguely 
defined classes. 

We analyse a CD spectrum (from 190 nm to 240 nm) directly 
as a linear combination of 16 spectra (from Prof. J.T. 
Yang, University of California, San Francisco) of 
proteins whose x-ray crystallographic structures are also 
known. This permits a much more accurate representation 
of the CD spectrum being analysed and avoids the dilemma 
of defining a single reference spectrum characteristic of 
a wide class. The usual instability in using so many 
parameters is automatically prevented with the 
regularization algorithm and the additional constraints 
that the fraction of each class be non-negative and that 
the fractions sum to one. 

The method was rigorously tested by removing one spectrum 
at a time from this set of 16 and analysing it in terms 
of the other 15. The correlation coefficients between 
the computed fractions and fractions from x-ray data were 
0.96, 0.94, 0.31, 0.49 for helix, B-sheet, B-turn, and 
unordered, respectively. (The corresponding values with 
the method of Chang et al. are 0.85, 0.14, -0.52, 0.19). 
Thus the helix accuracy is excellent and the accuracy of 
the other three broader classes surprisingly good. 
Further improvement can be expected as the number and 
accuracy of the protein reference spectra increase and as 
the classification procedure becomes more consistent. 

4) Future applications 

Further applications foreseen are the Fourier inversion 
of slit-smeared polychromatic neutron scattering data 
(with S. Cusack), Laplace inversion of dynamic laser 
light scattering data (with M. Zulauf), and preliminary 
Fourier inversion of EXAFS data (with J. Bordas and M. 
Koch) . 
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PLATE 43 

(a) Autoradiograph of a DNA sequencing gel (Sanger & 
Coulson, 1978; photograph kindly provided by A.R. 
Coulson, MRC Laboratory, Cambridge). 

(b) Superposition of the four optical densities integrated 
across the four tracks for a short section of the 
autoradiograph in (a). 

(c) Same as (b), except after the distortion-removing step 
(4), as described in the text. This part of the sequence 
is easily read by eye, but further up the gel step (6) 
is much more reliable, especially when several bands 
strongly overlap. 

(d) Cross-correlation coefficient squared, obtained by 
applying step (6a) to the left third and the centre 
third of Plate 45. The probability that a match 
yielding26 the main peak would occur by chance is less 
than 10- ,whereas the probability that the next-Ieast-
random peak (see arrow) would occur by chance is greater 
than 0.01. Step (6a) does not require that the optical 
densities in the two gels be proportional. The synthetic 
sequence of 13 C's broadens the main peak, but the peak 
position still gives an accurate alignment of the 
overlap. 
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Automatic analysis of DNA sequencing gels 

V.G. Dovi, R.H. Vogel, and S.W. Provencher 

In principle, the above approach could be applied to image 
restoration problems when the distortion can be described by 
a linear operation (e.g. a convolution). Unfortunately, 
distortions are often nonlinear or unknown (as in sample 
preparation in electron microscopy), and it is in general 
impossible to correct for an unknown distortion when there 
is no reference grid superposed on the object. However, many 
biological objects have some type of regularity themselves, 
and we have begun to investigate ways of utilizing this for 
distortion removal. 

In collaboration with H. Lehrach, we have studied the 
feasibility of a completely automatic system for analysing 
DNA sequencing gels (Plate 43a). The steps are: (1) 
opticallY6 scan and digitize the autoradiograph to obtain 
about 10 pixels, (2) correct the tracks 4so that they are 
parallel, (3) reduce the data to about 10 points by fitting 
smooth curves and surfaces, (4) eliminate any curvature 
("smiling") of the bands by maximizing the autocorrelations 
across a track and minimizing the cross-correlations between 
all pairs of tracks that cannot both have bands at the same 
position, (5) integrate across each track to obtain one-
dimensional density profiles (Plate 43c), (6) read the 
sequence by maximizing a likelihood function that includes 
information on the regularity of the spacings between the 
bands and the widths of the bands as well as any other 
a priori information. (6a) Instead of step (6), the density 
profiles can be transformed so that the bands lie 
approximately on an equally spaced grid, and transformed 
from optical density to probability that there is a band 
present. Fast Fourier transforms can then be used to test 
rapidly for and accurately align gels with overlapping 
sequences (Plate 43d). Then, after all gels have been 
aligned, the sequence could be read using all the 
information from all the gels. (We also plan to investigate, 
with H. Delius, a similar procedure to align histograms in 
partial denaturation mapping of DNA.) 

With either step (6) or (6a), the output includes 
probability levels associated with each base assignment in 
the sequence, as well as the most likely alternatives, 
insertions, and deletions. Because the method is not 
interactive, it could handle digital data as part of a fully 
automatic sequencing instrument, and it could be distributed 
in portable Fortran. However, considerable work remains 
before the individual steps are optimized and combined into 
a unified system on the planned EMBL midi-computer system. 
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Recognition of DNA molecules on electron micrographs: 
automatic length measurement 

P.T. Speck 

Manual length measurement of complex DNA strands on electron 
micrographs is very tedious even when it is aided by a 
computer. It becomes nearly impossible for very complicated 
arrangements of extremely long molecules. A new fully 
automatic (i.e. non-interactive) method for recognizing and 
analysing these structures has been developed. Using a 
sequence of steps (see Plate 44) involving standard image 
processing techniques and new algorithms for the recognition 
of line patterns, it yields reliable and reproducible 
lengths. Measurements of artificial calibration strands at 
12.5 film resolution had less than 2% standard deviation. 
The method has been applied to the measurement of very high 
molecular weight DNA (see report of the H. Delius group). 

Global analysis of fibre diffraction patterns 

S.W. Provencher and J. Glockner 

One of the first steps in the analysis of fibre diffraction 
patterns from particles with helical symmetry is the 
correction for disorientation and finite coherent particle 
length (as well as for background). Analytic approximations 
(Fraser et al., 1976; Holmes & Barrington-Leigh, 1974) were 
only available for certain regions of the pattern and 
numerical integration was necessary for the rest, making a 
global analysis of the full two-dimensional digitized data 
computationally impracticable. We have obtained rapid 
analytic approximations valid over the entire pattern. (A 
Fortran program is available for distribution.) This will 
allow the entire pattern to be computed from the theoretical 
layer line intensities. The inverse problem, going from the 
data to the corrected layer line intensities, could be 
attacked using the regularization algorithm mentioned above. 
These possibilities will be investigated (with C. Nave and 
D. Marvin). 

Other activities 

The group provides short-term support and advice where it 
can, in such areas as theoretical chemistry and physics, 
applied mathematics, data analysis, and the use of program 
libraries. On a longer term, S. Stier has helped H. Lehrach 
implement a basic package of programs for inputting, 
assembling, and interpreting DNA sequence data (see report 
of the H. Lehrach group). This package has nearly satisfied 
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PLATE 44 

Illustration of the steps for automated recognition and 
length measurement with a sample DNA strand at 25 film 
resolution. 

Figure 
A original image 

B defocussed image 

C binary image 

D thinned image 

E line graph 

F weeded graph 

G condensed graph 

H smoothed graph 

I original image and resulting graph 
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low-path filtering 

grey level threshold 
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connectivity preserving 
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extraction of polygonal 
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removal of short, open 
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screening of large 
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linear approximation 
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immediate needs, and work will soon begin on a unified and 
fully documented package that also can be distributed. 

Publications during the year 

Provencher, S.W. 
characterization: 
photon correlation 
209. 

(1979). Inverse problems in polymer 
direct analysis of polydispersity with 

spectroscopy. Makromol. Chern., 180, 201-

Provencher, 
continuous 
1., 313-318. 

S.W. & Dovi, V.G. (1979). Direct analysis of 
relaxation spectra. J. Biochem. Biophys. Meth., 

Provencher, S. W. & Vogel, R. H.' ( 1980). Information loss wi th 
transform methods in system identification: a new set of 
transforms with high information content. Math. Biosci., (in 
press) . 

Vogel, R. H. ( 1979). Untersuchungen li ber verschied ene 
Methoden zur Analyse von exponentiellen MeS Kurven der form 

n - A • t 
f ( t ) = L Cti" e i 

i=1 

Diplomarbeit, Institut fur Angewandte Mathematik, 
Universitat Heidelberg. 

Other references 

Chang, C.T., Wu, C.C. & Yang, J.T. (1978). Anal. Biochem . 
.9-1, 13-31. 

Fraser, 
(1976). 

R.D.B., MacRae, T.P., Miller, A. & Rowlands, 
J. Appl. Cryst. 81-94. 

R.J. 

Holmes, K.C. & Barrington-Leigh, J. (1974). Acta Cryst. A30, 
635-638. 

Sanger, F. & Coulson, A.R. (1978). FEBS Lett. 121., 107-110. 

Saxena, V.P. & Wetlaufer, D.B. (1971). Proc. Nat. Acad. Sci. 
USA, 68, 969-972. 
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Instrumentation development support for applications of 
synchrotron radiation: position-sensitive x-ray detector 
development and fabrication 

Member: A. Gabriel 

Technical assistant: F. Dauvergne 

A laboratory for the fabrication, testing and calibration of 
position-sensitive x-ray detectors was established. The 
construction of linear detectors of the lumped delay-line 
read-out type was standardized; their performance and 
behaviour over long periods is being followed to derive 
information about factors that influence their stability and 
reproducibility. In collaboration with C. Boulin, P. Clout 
and E. Dorrington, a novel position read-out system was 
developed for these detectors, increasing the count rate by 
a factor of ten. This system makes use of a direct time-
interval-to-digital-converter (TDC) module developed at CERN 
for use in high energy particle detectors. By the addition 
of an adaptor module, bin-switching control module and 
storage modules, a versatile and fast all-CAMAC data 
acquisition system for time-resolved x-ray diffraction 
studies has now been installed at the Hamburg Outstation. 

Crossed-wire detectors with delay line read-out in two 
dimensions were further investigated, and two detectors of 
this type are in current use at the Outstation. Fabrication 
techniques have been improved in order to increase the 
attainable resolution. Development was begun of a wire 
array detector to be used with an array of individual 
amplifiers and a fast parallel access storage system 
designed by H. FUrst and J. Hendrix. 

Publication during the year 

Bordas, J., Koch, M.H.J., Clout, P.N., Dorrington, E., 
Boulin, C. & Gabriel, A. (1980). A synchrotron radiation 
camera and data acquisition system for time-resolved x-ray 
scattering studies. J. Phys., (in press). 
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Synchrotron radiation detectors and electronics 

Members: J. Hendrix, H. FUrst 

Technical assistant: B. Hartfiel 

The characteristic time structure of synchrotron radiation, 
consisting of very short radiation pulses with a duration 
measured in picoseconds, has to be taken into consideration 
in designing detectors with high count rates. This is 
especially important when the radiation is used in a 
parasitic mode during high-energy physics experiments, 
because then only one particle bunch circulates in the 
storage ring at a time, so that only one very brief pulse of 
radiation is available per microsecond. 

Work has continued on a novel detector principle, in which 
the time of flight between the origin of ionization and a 
circular array of ionization wire detectors is used to 
derive positional information. The mechanical design of 
detectors of this type has been investigated and prototypes 
have been constructed. A signal-processing and data-storage 
system in which many x-ray photons can be detected 
simultaneously and their positions recorded, was designed 
and built for this and other types of detectors. This will 
also be used with parallel wire array getectors. It can 
handle count rates much greater than 10 counts/sec. during 
single bunch or multi-bunch operation, and is able to 
collect and store data in a series of time frames; it is 
thus particularly adapted for time-resolved studies of 
specimens with high scattering intensities. 

Other research projects included a study of different 
designs of continuous delay lines in linear and two-
dimensional detectors, and of the influence of design 
parameters on resolution. A prototype linear detector was 
constructed incorporating a continuous delay line with 1 
microsecond delay over a length of 250 mm. Various 
approaches to high-resolution direct digital conversion of 
time differences are under study and their circuit 
implementations were designed. 

Publication during the year 

Hendrix, J., Koch, M.H.J. & Bordas, 
focusing x-ray camera for use with 
J. Appl. Cryst., 467-472. 
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Development of microanalytical techniques: thermally stabil-
ized very thin (0.05-0.2mm) polyacrylamide gels and their 
application to DNA sequencing and protein separation 

Member: W. Ansorge* 

A theoretical justification for the use of very thin gels 
for zone electrophoresis can be deduced from simple models 
and equations. The main advantages of thinner gels are: 
- small temperature gradient across the gel thickness. The 

efficient heat transfer, in combination with thermostatic 
control of the gel temperature, eliminates distortions 
caused by thermal effects. , 

- lower Joule heating per unit electrical field and surface, 
permitting application of higher field strengths; this 
results in improved resolution and substantially shorter 
running times. 

- significantly shorter staining (fixing) and de-staining 
times. 

- smaller samples (higher sensitivity). 

The use of very thin (0.2 mm) polyacrylamide gel has 
hitherto been limited by problems in preparing bubble-free 
gels and in their handling. 

A very simple method for preparing bubble-free gels up to 
200 x 400 mm in area and up to 0.3 mm in thickness has now 
been developed, complementing the conventional "pouring" 
technique which cannot be used for preparing gels thinner 
than 0.3 mm because the elimination of gas bubbles trapped 
in the thin layer is very difficult. A procedure for the 
treatment of polyester and glass surfaces has been developed 
which makes it possible to polymerize the gel on a 
transparent support to which it adheres during all 
subsequent processing steps, including scanning and storage. 
A cheap glass platen for thermostatic control was designed 
which maintains the gel layer in isothermal conditions 
during electrophoresis. 

Techniques for introducing spacers, stacking gels, sample 
slot formation and sample application have been worked out 
for the thin gels (Ansorge & De Maeyer, submitted for 
publication) and applied to DNA sequencing (Ansorge & 
Garoff, in preparation) and protein SDS electrophoresis. 
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PLATE 45 

DNA sequencing gel. Thermostatically controlled at 53°C, 0.2 
mm thick, size 400 x 200 mm, E = 40 V/cm, 1 = 12 mAo 
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The results obtained indicate that the technique of making 
thin (0.1 - 0.2 mm) thermally stabilized gels is very simple 
to use; it has many analytical applications (DNA 
sequencing, SDS polyacrylamide gel electrophoresis, 
isoelectric focusing) , and confers the advantages 
anticipated. Manipulations during gel preparation are 
easier and take less time than in the conventional 
techniques. Gels of 3 - 20% concentration were prepared 
without difficulty by the technique described above. In DNA 
sequencing, application of the technique of thermostatically 
controlled, very thin gels improves the resolution and 
practically eliminates thermal pattern distortions (Ansorge 
& Garoff, to be submitted)(Plate 45). 

The total time for running, staining and de-staining for 
protein separation on a very thin gel is shorter by an order 
of magnitude than the typical time for a conventional 1 
1.5 mm gel. The smallest protein load applied in our test 
runs was 0.05 of protein per band; this was clearly 
visible after destaining on the 0.1 mm thin gel used in the 
discontinuous SDS separation run. In several tests broad 
protein bands were observed when the thin gels were run 
under high field strength V/cm) without previous 
optimization of ionic strength, sample load or stacking 
voltage. Further study of the factors, such as temperature, 
sample load, field strength, ionic strength, current density 
and gel concentration, that affect the resolution and band 
width in very thin gels will be necessary to optimize the 
technique for different applications, and to extend similar 
investigations carried out with thicker gels. According to 
our experience the geometric scaling effects agree very well 
with physico-chemical predictions for a uniform layer, 
neglecting surface effects. Effects of pore size and 
thickness variation of the thin gels will be further 
evaluated, although no effect attributable to thickness 
variation has been observed during the tests with standard 
glass plates. 

It is planned to use more sensitive detection methods in the 
very thin. gel technique, and to make further investigations 
of gel-supporting structures. 

Contributions to other projects in the Laboratory 

1) Calculations of deformations in, and forces needed for 
bending of, x-ray focusing mirrors of various shapes. 
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2) Estimates of hydrodynamic and magnetic factors 
containment of magnetic beads in a magnetic field 
T. Reed). 

for 
(with 

3) Cryogenic analysis resulting in detailed specifications 
for a helium liquifier under design for the 
superconducting magnets of the cryo-electron microscope 
project (with A. Jones). 

4) Standardization of electrophoresis equipment 
the Laboratory, initiated in collaboration 
mechanical workshop (H. Flosser). 

throughout 
with the 

5) Development of a technique for centrifuging samples for 
x-ray analysis in micro-capillaries of Lindemann glass 
(diam. 1 mm, wall thickness 0.01 mm), on the basis of 
calculations of stress in submerged capillaries (with H. 
Weiss) . 
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Energy loss spectroscopy 

Member: R.W. Wijnaendts van Resandt* 

A Scanning Transmission Electron Microscope (STEM) can be 
used for microanalysis of the heavy elements by observing 
the characteristic x-rays emitted by the sample. This 
technique has reached a rather mature stage and much 
development in this area does not seem necessary. However, 
for the analysis of the light elements (lighter than Na) the 
x-ray technique fails because the cross section for x-ray 
emission decreases rapidly as a function of atomic weight in 
favour of Auger electron emission (Isaacson & Johnson, 
1975). The Auger electrons contain the required information 
but their relatively low kinetic energy prevents them from 
reaching the sample surface; therefore they cannot be 
detected. The only alternative method is to measure the 
energy lost by the transmitted electrons. The entire energy 
loss spectrum for a typical sample consists of a number of 
overlapping peaks on a strong background. Therefore the 
measurement of just one peak is absolutely insufficient and 
the entire spectrum needs to be accumulated. Afterwards an 
inversion procedure may be used to obtain information on the 
elementary contents of the sample. The measurement of such 
an entire spectrum takes much time and has to be performed 
for each position of the electron probe, thereby damaging 
the sample. Already many reviewers have suggested the use of 
parallel detection methods (Proceedings of Workshops, 1976, 
1978) in which the entire energy loss spectrum is recorded 
simultaneously. Detailed analysis shows that if this 
detector is to be used with existing STEMs it should have 
the following characteristics: 

1) Quantum efficiency 
2) Positional resolution 
3) Count rate 

60 % 
20 
up to 50 kHz 

At the moment no electronic detector exists which has these 
characteristics. The channel-plate detector is a 
possibility; it can be constructed to meet condition 2 and 3 
(Wijnaendts et al., 1976), but the quantum efficiency for 
high energy electrons has hitherto been unknown. A special 
experiment has therefore been carried out to measure this. 

The experiment consists of an experimental electron optical 
bench generating an electron beam of energy between 5 and 30 
keV. A channel-plate detector is mounted on a rotatable 
holder so that the efficiency could be measured as a 
function of impact angle. An electron filter with a 
transmission of 1.62 ± 0.03% is positioned just before the 
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channel-plate detector so that absolute measurements can be 
made. The electron current on the filter is measured with a 
Keithley electrometer simultaneously with the channel-plate 
output, which is counted. The ratio of the two signals and 
the known filter transmission gives the absolute quantum 
yield. The quantum efficiency was found to decrease from 
40% at 8 keY to 25% at 28 keY. By tilting the detector 
somewhat so that the electrons have an impact angle of 
82.50 C with respect to the detector surface the efficiencies 
became somewhat higher (50% at 8 keY and 30% at 28 keY). On 
the basis of secondary electron emission theory the 
efficiency values can be extrapolated to 100 keY, an 
efficiency of around 20% at 100 keY for normal incidence. 
Efforts to increase the quantum efficiency by introducing a 
fine grid or very thin beryllium-copper foils in front of 
the detector proved unsuccessful .. The results of these 
measurements show that the quantum efficiency of channel-
plates for high energy is not sufficient to justify the 
design of a complete detection system at the moment. A 
simple method of obtaining 100% quantum efficiency is to 
precede the channel-plate by a fibre-optics plate coated on 
one side with a scintillation material and on the other side 
with a photocathode. However, the concrete realization of 
an instrument to perform analytical electron microscopy 
would require a complete redesign of the electron optical 
system and would be a major effort for the Instrumentation 
Division. A preliminary design for such an apparatus has, 
however, been made. 

Publications during the year 

Wijnaendts van Resandt, R.W. (1979). Notes on a course on 
physical aspects of electron/sample interaction for electron 
microscopists (available on request). 

Wijnaendts van Resandt, R.W. & Los, J. (1979). Position-
sensitive detection in atomic physics. In Invited Lectures 
ICPEAC, XI, Kyoto, Elsevier/North-Holland, Amsterdam, (in 
press). 
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Other references 

Isaacson, M. & Johnson, D. (1975). 33-52. 

Proceedings 
Microscopy 
USA. 

of Specialist workshops in Analytical Electron 
1976, 1978. Cornell University, Ithaca, N.Y., 

Wijnaendts van Resandt, R.W., den Harinck, H.C. & Los, J. 
(1976). J. Phys. E. Sci. Instr., 503-509. 
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Separations using magnetically manipulated adsorptiJn media 

Member: T. Reed* 

Technical assistant: A. Cockcroft* 

Separation of organelles or cells by affinity techniques on 
conventional columns has two major drawbacks. The first is 
that the flow is restricted, preventing the processing of 
large volumes of material. The second difficulty is non-
specific binding. Rutishauser & Edelman (1976) note that 
"with columns of beads, physical trapping also occurs and 5-
50% of the cells loaded are non-specifically retained". 

A solution to these problems has been sought by making 
of bead-type adsorption material made paramagnetic 
ferrite inclusions. The paramagnetic properties of 
beads permit them to be manipulated by magnetic fields 
ways impossible for conventional adsorbants under 
influence of gravity and flow forces alone. Specificity 
obtained in the conventional manner by the use 
appropriate substrates bound to the bead surface. 
investigation does not concern the magnetic properties 
the proteins, organelles or cells undergoing separation. 

use 
by 

the 
in 

the 
is 
of 

This 
of 

A commercial ferrite-containing adsorption bead is 
available. This is Magnogel AcA 44 (diam. 60-140 which 
is a copolymer of agarose and acrylamide containing ferrite 
crystals. If a separation device is to be designed using 
adsorption media dispersed in some type of open array, 
detailed information is required concerning the kinetics of 
reaction between cells or organelles and substrate molecules 
bound to solid supports. Such information is essential to 
calculate residence times and concentrations of target cells 
and organelles in developing the design of the separator. 
Kinzel & Richards (1980) have carried out one of the few 
well-documented investigations of kinetic interactions 
between cells and affinity substrates bound to solid 
supports. Lentil lecithin (1 - 2 mg per ml packed beads) on 
Sepharose 2B was used to capture HeLa cells ang mouse 
fibroblast cells. The cell concentration was 2.10 cells 
per ml and roughly 10% of the reaction mixture was Sepharose 
2B beads. Although of different material, these beads 
correspond roughly in size and exclusion to the Magnogel 44 
beads we propose to use. The time required to capture half 
of the presented cells was 30 seconds. This means that the 
reaction would be roughly 93% complete in 2 minutes. Thus a 
flow reactor 1 litre in volume with 100 ml of Magnogel 44 
beads held in some way inside it would permit a flow rate of 
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roughly 30 litres per hour. Kinetic data on organelle 
binding to substrates on solid supports are not available, 
but because of the large size difference between cells and 
organelles, the latter are capable of much higher 
concentrations than is the case with cells. A suitable 
isolation rate should present no difficulties. 

Because of their easy availability, horse erythrocytes were 
chosen as the first test cells. This permitted the use of 
concanavalin A bound to Magnogel 44 with glutaraldehyde 
(Weston & Avrameas, 1971) as the substrate. The low cost 
and ready availability of this system permitted rapid 
initiation of experimental work. Binding studies were run 
at room in slowly. revolving 35 ml glass vials. 
Cells (10 per ml) were exposed to 2 ml of the adsorption 
medium in a total volume of 30 ml for from twenty minutes to 
one hour. Control experiments were run with con A bound to 
Sepharose 4B (commercially available from Pharmacia). 
Although a variety of binding procedures was attempted, as 
well as modification of substrate concentration and linkage 
to the solid support, Magnogel 44 bound only about 1 cell 
per bead while the Sepharose system bound about 7 cells per 
bead. This is in agreement with experiments by other 
workers (Doley e t al., 1976; Antoine et al., 1978) using 
other types of cells and antibody ligands bound to Magnogel 
44 with glutaraldehyde. Magnogel 44 is a copolymer of 
polyacrylamide and it is known that polyacrylamide 
adsorption beads are unusual in that their surface in some 
manner discourages direct interaction between proteins 
directly bound to the bead surface and target molecules 
which will be bound by a so-called affinity procedure 
(Inman, 1974). The experiments were repeated with Magnogel 
44 having the con A substrate bound to the surface with a 
six-carbon spacer derived from hexamethylene diamine. Under 
these conditions, binding levels of 5 cells per bead were 
found. This level is considered more than sufficient to 
support the type of separator envisaged. Erythrocytes are 
known to be much more difficult to capture in solid-support 
lectin affinity systems than conventional cells (Rutishauser 
& Edelman, 1976). The degree of capture obtained in the 
studies using spacers is probably indicative of a suitable 
level of activity. It also suggests that the use of a 
"spacer" will be required for efficient affinity binding 
with Magnogel preparations. 

Fundamentally, two types of adsorption material distribution 
have been considered. The one is a static array in which 
the paramagnetic properties of the beads cause them to bind 
to the wires of stainless steel wool in a flow tube placed 
between the poles of a conventional electromagnet. While a 
static array is more open than a conventional column and 
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could be arranged to permit the desired flow levels, it 
still has fixed interstices between the beads and may have 
some of the drawbacks of column geometry. Although a magnet 
which can produce this array is on hand, no experiments have 
been run. A more interesting system would be a dynamic 
array in which the magnetic particles were contained in a 
specific region of the flow tube by a "magnetic bottle". 
Within the region of the bottle, the particles would be free 
to move relative to each other. It was suggested (by W. 
Ansorge) that a solenoid with a field strength of about 800 
gauss would have the properties necessary for such a 
"bottle" at the flow rates in question. Crude experiments 
using a solenoid borrowed from Max-Planck-Institut fUr 
Kernphysik, Heidelberg, showed that the containment effect 
did occur. Thus, if the flow tube passed through the core 
of a solenoid it should be possible to hold the Magnogel 44 
particles in the region of the flow tube corresponding to 
the solenoid while the materials under study would pass 
through unhindered. However, two drawbacks were apparent. 
First, small amounts of turbulence induced by gently 
stirring the contents of the solenoid cavity caused magnetic 
beads to "leak" out of the bottle. Second, field 
inhomogeneities near each end of the solenoid caused the 
particles to stick to the side of the flow tube in a narrow 
band. A detailed study of solenoid design was necessary. 
This is proceeding in collaboration with B. Langenbeck 
(Gesellschaft fUr Schwerionen Forschung, Darmstadt). To 
avoid the construction of expensive model solenoids, the 
magnetic field associated with various designs is being 
simulated with a computer using the program POISSON. The 
first series of these simulations showed that the use of an 
iron "magnetic return circuit" (Bitter, 1936) greatly 
increased the magnitude of the end gradients and hence the 
ability of the "bottle" to contain the particles. The high 
field regions responsible for the anomalous binding of the 
magnetic particles to the walls in narrow bands were also 
observed. This effect does not extend across the entire end 
of the solenoid. If further simulation does not produce a 
design in which these local high field regions are 
eliminated, the problem can be minimized by slightly 
reducing the cross section of the flow-tube near the ends of 
the solenoid. 

In summary, a parallel series of studies has been undertaken 
to assess the feasibility of a cell and organelle separation 
device based on interactions between magnetic fields of 
special shapes and adsorption media containing paramagnetic 
inclusions. Preliminary kinetic information suggests that 
the high rate of flow required is possible. Experiments on 
erythrocytes indicate that a "spacer" will probably be 
required between the surface of the Magnogel 44 beads and 
the substrate molecules bound to this surface. Detailed 
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studies of the actual reaction kinetics are in progress 
using the more typical HeLa cells rather than erythrocytes. 
These studies will be extended to model organelles during 
the next year. Design studies of a suitable "magnetic 
bottle" to serve as the reaction chamber of the separator 
are in progress. Computer simulation and preliminary 
studies on commercial solenoids indicate that such a bottle 
is possible. These simulation studies will be continued in 
much greater detail, and construction of the first prototype 
bottle will begin late in 1980. 
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The Outstation at the DESY. Hamburg 

Head: H.B. Stuhrmann 

Members: K.-S. Bartels, H.-D. Bartunik, J. Bordas, P. Clout, 
H. FUrst*, J. Hendrix*, M. Koch, J. Phillips 

Fellow: D. Isaac 

Trainee: R. Dimper* 

Visiting workers: W. Adams*, C. Berthet*, J. Berthou*, N. 
Blackburn*, R. Bral*' S. Cusack*, B. Dal'Zotto*, G. 
Elliott*, U. Englisch , A. Faruqi*, W. Gaykema*, D. Garner*, 
R. Goody*, S. Gutteridge*,' A. Harmsen* M. Hart*, S. 
Hasnain*, J. Helliwell*, M. Hockel*, W. HoI·, K.C. Holmes*, 
H.E. Huxley*, D. Isaac*. L.N. JOhnson*. P. Jolles*, R. 
Jonak*, C. Kalk*, Z. Kam , J. Krijgsman ,L. Liljas*, J. 
Lowy*, Y. Maeda*, E. Mandelkow*, E.M. Mandelkow*, W. Maret*, 
J. Mellema*, A. Miller*, M. Moody*, T. Nawroth*. K. 
Nierhaus*, L. Nilsson*, H. Notbohm*, P. Oostergetel, R. 
Pain*, A. Pahler*, S. Perkins*, J. porta** F. poulsen** F.R. 
Poulsen*, Sir John Randall*, M. Reedy, H. Riedl, R. 
Rigler*, R. Rodrigues*, W. Sanger*, T. Standing* B. 
Strandberg*, R. Tregear*, P. Vachette*, S. Whitburn*, K. 
Wilson*, P. Wurmbach*, M. Zeppezauer*. 

Technicians and engineers: P. Bendall, H. Borgwardt, E. 
Dorrington, P. Gill, R. Klaring, H. Ludwig, P. Moir-Riches, 
V. Renkwitz, B. Robrahn, H. Sammet, K.-H. Sohnholz (part-
time) 

Both the availability of more x-ray synchrotron radiation at 
the storage ring DORIS and the improved performance of the 
five instruments in the enlarged Lab. 4 (X11, X13, X15, S11 
and P11) have led to encouraging experimental results. 

For 60 days during the year DORIS was run under conditions 
which were optimized for the specific purposes of EMBL 
experiments; this was the so-called EMBL main-user time. 
Most of the main-user time at DORIS was in July and August, 
but there were also 3-day periods of main-user time in 
February, March and December. In November and December 
colliding e+e- beam experiments of the DESY high energy 
physics program produced relatively hard synchrotron 
radiation at somewhat lower intensity. (In the first half of 
1979 DORIS was operated mainly as an intermediate positron 
storage ring for PETRA, with only poor emission of x-rays.) 
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The research program of the Outstation includes: 

protein crystallography - anomalous dispersion (X11); 

small angle scattering - time-resolved studies (X13), 
anomalous dispersion (X15); 

high resolution x-ray spectroscopy (S11); 

nuclear scattering (P11). 

For the identification of the instruments X11, X13, X15, S11 
and P11 see the Annual Report for 1978; a description of the 
present status and performance of each instrument, and of 
some typical experiments carried out with most of them is 
given below. 

Some results were also reported at the EMBO-EMBL workshop on 
"X-ray and Neutron Small-angle Scattering of Biological 
Structures" from September 24-28, organized by the 
Outstation. 

There were 61 visits by 39 groups of scientists to use 
synchrotron radiation facilities at the Outstation. 
are listed in Table 3. 

the 
They 

The direct "white" beam used by S11 was shared with 
physicists of DESY who carried out the experiments listed in 
Table 4. This arraniement was made because of the 
construction of HASYLAB , which caused the DESY synchrotron 
radiation group to close down its own facilities for more 
than a year (Plate 46). 

HASYLAB will also be the future location of three new 
instruments of the Outstation. This arrangement is dictated 
by the fact that HASYLAB will receive a higher fraction of 
main-user time at DORIS, which will indeed not be available 
in our Lab. 4 from 1981 onwards. However, colliding-beam 
experiments of the high energy physicists will provide some 
synchrotron radiation both in Lab. 4 and in HASYLAB (Plate 
46). 

* Hamburg Synchrotron Radiation Laboratory 
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Some members of the staff were also active in the 
discussions of the projected European Synchrotron Radiation 
Facility, and contributions were made to the reports on this 
subject published by the European Science Foundation. 

The instruments 

H.D. Bartunik, K. Bartels 

The main developments were new instrumentation for time-
resolved muscle diffraction and for protein crystallography. 
In addition, new beam-defining elements were installed on 
the optical bench. 

1. The optical bench 

New installations include slits immediately behind the 
monochromator inside the vacuum box for reduction of the 
background level at the sample position, an additional 
beam stop in front of the mirrors to minimize radiation 
damage to the mirrors, and defining and guard slits 
working in vacuum between the monochromator and the 
sample. 

2. Time-dependent muscle diffraction 

The measuring system consists basically of a linear 
detector with delay-line read-out (A. Gabriel), a self-
incrementing CAMAC-memory, a time-frame generator (B. 
Robrahn), and synchronization with a stimulator, a 
transducer and a fast shutter. It is controlled via a 
PDP11/10. Data can be controlled up to 256 successive 
frames of 256 channels each. 

3. Protein crystallography 

Developments include (a) computer control of an Arndt-
Wonacott rotation camera for work with time-dependent 
incident intensity, (b) a crystal cooling device for low-
temperature work, and (c) hard- and soft-ware for data 
collection with a multi-wire area detector (A. Gabriel) . 
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(a) Computer control of the rotation camera 

The new device controls the crystal rotation on the 
basis of constant incident count-rate measured with a 
small monitor between collimator and crystal. All 
movements of the rotation camera, including shutter 
and film carousel, are controlled via CAMAC 
electronics by a PDP11/10. The device has been in 
operation since October 1979. 

(b) Crystal cooling device 

Crystal cooling is important for protein 
crystallography with synchrotron radiation in various 
applications, especially reducing radiation o damage by cooling to temperatures around +4 C, and 
for structural investigations of short-lived 
intermediates in enzymatic reactions at temperatures 
down to about -100o C. The cooling device consists of 
a small cold chamber covered with thin mylar, mounted 
on a normal goniometer head with free access to the 
arcs. A flow cell exchange of the solvent at low 
temperatures and the chamber is cooled by nitrogen. 
A temperature stability of 0.01 o C at +4 o C is 
obtained, and the temperature range is from -120o C to 
+40o C. The device has been operational since November 
1979. 

(c) Multi-wire area detector 

A store manager 
the detector via 
store. Hard-
applications to 
diffraction. 

M.H.J. Koch, J. Bordas 

has been developed for reading out 
CAMAC ADCs into a self-incrementing 
and soft-ware are being tested for 
protein crystallography and muscle 

The double-focusing camera X13 is now in routine use, mainly 
for time-resolved measurements. Technical details of the 
optical system can be found in Hendrix, Koch & Bordas 
(1979), and Bordas, Koch, Clout, Dorrington, Boulin & 
Gabriel (1980). During 1979 the system has been 
progressively improved. 
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PLATE 46 

Electron and positron accelerators at DESY. EMBL started in 
Lab. 2 (which receives x-radiation from the 7 GeV 
synchrotron). At present Lab. 4 receives the most useful 
synchrotron radiation. In future the HASYLAB expansion will 
be more attractive for very demanding experiments, but a 
considerable fraction of research projects will still be 
carried out in Lab. 4. 
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The circuit of a fast position-sensitive counter on X13 (for 
explanation see text). 
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1. Beam path 

A continuous vacuum path including the slits and the 
local beam shutter was installed between the mirror box 
and the bench, and also between the sample and the 
detector. For the latter a provisional system is still in 
use: it will be replaced by the definitive system in 
1980. These modifications have led to a substantial 
reduction in the background scattering and an increase in 
useful intensity. 

2. Detectors and data acquisition 

Major advances were made in area in 1979 and the 
system (illustrated in Plate 47) is still rapidly 
evolving. The IN90 multi-channel analyser was replaced by 
a CAMAC system connected to the PDP11/45 via the serial 
highway. The signals from a linear position-sensitive 
detector (developed by A. Gabriel) are processed by a 
time digitizer (TDC). This device, made available by 
CERN, was modified and adapted to local needs by C. 
Boulin. The transfer of data between the TDC and the 
memory (MEM) is controlled by a time-frame generator 
(TFG) designed and built by E. Dorrington. The control 
software was developed at the Outstation in collaboration 
with F. Golding. Furthermore, by using a second memory 
it is now possible to store additional information (e.g. 
the tension in a muscle, the intensity of the primary 
beam, etc.) simultaneously with each scattering pattern. 
In its present state the system can cope with a maximum 
count-rate of 500 kHz, an improvement by a factor of 25 
over the system available at the beginning of 1979. For 
time-resolved measurements up to 128 (instead of 32) 
successive frames (scattering patterns) of 256 channels 
can be stored in the memory. 

Ancillary diagnostic equipment has been developed and 
automatically recorded via CAMAC hardware built in-house 
(E.Dorrington). This includes ionization chambers for 
beam intensity control (P.Gill), tension recording 
devices, temperature monitoring, etc. 

A slow temperature-jump cell (seconds) is now available 
and been used extensively. A stopped-flow device 
suited for the specific geometry of X13 is in the course 
of construction. 
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The installation of CAMAC has the additional advantage 
that rapid evaluation of data can be carried out 
interactively in the intervals between experiments, using 
software developed for this purpose at the Outstation. 
Experience obtained during recent measurement periods 
shows that the computing resources at the Outstation are 
insufficient in this respect. It is hoped that the 
installation of a dedicated computer (LSI-11) for this 
instrument will release the PDP11/45 for data 
manipulation later in 1980. 

H. Stuhrmann 

1. Vacuum along the beam path 

Air gaps at the first and second crystal of the double 
monochromator system have been eliminated by additional 
vacuum-tight and flexible housings. Two thirds of the 
absorption of the beam is due to five beryllium windows 
(total thickness 1.5 mm) and one third is caused by an 
effective air path of 12 cm. The total absorption in the 
instrument (without sample) is equivalent to a 0.3 mm 
water layer. 

2. Crystals of double monochromator 

In 1879 a pair of germanium crystals asymmetrically cut 
at 7 with respect to the 111 plane was in use. In 
January 1980 automatic monochromator exchangers will be 
installed at both monochromator sites. 4 crystals 
(Si-220, 3= 70 ; Ge-111, a= 7 0 ; Ge-111, a= 11 0 ; mosaic 
spread 5; graphite, mosaic spread 0.40 ) can be moved 
into the beam alternatively. 

3. Sample holder 

The present sample holder is designed for 
capillaries. The temperature of the sample can 
controlled. The flux of the incident and leaving beam is 
monitored by two ionization chambers (of 8 mm depth) 

Mark 
be 

in 
front of and behind the sample. 
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4. Detector 

A position-sensitive area counter (constructed by 
Gabriel) is used. Position-sensitive area: 200 x 200 
Resolution limited by wire spacing of 2 mm. Counter 
argon (1 cm depth). 

5. Per formance 

A. 
mm. 

gas: 

1% enzyme solutions irradiated over a cross section of 1 
mm x 10 mm give rise to a total stored scatter of about 
1000-2000 counts/sec, of which 500 counts/sec are due to 
scatter from the solvent slits and air. These figures 
can be improved by a factor of 10 by the choice of more 
appropriate wavelength, sample dimensions and detector 
efficiency. 

The choice of wavelength is determined by the position of 
the second monochromator: a 1 mm displacement is easily 
achieved and corresponds to a step of 2.8 eV at the K-
absorption edge of iron. X15 is especially suited for the 
study of anomalous dispersion in small angle scattering. 

J. Bordas, J. Phillips, M.H.J. Koch 

A rapidly-tunable two-crystal monochromator designed by 
Professor Hart's group at King's College (London) was 
installed and tested in May 1979. The device allows for the 
elimination of harmonics by slight offsetting of the two 
crystals. Hardware and software servo systems designed in 
Hamburg accurately control the offset angle during the 
recording of a spectrum. 

Fluorescence detection of EXAFS was carried out with a 
single-channel scintillation detector. Initial trials showed 
that improvements in signal-to-noise ratio were possible if 
several detectors were used. A large area multi-detector was 
accordingly designed and should become available during 
1980. This will considerably increase the dilution at which 
samples can be studied. 

Data analysis programs have been set up on the PDP/11 
computer for initial processing, spectrum averaging, 
background subtraction and Fourier transforms. Programs for 
least-squares fitting of spectra to models of the metal site 
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were installed on the large DESY computer in December 1979, 
and these will be used extensively in 1980. 

c. Hermes, R.L. Moessbauer, F. Parak, H. Stuhrmann 
EMBL technical collaborator: H. Ludwig 

This instrument has been used to study the quaternary 
structure of polymeric proteins by nuclear resonance 
scattering, 57parating the immediate Raleigh scattering from 
the delayed Fe resonance scattering. 

The first trials showed that the helium-filled beam line 
produced an intolerably high background. It was therefore 
decided to reconstruct the instrument completely, and some 
features of the new version, which was completed, aligned 
and tested at the end of the year, are listed below: 

1. Beam line 

A beam line was constructed in Heidelberg by the 
Instrumentation Division, and installed and aligned in 
Autumn 1979. It is now possible to evacuate the whole 
system from the two first monochromators to the beam 
stop. 

2. Double monochromator system 

Germanium monochromators are now used (instead of 
graphite), mounted on rotation tables which can be 
positioned by stepping motors. It is now possible to 
change the monochromator angles in steps of 1.5 sec. of 
arc, and these can be checked by position monitors 
separately mounted on the rotation tables. 

3. Scattering chamber 

This chamber, where the scattering processes actually 
take place, is integral with the vacuum beam-line, which 
also includes the detector system. 

4. Detector system 

To reduce 
system for 
The gating 
improved. 

background due to detector noise a cooling 
the photomultiplier tube has been installed. 
electronics of the detector system have been 
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Computing and data acquisition 

P.N. Clout 

In the computer electronics group the emphasis changed this 
year from major advances in general computing support, such 
as CAMAC and CATY, to the design, construction and 
installation of equipment for individual experiments. Thus 
positive action has had to be taken to ensure that the disks 
have space for raw data and also that the tape library can 
expand rapidly. Another major event of the year was the 
occupation of the new computer room in the extension of the 
old building. Advantage was taken of the move to the new 
extension to rationalize the cabling for terminals and the 
CAMAC serial highway. There are now terminal and CAMAC 
outlets everywhere they are needed, which greatly simplifies 
work with the computer and permits a quick response to 
changing needs. 

Apart from normal maintenance work on the PDP11/45 system, 
improvements were introduced to make the system more 
compatible with RT-11, Norsk Data and IBM systems. For 
direct experimental support, the major achievement has been 
support for time-resolved measurements, with the development 
of the time-frame generator and the calibration channels. 
These have resulted in a significant improvement in the 
quality of the data obtained from various biological 
systems. During the year the motor control systems have 
been developed to the point that they are all reliable. 
Some problems were experienced with the IN90 systems, mostly 
due to the environment in which they have to work. 

Some selected research projects 

Protein crystallography: high resolution study of satellite 
tobacco necrosis virus (X11) 

It has been demonstrated that synchrotron radiation provides 
qualitatively new possibilities for protein crystallography 
in two directions. 

1. The availability of continuously variable x-ray 
wavelengths permits the use of anomalous scattering 
contributions from heavy atoms for phase determination, 
and structure analysis is possible with only one heavy-
atom derivative. Examples are the high temperature (B) 
form of egg-white lysozyme, using wavelengths near the 
uranium M edge (in cooperation with J. and 
J. Berthou, Paris, and R. Fourme, L.U.R.E.), and 
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PLATE 48 

0.5 0 oscillation photograph of satxllite tobacco necrosis 
viruso Exposure 15 min, giving 1.9 resolution. Wavelength 
1.01 A, distance 100 mm. (Note that with a rotating anode 
x-ray tUQe an exposure of 20 hr would give a resolution of 
only 2.5 
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PLATE 49 

Diffraction pattern of frog sartorius muscle. Exposure time 
5 minutes (with LORIS at 3.2 GeV, 100 rnA; Osray T4 Film, 
Agfa-Gevaert) . The arrows indicate the position of the 
detector corresponding to the patterns in Plate 50. 
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6-phosphogluconate dehydrogenase, using wavelengths 
the platinum Ledge (J. Helliwell, Daresbury). 

2. High beam intensity and a better signal-to-noise 
as compared with conventional sources, permit 
resolution data collection even for very large 
cells. 

near 

ratio, 
high-
unit 

For example (see Plate 48), L. Liljas and B. Strandberg 
(Uppsala) in their studies of tobacco necrosis 
xirus (space group g=318 £=185 

8=94.4 ), collected data out to spacings of 1.9 with 
short exposure times (1Q-15 min per 0.50 rotation, 
A=1.0 Earlier data collected with a rotating anode 
x-ray tube HX20) were limited to spacings 
greater than 2.4 

Small-angle scattering: time-resolved diffraction of frog 
muscle (X13) 

Time-resolved structural studies of muscle contraction 
provide the most striking example of what can be achieved at 
present with synchrotron radiation. Among three projects of 
this type the experiments on frog muscle will be mentioned 
in more detail. The thick filaments in this muscle are 
organized in a hexagonal array in which the trigonal 
positions are occupied by the thin filaments. The helical 
arrangements of crossbridges along the myosin filaments 
gives rise to a rich off-meridional layer line pattern 
(Plate 49). 

The problem here is to establish the details of the 
molecular mechanism which produces the sliding of the thick 
and thin filaments during contraction. Plate 50 shows a 
typical time course for the intensity of the weak layer 
lines during an isometric contraction produced by an 
electric stimulus. To achieve the required statistics with 
10 msec time frames, the results of a few hundred 
stimulations spaced at 30 sec intervals were accumulated in 
the memory. A complete experiment thus lasts about two to 
three hours. To avoid radiation damage to the specimen, a 
small beam shutter is synchronized with the electric 
stimulus. For details of these results and their 
implications for the mechanism of muscle contraction 
(Huxley, 1969) the reader is referred to Huxley et al. 
(1979). 
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s 

PLATE 50 

Time course of the intensity of the layer lines in the 
scattering pattern of frog sartorius muscle during isometric 
contraction. The patterns were recorded every 10 msec after 
electric stimulation (at S). Fifty stimulation cycles were 
accumulated to obtain adequate statistics. The part of the 
pattern recorded by the detector is shown in Plate 49. 
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Small-angle scattering: anomalous dispersion of ferritin 
solutions (X15) 

Isomorphous replacement methods are traditionally used in 
macromolecular structure research and can also be used to 
investigate particles in random orientation. But in this 
case fairly big labels are needed to produce a significant 
contribution to the diffuse small angle scatter. Contrast 
variation has been successful because the whole excluded 
volume acts as a label. A relatively easy test of the 
anomalous dispersion method has been provided by studying 
the small-angle scattering of ferritin. 

It can be shown that the apparent radius of gyration is 
sensitive to changes in the'real part L' of the atomic 
structure factor. Near the K-absorption edge an increase of 
B by 4% is observed, which corresponds to a change in the f' 
of iron by 8 electrons. This can also be checked by 
comparison with the imaginary part L" of the structure 
factor, which is proportional to the absorption coefficient 
(see Plate 51). The experimental results provide evidence 
that the relation between Band h is described by Kramers-
Kronig relation between L' and L" (see Plate 52). 

At present an attempt is being made to use complex contrast 
variation to determine the characteristic functions I, I -c -cs and 1 of enzymes. The determination of heavy 

in enzymes by anomalous dispersion will demand 
some improvement of the accuracy of the small-angle 
scattering measurements, and it is hoped to achieve this 
later. 

High-resolution x-ray spectroscopy: x-ray absorption fine 
structure of xanthine oxidase (S11) 

Since the advent of synchrotron radiation sources x-ray 
absoEPtion spectroscopy has become almost a routine tool for 
strUCtural studies. The phenomenon of extended x-ray 
absorption fine structure (EXAFS) is caused by the 
constructive and destructive interference between the 
photoexcited electron waves emanating from an absorber atom 
and the back-scattered electron waves emanating from 
surrounding atoms. It provides structural information (bond 
distances and coordination numbers) about the local 
environment around the absorber atom. 
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PLATE 52 

Phase shift of the atomic structure factor of iron due to 
the excitation of the s electrons (K shell). The plot of I' 
versus 1" results in a nearly circular line. Some EXAFS 
structure is found both in I' and 1". 
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PLATE 53 

XANTHINE OXIDASE 

calculated 

6.0 10.0 14.0 18.0 22.0 
Photon energy drive Eo (Hartrees) 

EXAFS spectrum of the desulpho form of the molybdenum atom 
in xanthine oxidase together with the best theoretical fit 
(see text). 
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A substantial research effort using these techniques has 
been mounted at the Outstation, in collaboration with 
several European groups. A typical project has been the 
investigation of the structural differences in the region 
round the molybdenum atom in the enzyme xanthine oxidase in 
the active and the desulpho forms, and the experimental 
results (see Plate 53) have been found to be in good 
agreement with a theoretical calculation based on first 
principles (collaboration with the Universities of Sussex 
and Manchester). 

Publications during the year 

Bendall, P.J. & Clout, P.N. (1979). Genormte FORTRAN 
Unterprogramme fUr CAMAC unter' Betriebssystemen RSX-11M and 
RT11. DECUS MUnchen, 1979, 95-97. 

Bordas, J., Bray, R.C., Garner, C.D., Gutteridge, S. & 
Hasnain, S. (1979). EXAFS studies of the molybdenum centre 
of xanthine oxidase. J. Inorgan. Biochem., 11, 181-186. 

Bordas, J., Bray, R.C., Garner, C.D., Gutteridge, S., 
Hasnain, S. & Pettifer, R. (1979). EXAFS studies of the 
molybdenum center of xanthine oxidase. In Proc. 
Symposium on the Applications of Synchrotron Radiation to 
the Study of Large Molecules of Chemical and Biological 
Interest: eds. Cundall, R.B. & Munro, I.H.; Daresbury 
Laboratory, DL/SCI/R13. 

Bordas, J. & Koch, M.H.J. (1979). Synchrotron radiation and 
x-ray small angle scattering and diffraction from 
macromolecules. In Proc. Symposium on the Applications of 
Synchrotron Radition to the Study of Large Molecules of 
Chemical & Biological Interest: eds. Cundall, R.B. & Munro, 
I.H.; Daresbury Laboratory, DL/SCI/R13, p.13-19. 

Bordas, J., Koch, M.H.J., Clout, P.N., Dorrington, E., 
Boulin, C. & Gabriel, A. (1980). A synchrotron radiation 
camera and data acquisition system fer time resolved x-ray 
scattering studies. J. Phys., (in press). 

Clout, P.N. (1979). Computation facilities for recording and 
data treatment. In European Synchrotron Radiation Facility. 
Supple III Instrumentation. European Science Foundation, 
Strasbourg. p.75-88. 

Hendrix, J., Koch, M.H.J. & Bordas, J. (1979). A double-
focussing x-ray camera for use with synchrotron radiation. 
J. Appl. Cryst., 12, 467-472. 
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Huxley, H.E., Faruqi, A.R., Milch, J. & Bordas, J. (1979). 
Use of synchrotron radiation for time resolved x-ray 
diffraction studies on contracting muscle. In 
Proc. SvmDosium on Applications of Synchrotron Radiation to 
the Study of Large Molecules of Large Molecules of Chemical 
Interest: eds. Cundall, R.B. & Munro, I.H.; Daresbury 
Laboratory, DL/SCI/R13. 

Huxley, H.E., Faruqi, A.R., Bordas, J., Koch, M.H.J. & 
Milch, J. (1980). The use of synchrotron radiation in time-
resolved x-ray diffraction studies of myosin layer-line 
reflections during muscle contraction. Nature (London), 284, 
140-143. 

Jonak, R. Nemetschek-Gansler, H., 
H., Bordas, J. & Koch, M.H.J. 
induced states of stress of the 
J. Mol. BioI., 1J.Q, 511-512. 

Nemetschek, Th., Riedl, 
'( 1979). GI utaraldehyde-
collagen triple helix. 

Koblitz, W., 
Weisner, G. 
EURO IFIP 79: 
p.21-25. 

Petterson, 0., Clout, P.N., Kneis, W. & 
(1979). Industrial real-time FORTRAN. In 
ed. Samet, P.A.; North-Holland, Amsterdam, 

Koch, M.H.J. & Stuhrmann, H.B. (1979). Neutron scattering 
studies of ribosomes. In Methods in Enzymology, Vol. 59. 
Nucleic acid and protein synthesis, pt.G: eds. Moldave, K. 
& Grossman, L.; Academic, New York. p.670-706. 

Koch, M.H.J., Stuhrmann, H.B., Tardieu, A. & Vachette, P. 
(1980). Small angle scattering of solutions. In Uses of 
Synchrotron Radiation in Biology: ed. Stuhrmann, H.B.; 
Academic Press, London (in press). 

Nemetschek, Th., 
H., Bordas, J., 
Viskoelastizitat 
Bedeutung fUr die 

Riedl, H., Jonak, R., Nemetschek-Gansler, 
Koch, M.H.J. & Schilling, V. (1980). Die 
parallelstrangigen Bindegewebes und ihre 
Funktion. Virchows Archiv, (in press). 

Phillips, J.C., Cerino, J.A. & Hodgson, K.O. (1979). A four-
circle diffractometer on focused tuneable synchrotron 
radiation source: mechanical design, computer control and 
evaluation of system performance. J. Appl. Cryst., 12, 592-
600. 

Stuhrmann, H.B. (1979). Neutronenstreuung an Biopolymeren. 
Chemie in unserer Zeit, j3, 11-22. 

Stuhrmann, H.B. 
large molecules 
Research: eds. 
York (in press). 

(1980). Small angle x-ray scattering of 
in solution. In Synchrotron Radiation 

Doniach, S. & Winick, H.; Plenum Press, New 
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Table 3 - Biological Experiments at the Hamburg outstation, 1979. 

DATE 

On X11 

2/2 
2/5 

29/6 
4/8 

3/2 

4/2 
18/2 

22/6 
12/7 
10/8 
16/8 

6/7 
14/7 

3/2 
4/5 
1/7 

- 10/8 

5/2 
- 26/2 

- 23/6 
- 14/7 
- 12/8 
- 20/8 

9/7 
- 17/7 

30/7 - 31/7 
9/11 - 10/11 

NAME 

M. Reedy 
R. Goody 
K.C. Holmes 

E. Mandelkow 
E.M. Mandelkow 
A. Harmsen 

w. HoI 
C. Kalk 
w. Gaykema 

J. Helliwell 
w. Adams 

L. Liljas 
B. Strandberg 

H.D. Bartunik) 
K.S. Bartels) 
P. Jolles 
J. Berthou 

12/11 
29/11 -

w. Sanger 
1/12 U. Englisch 

A. Pahler 

15/11 - 20/11 
8/12 - 17/12 

Y. Maeda 
R. Goody 
K.C. Holmes 

20/11 - 28/11 K. Wilson 

On X13 

T. Standing 
L.N. Johnson 

30/1 6/2 H. Riedl 
11/7 - 15/7 R. Jonak 
27/11 - 1/12 

2/2 5/2 C. Berthet 

AFFILIA TION TITLE OF PROJECT 

MPI f. Med. Forschung Investigation of 
Heidelberg fixation methods for 

insect flight muscle. 

MPI f. Med. Forschung Test experiment for 
Heidelberg study of structural 

transitions in micro-
tubule assembly 

Univ. of Groningen Localization of Cu pairs 
in the haemocyanin 
structure by anomalous 
dispersion techniques. 

Daresbury 
Univ. of Oxford 

Univ. of Uppsala 

EMBL (Hamburg) 
Univ. of Paris V 
Univ. of Paris VI 

MPI f. EXp. Medizin 
Gottingen 

Anomalous phase 
determination for 
6-phospho-gluconate 
dehydrogenase by 
resonant scattering near 
the Pt-L III edge 

High resolution data 
collection for 
satellite tobacco 
necrosis virus. 

Anomalous phasing of 
lysozyme B by resonant 
scattering near the 
U-MI edge. 

High resolution data 
collection for 
carboxylase. 

MPI f. Med. Forschung Time-resolved studies 
Heidelberg on contracting crab 

muscle. 

Univ. of Oxford 

Univ. of Heidelberg 

EMBL (Grenoble) 
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Isomorphous data 
collection for 
phosphorylase b 
derivations. 

Small-angle scattering 
from native and stained 
collagen fibres. 

Small-angle scattering 
from cartilage. 



6/3 - 10/3 

1/5 4/5 
16/8 - 18/8 

1/12 - 5/12 

F.R. Poulsen 

E. Mandelkow 
E.M. Mandelkow 
A. Harmsen 

1/5 4/5 R. Rigler 
10/11 - 16/11 L. Nilsson 

15/6 - 21/6 J. Porta 

2/7 7 C. Berthet 
B. Dal'Zottc 

16/7 - 20/7 G. Elliott 
S. Whitburn 

20/7 - 28/7 H. Huxley 
12/12 - 17/12 A. Faruqi 

2/8 6/8 R. Tregear 

6/8 - 15/8 J. Lowy 
F. Poulsen 

28/10 - 4/11 Z. Kam 

6/12 - 12/12 M. Moody 
P. Vachette 

On X15 

3/2 5/2 K. Nierhaus 
P. Wurmbach 

9/8 - 10/8 M. HCickel 
T. Nawroth 

9/8 - 10/8 H. Notbohm 

Univ. of Aarhus Crossbridge 
configuration studied 
in hypertonic muscle 
as a function of time. 

MPI f. Med. Forschung Structural transitions 
Heidelberg in microtubule 

assembly 

Karolinska Institute Time-resolved small-
Stockholm angle scattering on 

the structural 
dynamics of charged 
and uncharged tRNA. 

Univ. of Barcelona 

EMBL (Grenoble) 

Open University 
(Oxford) 

MRC Laboratory for 
Molecular Biology 
Cambridge 

ARC Inst. for 
Animal Physiol., 
Babraham 

Open University 
(Oxford) 

Weizmann Institute 
Rehovot 

EMBL 

MPI f. Molekulare 
Genetik, Berlin 

Univ. of Mainz 

Med. Hochschule, 
LUbeck 
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Helix/coil phase 
transition in DNA 
with incorporated 
metal ions. 

Small angle scattering 
from cartilage. 

Structural studies on 
stained and native 
cornea. 

Time-resolved studies 
on contracting frog 
muscle. 

Effects of nucleotides, 
solvents and low 
temperature on insect 
flight muscle. 

Crossbridge 
configuration studied 
in hypertonic muscle 
as a function of time. 

Measurement of spatial 
fluctuations in x-ray 
instantaneous scattering 
from solutions. 

Slow kinetic small-
angle scattering from 
allosteric proteins. 

E.coli ribosomes. 

ATPase from 
Micrococcus 

Chromatin (test) 



17/8 - 20/8 J. Mellema 
J. Krijgsman 
P. Oostergetel 
S. Cusack 

27/11 - 29/11 R. Pain 

3/2 5/2 H. Stuhrmann 

3/2 5/2 H. Stuhrmann 
26/7 - 31/7 

8/11 - 10/11 
14/12 - 15/12 

6/8 9/8 H. Stuhrmann 
16/12 - 17/12 

On S11 

2/2 
5/8 

21/3 
3/5 

19/5 
17 /8 

5/2 
- 14/8 

- 23/3 
4/5 

- 21/5 
- 20/8 

R. Bray 
S. Gutteridge 
D. Garner 
S. Hasnain 

M. Moody 
A. Foote 

23/3 - 28/3 J. Randall 
17/5 - 18/5 
3/7 8/7 
7/11 - 14/11 

2/5 
23/5 

9/7 

3/5 
- 25/5 

- 21/7 

22/7 - 23/7 
15/11 - 21/11 

M. 
R. 
D. 

D. 
N. 
S. 

A. 
S. 

Hart 
Rodrigues 
Isaac 

Garner 
Blackburn 
Hasnain 

Miller 
Perkins 

22/11 - 28/11 R. Torensma 

7/12 - 8/12 E. Mandelkow 

J. Bordas 

14/12 - 17/12 M. Zeppezauer 
W. Maret 

Univ. of Leiden 

EMBL (Grenoble) 

Univ. of Newcastle 

EMBL (Hamburg) 

EMBL (Hamburg) 

EMBL (Hamburg) 

Univ. of Sussex 

Univ. of Manchester 

EMBL 

Univ. of Edinburgh 

King's College, 
London 

Univ. of Manchester 

EMBL (Grenoble) 

Univ. of Groningen 

MPI f. Med. Forschung 
Heidelberg 
EMBL (Hamburg) 

Alfalfa mosaic virus 

Penicillinase 

Anomalous dispersion 
of ferritin solutions 

Scan with 28eV steps 
Scan with 14eV steps 
Scan with 7eV steps 
Scan with 2.8eV steps 

Anomalous dispersion 
of haemoglobin (test) 

EXAFS of molybdenum-
containing enzymes. 

EXAFS studies of Zn 
atoms in aspartate 
transcarbamylase. 

X-ray absorption 
experiments on 2Zn and 
4Zn Insulin, carboxy-
peptidase A, vitamin B12 
and model compounds. 

Monochromator 
installation and tests. 

EXAFS studies of the 
copper centres in 
superoxide dismutase. 

EXAFS studies of 
lanthanide-protein 
complexes. 

Cu-ligand distances 
in haemocyanin from 
Helix pomatia. 

X-ray spectroscopic 
studies of the Zn-
centres of sheet 
tubulin. 

Univ. of Saarbrticken EXAFS studies of zinc 
proteins: native and 
chemically modified 
liver alcohol dehydro-
genase. 
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Table 4 - HASYLAB Guest Experiments carried out in the EMBL Lab. 4 during 1979 

DATE 

28/4 - 30/4 

1/5 8/5 

14/5 - 20/5 

21/5 - 27/5 

23/5 - 25/5 

16/6 - 25/6 

26/6 - 29/6 

11/7 - 18/7 

19/7 - 25/7 

26/7 - 31/7 

1/8 3/8 

4/8 5/8 

NAME 

B. Buras 

J. AJ.s-Nielsen 
J.D. Litster 

J. Staun Olsen 
L. Gerward 

J. Als-Nielsen 
F. Christensen 

T. Tuomi 
J.D. Stephenson 

H. Arnold 
K. Kosten 
W. Graeff 

N. Greaves 
T. Cox 
S. Parke 

W. Hartman 
J.D. Stephenson 

T. Tuomi 

B. Buras 

F. Christensen 

1.1. Steinberger 

W. Greaff 

J. Als-Nielsen 
F. Christensen 
R.J. Birgeneau 
G. Shirane 

L. Leonard 
M. Koch 

J.A. Golovchenko 
G. Materlik 

AFFILIA TION 

National Lab. 
and Univ. of Copen-
hagen 

National Lab. 
MIT (Cambridge, Mass.) 

Univ. of Copenhagen 
Techn. Univ. of 
Copenhagen 

National 
Laboratory. 

Univ. of Helsinki 
Fritz-Haber Inst., 
Berlin 

Techn. Hochschule, 
Aachen 
DESY 

Daresbury Laboratory 

MPI, Stuttgart 
Fritz-Haber Inst., 
Berlin 
Univ. of Helsinki 

National Lab. 
and Univ. of Copen-
hagen 

National Lab. 

Hebrew Univ., 
Jerusalem 
DESY 

National 
Laboratory 
MIT (Cambridge, Mass) 
Brookhaven Natl. Lab. 

Univ. of Louvain 
EMBL 

Bell Telephone Labs. 
DESY 
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TITLE OF PROJECT 

High resolution studies 
of structural phases 
of liquid crystals 

structural studies by 
the energy dispersive 
method 

High resolution studies 
of structural phases of 
liquid crystals 

Studies of magnetic 
domain walls in Fe-Si 
crystals 

Test of Guinier camera 

EXAFS studies of 
amorphous glasses 

Test of real-time 
topography set-up 

High resolution studies 
of crystalline powders 

Determination of 
grain-size distribution 
of colloidal suspensions 

High resolution studies 
of structural phases of 
liquid crystals 

EXAFS studies of 
catalysts 

Tests of x-ray 
interferometers for use 
in standing wavefield 
studies 



15/8 - 19/8 

28/10 - 3/11 

4/11 - 6/11 

7/11 - 15/11 

16/1 1 - 27/1 1 

28/11 - 30/11 

W. Dorn 
G. Tolkiehn 

N. Greaves 
G. Clark 
D. Money 
J. Nicholson 

N. Greaves 
P.H. Gaskell 

J. Als-Nielsen 
F. Christensen 

B. Buras 

J. Staun Olsen 
L. Gerward 

W. Hartmann 
J.D. Stephenson 

T. Tuomi 

1/12 - 8/12 J. Peisl 
W. Weber 

9/12 - 14/12 W. Graeff 
C. Materlik 

Univ. of Hamburg 
Univ. of Kiel 

Daresbury Laboratory 
Univ. of Durham 

Daresbury Laboratory 
Univ. of Cambridge 

National Lab. 

National Lab. 
and Univ. of Copen-
hagen 
Univ. of Copenhagen 
Techn. Univ. of Copen-
hagen 

MPI, Stuttgart 
Fritz-Haber Inst., 
Berlin 
Univ. of Helsinki 

Univ. of Munich 

DESY 
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Tests for x-ray 
fluorescence analysis 
with synchrotron 
radiation 

Topographic studies 
of antiferromagnetic 
domains and natural 
quartz 

EXAFS studies on 
amorphous and 
crystalline Ge-Pd 
alloys 

High resolution studies 
of structural phases of 
liquid crystals 

Structural studies by 
the energy dispersive 
method 

Real-time topographic 
studies of magnetic 
domain walls 

EXAFS studies of 
defect correlations 

X-ray phase contrast 
microscopy and white 
line studies of rare 
earth L-edges 



The Outstation at the ILL, Grenoble 

Head: A. Miller 

Members: C. Berthet, F. Borras-Cuesta, J.-C. Jesoir, H. 
Lindley* (part-time), B. Schoot, K. Simpson, D. Tocchetti, 
C. Wolff (part-time), M. Zulauf 

Fellows: S. Cusack, S. Perkins 

Visiting workers: J. Baldwin*, M. Balme*, M. Boulter*, M. 
BUilt*, S. Bram*, K.M. Bruckdorfer*, M. Carpenter*, P. 
Chenavas*, M. CUillel*, C. Desvaux*, M. Easton*, D. 
Engelman*, T. Hardingham*, D. Bulmes*, K. Ibel*, B. Jacrot*, 
G. Kneale*, M. Koch*, P. J. Kruse*, R. 
Leberman*, M. Lorenz*, G. Maret § J.E. Mellema*, H.D. 
Mittendorf*§ H. Muir*, K. Nierhaus, R. Oldenbourg*, P. 
Oostergetel , J. Ouberture*, A. Poland*, Sir John Randall*, 
C. Read*, N. Roveri*§ D. sadler*§ S. Scott*, P. Sengel*, I. 
Serdyuk*, G. Sibbett , S. Spells, M. Stockel*, M. Strell*, 
P. Strom*, P. Timmins*, J. Torbet*, F. Wittinghofer* J. 
Witz*, D. Worcester*, J. Zaccai* 

Technical assistants: J.-M. Bois, B. Dal'Zotto, F. 
Dauvergne, V. Fowler§ J. Krischke*, C. Masurel*, H. Ngotri* 
J. Sedita, E. Truche 

Molecular packing in collagen by x-ray diffraction 

A. Miller, D. Tocchetti, D.J.S. Hulmes* 

The medium anglr x-ray diffraction pattern (in the range 
1/5.0 - 1/0.5 nm-) from tendons contains equatorial and 
near-equatorial reflections, indicating that the collagen 
molecules in these tissues are packed in crystalline array 
(North et al., 1954, Miller & Wray, 1971). On the basis of 
these data some fifteen different models exhibiting various 
degrees of ingenuity have been proposed for the way in which 
the collagen molecules are arranged in tendons. The range of 
models that have been suggested is so wide that some can be 
excluded on grounds of density alone. All of the models had 
drawbacks when attempts were made to press a detailed 
comparison between the observed and predicted x-ray 
diffraction patterns (Miller, 1976). This year a new model 
has been proposed (Hulmes & Miller, 1979) which accounts 
very well for the x-ray observations. 

The x-ray pattern from tendons is a fibre diffraction 
pattern, i.e. it is cylindrically disordered. Since the 
collagen fibrils are crystalline, this cylindrical disorder 
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implies that the x-ray pattern is equivalent to a crystal 
"rotation" pattern. On this pattern there are two spatial 
coordinates R (parallel to the equator) and Z (parallel to 
the meridian), so the whole pattern can be described in 
terms of the value of (R,Z), the intensity of the pattern 
at a point (R,Z). All the earlier models had used only the 
published values of R at which the sharp crystalline 
reflections occurred, and compared these with the R-values 
of reflections predicted by the model. The new model 
accounts for the Rand Z values of the sharp reflections 
better than any of the previous models and, in addition, 
accounts for the distribution of (li, Z) (Miller & 
Tocchetti, submitted for publication). 

In the new model the collagen molecules are quasi-
hexagonally packed and inclined by some 50 to the fibril 
axis. At low resolution the collagen molecules may be 
considered as cylindrical rods and these would normally pack 
hexagonally. However the near-equatorial reflection 
corresponding to the distance between the principal planes 
of a hexagonal lattice is not single (as it would be if the 
lattice were simply hexagonal), but split into three 
components. If these three components are assumed to be 
three distinct values of the distance between the principal 
planes of a quasi-hexagonal lattice then this, coupled with 
the restrictions imposed by the known 1-dimensional 
molecular arrangement, leads to a monoclinic unit cell with 
fixed dimensions for the 3-dimensional arrangement. This 
unit cell predicts the R-values of the x-ray reflections 
better than the previous models had done (Hulmes & Miller, 
1979). The Z-values permit the determination of the extent 
and direction of the tilt of the molecules within the 
monoclinic lattice and it then becomes possible to define a 
complete 3-dimensional model to about 1 nm resolution. The 
collagen molecules were approximated by cylindrical rods of 
radius 0.49 nm and the x-ray diffraction pattern predicted 
by the model was calculated (Miller & Tocchetti, submitted 
for publication). The calculated (R,Z) array was then 
photowritten on the Optronix Photowriter P1001. The 
resulting pattern is compared with the observed x-ray 
pattern in Plate 54 (a) and (b) where a close correspondence 
between the two patterns is apparent. Clearly the most 
effective test of this model is electron microscopy of thin 
sections of tendons, and attempts to carry this out are 
described in the next section. 

The diffuse 
reflections 
the fibres, 
unknown. 

scattering between the sharp crystalline 
indicates that some form of disorder exists in 
but the nature of this disorder is still 
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PLATE 54 

For explanation see text. 
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Molecular packing in collagen by combined electron 
microscopy and x-ray diffraction study 

J.-C. Jesior, C. Berthet, C. Masurel, A. Miller 

One of the most challenging aspects of molecular biology is 
the visualization of ultrastructures with the electron 
microscope at the molecular level. However, although the 
resolution of electron microscopes is now even better than 
0.2 nm, the resolution in the specimen is still at the best 
limited to 2.5 nm. The reason for this is to be found mostly 
in the techniques of specimen preparation and in the process 
of ultra-thin sectioning. 

To improve this situation one needs to answer two kinds of 
question: 

1) on the preservation of structure in ultra-thin sections: 
mechanisms of tissue fixation, the level of structure 
preservation in the absence of crystallization water, the 
chemistry of embedding resins, the mechanical processes 
involved during sectioning; 

2) on the origin of contrast in the ElM: what is contrast 
and how it is achieved, what differentiates contrast in 
the ElM and contrast in x-ray diffraction; 

For this purpose, collagen fibres are very convenient owing 
to their higher order as demonstrated by x-ray diffraction. 
It is hence possible to monitor the structure preservation 
at all stages of the specimen preparation, and to evaluate 
the effect of each stage on the fibril structure. 

With this method a procedure has been devised (see previous 
reports) which gives sufficient contrast and structure 
preservation, allowing sets of concentric lines to be 
visualized in fibril cross sections (Hulmes, Jesoir, Miller, 
Berthet, & Wolff, submitted for publication). These sets of 
lines are spaced by about 4 nm which correspond to the 
3.8 nm equatorial reflections of the native fibre. This is 
in fact the first time that a transverse structure has been 
observed in tendon collagen. However, as this structure 
cannot fit the results of x-ray experiments made on the 
native fibre, we are convinced that, although their 
production is an encouraging step forward, these sets of 
concentric lines correspond to a distorted structure. This 
past year we have been working towards a better 
understanding of the preparative steps, especially of "en 
bloc" staining, embedding and sectioning. There is strong 
evidence that we are facing a purely 
mechanical problem: because the resin does not penetrate 
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PLATE 55 

Medium-angle x-ray diffraction pattern of chicken leg 
tendon. 
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the highly paced fibrils, structural damage or destruction 
occurs during sectioning. 

Recently we have shown that the characteristic diffraction 
pattern of a moistened and stretched rat tail tendon is also 
produced by tendons of other origins, such as turkey leg or 
chicken leg tendon (Plate 55). In fact there exists strong 
evidence that the 3-dimensional packing as demonstrated by 
x-ray diffraction of rat tail tendon is a general feature of 
collagen fibrils, at least for Type I collagen, as long as 
they do not contain additional components. 

structural studies of collagen in cartilage 

C. Berthet, B. Dal'Zotto, A. Miller 

The aim of this project is to study the structural 
interaction between collagen and proteoglycans in cartilage 
in order to understand the biological properties and 
functions of the system. Several studies suggest that 
proteoglycans and collagen in cartilage are biologically and 
mechanically interdependent - the presence of proteoglycans 
modulates the fibril formation of collagen even if the way 
in which it interacts is not well understood the 
extraction of proteoglycans changes the mechanical 
conformation of the tissue which loses some of its 
mechanical properties. Looking at the small-angle scattering 
of cartilage one can see the typical 670 periodicity of 
the collagen. The question which we try to answer is: are 
the proteoglycan molecules present in the tissue ordered 
with a periodicity correlated with that of collagen? Small-
angle x-ray diffraction patterns have been obtained from 
bovine intervertebral disc and articular cartilage. The 
internal region of the disc and the articular cartilage 
contains mainly Type II collagen and proteoglycans. The 
external region of the disc contains Type I collagen and 
proteoglycans. For the disc samples, measurements were made 
with the Elliott rotating anode generator. For articular 
cartilage, since the scattering power of the tissue is very 
low, measurements were made using synchrotron radiation at 
the Hamburg Outstation. 

The comparison between the patterns coming from external 
annulus fibrosus (Type I collagen + proteoglycans) and rat 
tail tendon (Type I collagen) shows that the presence of a 
small amount of mucopolysaccharide does not essentially 
modify the intensities of the first few orders, though of 
course the possibility is not excluded that a small molecule 
could be attached specifically to the collagen (Berthet-
Colominas et al., 1979). 
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Patterns from articular cartilage and from the internal 
region of the disc are very similar. The relative 
intensities of the first few orders from these tissues (Type 
II collagen + proteoglycans) are very different from those 
obtained from the external region of the disc or from rat 
tail tendon. It must be assumed that there is a substantial 
modification of the projected electron density of the 
system. Using the values corresponding to the first 5 orders 
we have obtained a new projected electron density, that is a 
superposition of two identical step functions shifted 
relative to one another. This result could be interpreted 
as due either to the presence of glucosaminoglycan molecules 
attached specifically to the collagen molecule, Q£ to a 
modification in the step function of the Type II collagen. 
In order to distinguish between these two solutions, we are 
examining electron micrographs 'of longitudinal views of the 
structures. If the step function of the collagen is 
different the band sequence as seen in the electron 
microscope must also be different. 

The comparison between the patterns obtained with the native 
tissues, and those obtained with reconstituted collagen Type 
I and reconstituted collagen Type II, could be another way 
of finding out whether or not some of the proteoglycans are 
involved in the structural arrangement of the tissue. If the 
sequence of intensities of the first few orders from the 
reconstituted collagen Type II is similar to that from 
articular cartilage (Type II + proteoglycans) that means 
that Type II collagen has a projected electron density 
different from that of Type I. If, on the other hand, pure 
Type II collagen scatters like pure Type I, it means that in 
cartilage some extra material must be responsible for the 
changes in the step function. 

D. Herbage (Universite Claude Bernard, Lyon) supplied the 
samples. Small-angle diffraction patterns have been obtained 
using synchrotron radiation at Hamburg. The first results 
do not permit a choice between the two interpretations 
because the diffuse scatter around the main beam prevented 
the observation of the first order, which is the most 
important value with regard to the step function (Plate 56). 
A second set of experiments with reconstituted collagen is 
planned in order to measure the first orders more 
accurately. A very short test using neutrons did not resolve 
the issue because the match-points of collagen and 
proteoglycans are very similar. 
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Reconstituted collagen Type I 

Reconstituted collagen Type II 

PLATE 56 

Small-angle diffraction patterns of reconstituted collagen. 
Pictures were taken using synchrotron radiation at the 
Outstation in Hamburg. The wavelength was 1.5 The 
distance from sample to film was 1 m. 
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Solution scattering of proteoglycan fragments by neutrons 

S.J. Perkins, A. Miller, T.E. Hardingham, I.H. Muir 

Proteoglycans are a assembly of macromolecules 
of molecular weight 2.5 x 10 . They are composed of fgur 
major components: hyalurgnic acid (HA: M.W. 0.5 x 10 ), 
protein (0.2 x 10 ), chondroitin sulphate (CS: 6uP 
to 2.0 x 10 ) and keratan sulphate (KS: up to 0.3 x 10 ). 
Proteoglycans are present in high concentrations in 
cartilage 120 mg/ml) together with collagen. Neutron 
scattering has been used to characterize the solution 
properties of three fragments of proteoglycans. The special 
interests of these studies are that (i) definitive studies 
on sugars or glycoproteins by neutron scattering have not 
yet been reported, (ii) the study of proteoglycans is 
complementary to other EMBL projects based on the structure 
of collagen in cartilage (by C. Berthet, A. Miller and 
others), (iii) an understanding of the solution properties 
of the main fragments of proteoglycans should lead to a 
better appreciation of the properties of cartilage. 

The so-called "binding region" is a relatively homogeneous 
preparation of proteoglycan. It is 72 % protein, 28 % sugar 
and binds hyaluronate HA12 strongly. For experiments it was 
obtained from pig laryngeal cartilage. Neutron experiments 
in H20 at 6 0 C and pH 6.5 in 200 mM NaCl showed the presence 
of aggregates at 10 mg/ml but not at 4 mg/ml. If /Q is 
taken as 0.0443 ± 0.0015 units (which leads to a 
weight of 78,000 ± 2,000, in good agreement with other 
estimates), the radius of gyration B is 44±1 i. "Binding 
region" is therefore an elongated and can 
approximated by a cylinder of diameter 30 and length 150 
for the present. Addition of HA'2 (M.W. 2,500) to "binding 
region" left /c unchanged but caused the R to decrease by 
about 10 %; tHis suggests that "binding assumes a 
more compact form on association with HA . Further 
experiments to determine the % D20 match-point fgr "binding 
region" have given 40±10 % D20; the estimates are 
complicated by aggregation phenomena in 100 % D20 buffer. 

The match-point of HA and CS has been studied both 
theoretically and experimentally. CS was obtained from 
umbilical cord. Preliminary experiments with neutrons show 
that both sugars are very elongated in solution. CS has a 
match-point of about 45 % D 0 while that of HA is about 42 % 

Theoretical calculatigns based on atomic compositions 
and refined crystal structures give 55 % D2 0 for CS and 49 % 
D 0 for HA. These correctly predict that CS has the higher 

but if it can be assumed that there is full H-D 
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exchange it is evident that too Iowa value of the specific 
volume has been taken. 

Further experiments are planned, using both x-rays and 
neutrons. 

Amino-acid sequence studies on myosin 

F. Borras-Cuesta, B. Schoot 

Up to now three main types of myosin have been described, 
namely slow myosin (SM), fast myosin (FM) and foetal myosin 
(fM). These are mainly contained in fast muscle and foetus, 
respectively. It has also been reported that within the same 
muscle fibre, some regions can be found that contain only 
SM, some containing only FM, and others, called promiscuous, 
containing both SM and FM. 

Protein homogeneity is of course a prerequisite for sequence 
work. For this reason we have re-purified our rabbit myosin 
preparations using preparative isoelectric focusing in 
granulated gels. This technique has allowed us to isolate 
the three light chains and the heavy chain on a single run 
(see Plate 57). Fractions 23, 25, and 29 represent 
respectively the LC 1 , LC 2 and LC light chains, while 
fractions 13 + 14 represent the chain as proved by SDS 
electroQhoresis and amino-acid analysis. However, fractions 
11 and 5 + 9 also to myosin heavy chaln, and its 
amino-acid composition is indistinguishable from fractions 
13 + 14 within the accuracy of the determination; SDS 
electrophoresis of tryptic hydrolysates from these fractions 
does not show significant differences either. For obvious 
reasons we are collecting these fractions separately for 
future work. 

Isolation of either tryptic or CNBr peptides from the rod 
region has proved difficult because they have very similar 
physical properties and show a strong tendency to 
aggregation. We have tried most of the conventional 
techniques. However, only narrow-range preparative 
isoelectric focusing is giving promising results. Plate 58 
and Plate 59 correspond to paper prints of narrow-range (pH 
4.5 5.0) preparative isoelectric focusing of CNBr and 
tryptic fragments from total rod respectively. 
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PLATE 57 

Preparative isoelectric focusing (paper print) of rabbit 
myosin on granulated gel. 

PLATE 58 

For explanation see text. 

PLATE 59 

For explanation see text. 
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PLATE 60 

SDS electrophoresis of fractions from Plate 59. M 
corresponds to the molecular weight marker, TD to the 
tryptic digest of total rod (peptide mixture before 
fractionation) and the numbers correspond to the fraction 
number from Plate 59. 
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1. 

PLATE 61 

Peptide map of CNBr-treated total rod. First dimension (left 
to right) isoelectric focusing pH 4 - 6.5. Second dimension 
SDS electrophoresis; molecular weights decrease from top to 
bottom. 
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It can be seen that the two fragmentation procedures give 
similar isoelectric focusing patterns. Plate 60 corresponds 
to the SDS analysis of fragments from Plate 59 and shows 
that there are several peptides of the same molecular weight 
but different isoelectric point, suggesting some sort of 
regularity within the sequence of the molecule. This is even 
more evident in Plate 61 which corresponds to a peptide map 
of CNBr-treated total rod. In particular the families 2, 4, 
6 and 8 correspond to sets of about four peptides of the 
same molecular weight differing in isoelectric point; they 
bear a close resemblance to families 1, 3, 5 and 7. It is 
too early to interpret these results fully. However, they 
strongly suggest repetitive or pseudo-repetitive sequences 
in the rod region. We have also observed these families of 
peptides in CNBr-treated rabbit heavy chain. 

Mouse myosin has also been purified and treated in the same 
way; it gives similar results. 

Close collaboration has been started with A. Tsugita and H. 
Lehrach (EMBL, Heidelberg); the idea is to sequence the DNA 
coding for mouse myosin rather than the entire protein 
molecule. However, one or more peptides (in particular the 
C-terminus) will be sequenced in order to match the DNA 
sequence. 

The effect of pH and p02 on the oxygenation of haemoglobin 

F. Borras-Cuesta, D. Tocchetti 

The oxygenation of haemoglobin is accompanied by the ruptur, 
of the salt-bridges that stabilize the oxygen-free for, 
(Perutz et al., 1969). When the salt-bridges are broken, 
protons are released; this brings about a change in oxygen 
affinity known as the Bohr effect. Kilmartin & Rossi-
Bernardi (1969) defined the Bohr effect as "the change in 
oxygen affinity with pH or as the difference in proton 
binding between oxy- and deoxy-haemoglobin at constant pH in 
the absence of CO 2". A model for the oxygenation of 
haemoglobin, based on these ideas, is described in this 
report. In Plate 62 a shorthand notation is used to describe 
the equilibria between species. 

The haemoglobin molecule is represented by a circle and the 
salt-bridges by lines protruding from the circle; when the 
lines are closed, they represent an intact salt-bridge, and 
when the salt-bridge has been opened (either by the effect 
of pH or oxygenation) the lines are left open. 
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The (+) and (-) signs represent respectively the positively 
charged groups and the carboxyl groups that participate in 
the formation of the salt-bridges. An empty space where the 
(+) sign was means that a proton has ionized; and a (0) sign 
means that the carboxyl is in the form of COOH. 

A small is used to indicate the presence of a 
molecule of oxygen. However, the position of this circle 
near the salt-bridge should be taken only as meaning that 
the oxygen has been bound to the haemoglobin molecule as a 
direct consequence of the rupture of the bridge by 
oxygenation, or by the effect of pH on that particular 
bridge. 

Using the equilibrium constants indicated in Plate 62 the 
expressions of Plate 63 and Plate 64 are obtained. 

The equation of Plate 63 describes the number of Bohr 
protons (BP) per mol of haemoglobin released or taken up 
during oxygenation. If this equation is made to fit the 
experimental values of the Bohr effect, as measured by 
Kilmartin & Rossi-Bernardi (1969), the constants K1 to . K16 
can be calculated. See Plate 65 for a comparison between 
experimental (dots) and theoretical (full line) values of 
the Bohr effect. 

Koshland et al. described several models for the oxygenation 
of haemoglobin. In particular their equation 18 (square 
model) has a form similar to that of the main equation of 
ilate 64 of this report (although acid-base constants are 
lot considered in their theory). By using the numerical 
values of the coefficients of pO determined by Koshland 
et al., to fit an oxygenation of human haemoglobin at 
pH 7.0, it was found that if they were made equal to 

and respectively in the main equation of Plate 
64, the experimental results of Ferry & Green for horse 
haemoglobin at pH 7.38 could be reproduced accurately. 

Setting the pH to 7.38 in the equations of Plate 64 and 
using K1 to K1h from Plate 63, all the oxygenation constants 
can be calculated. Now the main equation of Plate 64 will 
predict the oxygenation curve of horse haemoglobin at any pH 
value. 
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PLATE 62 

Postulated equilibria during oxygenation of haemoglobin 

BP - liH(II/,K'_IO-P:,) + 10PH(II/''''- (0-pIr2) + IclHflllK'_IO-PK,) + lo"H(IO/,xl_IO/'IG,) 
(It 10/,H-/'''')(lt 1000H-;x') (If (1+ IIH-tKt)(ffll"-/J!V,j 

PLATE 63 

Equation for the Bohr effect. 

2 3 • 'j _ 25 [ %:/,0.;- 2!t(tO,) f- 3 t-(fti,} ;- "%.(j>ti,) J 
+ %10, + '" %{fOz/ + 4(60/ 

PLATE 64 

Effect of pH and p02 on oxygenation. 
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Comparison between theoretical (full line) and 
(dots) Bohr effect. 
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In Plate 66 a comparison is made between the experimental 
values of Ferry and Green (dots) and the theoretical values 
(full lines) predicted by the present model. 

Structural studies of alfalfa mosaic virus 

S. Cusack, A. Miller; 
Oostergetel (Leiden). 

J.E. Mellema, P.J. Krijgsman, G. 

Alfalfa mosaic virus (AMV) is a plant virus whose genome 
comprises four distinct RNA molecules each encapsulated in 
separate protein capsids, giving particles denoted as the 
bottom, middle, top B and top A components. The shape of the 
particles is cylindrical with rounded caps, the length being 
roughly proportional to the M.W. of RNA enclosed, and the 
diameter being about The cylindrical part of the 
capsid is thought to have a based on a hexagonal 
lattice with an axial repeat of The functional unit 
of the protein (M.W. 24,280) is the dimer which appears to 
be situated at the 2-fold lattice positions leaving holes at 
the 3-fold and 6-fold positions. This picture of an open 
capsid is consistent with the sensitivity of the virus to 
ribonucleases. Under certain conditions the coat protein 
polymerizes in the absence of RNA to give the 30S particle, 
which is probably a T=1 icosahedral structure comprising 30 
dimers. 

Structural studies of AMV have been pursued in a number of 
directions, with the principal aim of determining the 
location and packing of the RNA in the virus structure. 
First, the small-angle neutron scattering measurements on 
the bottom component and the 30S particle reported last year 
have now been fully analysed to yield a low-resolution model 
in which the RNA is loosely packed throughout the interior 
of the particle with little penetration into the protein 
capsid. Secondly, small-angle x-ray measurements have been 
made at the synchrotron facilities at EMBL, Hamburg and 
LURE, Paris with the aim of investigating the stability of 
the virus structure under different solvent conditions. 
Thirdly, high angle x-ray scattering measurements have been 
made using the facilities at EMBL, Grenoble on various 
strains of AMV and also on empty tubes and shells obtained 
by repolymerization of the isolated coat protein. The 
purpose of these experiments was to look for evidence for a 
possible ordered packing of the RNA within the virus 
particles. 
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(a) Low resolution model of alfalfa mosaic virus 

The neutron scattering curves of the 30S particle and 
bottom component of AMV have been analysed by the model-
fitting technique. This involves calculating by Fourier 
transformation and spherical averaging the scattered 
intensity due to a parameterized distribution of 
scattering density taking into account instrumental 
smearing arising from the divergence and polychromicity 
of the incident beam. The convoluted model intensity is 
then compared to the experimental data and the 
parameters varied to obtain the best agreement. 

Three different models have been used in an attempt to 
fit the data for the 30S·particle. The simplest is a 
single spherical shelA_yith which a reasonable fit can 
be out to 45 with a shell of outer radius 
89 and inner radius However, to account for the 
enhanced intensity beyond this resolution one has to 
include the effects of the presumed icosahedral symmetry 
of the particle. Models consisting of spherical subunits 
arranged on a T=1 surface lattice are relatively easy to 
calculate using the Debxe formula, but are again 
unsatisfactory beyond 45 due to the occurrence of 
the first minimum of the spherical subunit transform. 
The best fit of class of models comprises' 60 
monomers of radius 19 placed in pairs about the 2-fold 
icosRhedral positions with their centres at a radius of 
80 The final approach is based on that of Jack & 
Harrison (1975) in which the scattering due to non-
spherically symmetrical density is approximated by that 
due to point scatterers arranged icosahedrally at fixed 
radius. A remarkably good fit is obtained with the 
spherical shell as above, but with additional point 

at the 3- and 5-fold positions at a radius of 
65 i.e. inside the protein shell. 

The model-fitting method has been used to find a low 
resolution model of the bottom component consistent with 
the scattering curves measured at five different H?0/D 2 0 
ratios. The model used has been a cylindrical 
with hemispherical caps (of total length 600 the 
variables being the radii and scattering densities of 
the assumed homogeneous shells of the particle. Apart 
from the goodness of fit of the model calculations to 
the experimental data at each particular contrast the 
validity of the model is tested by its internal 
consistency (the scattering density of a particular 
shell should vary linearly with contrast) and by its 
agreement with the known protein and RNA content of the 
particle. This can be verified for instance by 
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comparing the values of the forward scattering at 
each contrast obtained by extrapolating the model fits 
with those calculated from the composition. 

The structure that emxrges consists of a protein capsid 
of outer radius 94 and thickness 23 with loosely 
packed RNA (packing fraction about 15 %) occupying tQe 
whole interior out to a radius of about 65 
Interestingly this latter radius is also that obtained 
for the possible internal projections of the 30S 
particle suggesting that the principal protein-RNA 
interactions occur around this radius. One weakness of 
the model is the assumption that the protein capsid is 
homogeneous whereas previous ElM work suggests it has an 
open lattice structure. This is 'confirmed by high-angle 
x-ray (see section (c)) where a very strong 
ring at 40 is observed which must arise from the 
subunit packing. Experience with the 30S particle has 
demonstrated how even at relatively low resolution the 
non-homogeneity of the capsid can effect the scattering 
curves, and mathematical techniques are being developed 
to calculate these effects for cylindrical particles. 
An important difference between this structure and that 
of tobacco mosaic virus, for instance, is that the RNA 
appears to be loosely packed throughout the particle 
interior with little penetration into the protein 
capsid, rather than being helically coiled at a fixed 
radius. 

(b) Does alfalfa mosaic virus swell? 

A number of spherical plant viruses (e.g. tomato bushy 
stunt and brome mosaic) have been found to exist in 
various "compact" or "swollen" states depending on the 
pH or the presence of divalent ions in the solvent. The 
biological significance of this polymorphism is 
uncertain but may be related to the disassembly of the 
virus after infection. In view of the open capsid 
structure proposed for AMV and its sensitivity to 
ribonucleases we investigated the possibility that AMV 
was in fact in a swollen form and that more compact 
states existed. 

The radius of gyration (RG) of the top A component and 
the cross-sectional radius of gyration (Re) of the 
bottom component have therefore been measured under 
various solvent conditions. The experiments were done on 
the X15 small-angle x-ray camera with area detector at 
the Hamburg Outstation (with the assistance of H. 
Stuhrmann) and with the synchrotron facilities at LURE, 

-249-



Paris (with the assistance of A. Tardieu of the CNRS, 
Gif-sur-Yvette and P. Vachette of the EMBL, Heidelberg). 

The R of top A was found to be constant at 115±2 at 
pH 6, g.5 and 7, and at ionic strengths of 0.1 and 0.005 
M (in the presence of 10 mM EDTA). A value was 
found at pH 7, 0.1 M phosphate and 5 mM Mg . TheRC of 
the bottom component was also constant at 85±3 over 
the pH range 6 to 7.8 at high and low ionic strength, 
and with or without magnesium. Indeed no significant 
changes in the scattering curve could be detected as far 
out as was measured (to the second subsidiary maximum). 
Thus in summary we have found no evidence of swelling in 
AMV. 

(c) High-angle x-ray studies of alfalfa mosaic virus 

In an attempt to further elucidate the packing of the 
RNA in AMV we have obtained (with the assistance of C. 
Berthet) medium and high-angle x-ray photographs of 
concentrated solutions of the 30S particles, the bottom 
component (of the normal strain 425 as well as the 
slightly longer strain strain VRU (a mutant with 
particles up to 3000 long), empty protein tubes 
obtained by polymerizing VRU coat protein (these are 
extremely long) and tubes obtained by polymerization of 
coat protein around calf thymus DNA. In all cases a 
large number of diffraction 1is seen, often 
reaching out to a resolution of 10 . The films were 
scanned using an Optronics system, and circularly 
integrated using programs written by D. Tocchetti. 

These data are still being analysed, but a number of 
points are apparent. all pictures show enhanced 
intensity around 19 which is probably due to the 
dimeric nature of the structural unit in the protein 
capsid. Secondly, all pictures (exgept that of the 30S) 
have a very strong ring at 40 and the VRU virus 
particles 1mpty tubes have an additional very sharp 
ring at 43 . These clearly result from the regular 
subunit packing in the cylindrical capsid, and new 
methods are being developed to analyse such features in 
terms of the contributions of various Bessel functions 
to the layer lines corresponding to the cylindrical 
lattice. Thirdly, the patterns from particles containing 
RNA do not show marked features that could, for example, 
be ascribed to the parallel packing of RNA strands. 
Indeed these patterns are significantly more diffuse 
than those from the empty protein particles, suggesting 
that the RNA is in fact disordered. 
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Photon correlation spectroscopy 

M. Zulauf 

Photon correlation is a new technique for the 
sizes and shapes of biological macromolecules in solution; 
it has only recently become available at the Outstation. The 
system was conceived along classical lines (Degiorgio, 1977) 
using the best commercially-available correlator (Malvern 
Instruments, England) and an on-line desk computer for data 
acquisition and evaluation (Hewlett Packard Model 9825A). 
The instrument at the Outstation became operational in 
September 1979. It was designed to be operated by the users 
themselves using general utility programs. These programs 
perform extensive data controls, and they cease data 
evaluation when the instrument is not properly operated. It 
should therefore be possible for untrained users to carry 
out experiments unaided. 

Photon correlation applied to biological macromolecules in 
solution has the following four demonstrated advantages. 

1. The method is fast. Spectra are typically registered and 
evaluated within 1 min. They can be acquired in less than 
1 sec and evaluated later so that slow kinetic 
experiments are feasible. 

2. The method has a reasonable resolving power with respect 
to parasitic scattering from aggregates or from dust. If 
the sample contains one main species "contaminated" by 
small amounts of other species, the main component may be 
separated in the data (e.g. membrane proteins solubilized 
with detergents, coexisting with detergent micelles). 

3. The method can be applied to a wide range of sizes of 
(M.Ws. from 10,000 to 10,000,000, radii from 20 

to several 100 X). 
4. The concentration constraints are similar to those of the 

analytical centrifuge operated in the absorption or 
Schlieren mode. Thus in general samples at much smaller 
concentrations than are required for x-ray or neutron 
scattering may be used. 

Photon correlation is a technique that permits the 
measurement in a coherent laser beam of the diffusion of 
molecules and other molecular movements capable of 
modulating the scattered light. With the help of the Stokes-
Einstein equation, an equivalent hydrodynamic radius can be 
associated with each diffusion constant. The value of this 
radius, which depends on the shape of the molecule, may be 
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compared to the radius of gyration obtained by small-angle 
scattering techniques. If the particles are spherical, the 
ratio of the two radii is £1£ = 5/3; if the particles are 
prolate ellipsoids with an ratio of 3.5:1, £=£ . Other 
ratios may be obtained for more complicated of 
molecule, and programs to calculate these ratios have been 
developed. Thus in cases where small-angle techniques do not 
permit the deduction of molecular shape from the intensity 
versus scattering vector, the combination with photon 
correlation may be very useful. 

The deuteration laboratory 

K. Simpson, V. Fowler 

During 1979 the laboratory has made available a variety 
deuterated materials, many derived from E.coli MRE 600. 
small quantities of deuterated eukaryotic materials 
were produced were derived from mouse cell line P815. 

of 
The 

that 

The deuteration laboratory was conceived to exploit the 
neutron scattering facility of the ILL. Not surprisingly 
nearly all the users of the laboratory have been involved 
with neutron scattering. It is to be noted that almost no 
use has so far been made of the potential of deuteration for 
other purposes, e.g. density gradient studies and NMR 
studies; however, that situation will change in 1980. 
Deuterated materials can also be used as infra-red probes as 
has been shown by Leicknam (see Table 5). 

In general deuterated materials are of use in the study of 
multi-component systems for which at least partial 
reconstitution is possible. By their use, contrast in 
either NMR or neutron scattering is introduced between 
deuterated and non-deuterated components. The available 
accuracy of density determination on gradients also allows 
the use of deuterated, or partially deuterated, proteins or 
nucleic acids in the determination of complex 
stoichiometries, so that neutron scattering is not an 
absolute requirement for this kind of study. 

Table 5 illustrates some applications that have been made 
during 1979. At the moment of writing eleven projects are 
using deuterated materials and several more are in the phase 
of pilot studies. Many of these projects benefit from the 
large quantity of bacteria required for the ribosome project 
being carried out in collaboration with the MPI fUr 
Molekulare Genetik, Berlin; these are fractionated so as to 
recover the greatest possible number of cell components. 
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Table 5 

Projects receiving deuterated materials in 1979 

Users Laboratory Project 
-----
K. Nierhaus MPI Mol.Genetik, Berlin Triangulation of 50S ribosomal subunit. 

H. Stuhrmann, M.H.J. Koch EMBL, Hamburg Shape determination of 50S ribosomal subunit. 
R. May ILL, Grenoble Proteins in situ. Neutron scattering. 
A. Millel', K. Simpson, EMBL, Grenoble 
S. Perkins 

M. Satre CNRS, Grenoble Structure of ATPase. 

J. Zaccai ILL, Grenoble 

K. Simpson EMBL, Grenoble Neutron scattering. 

D. Gray, D. Marvin EMBL, Heidelberg Structure of phages pf1 and fd. 

J. Torbet,'R. Oldenbourg, MPI Festk. Forschung, Grenoble 
G. Maret 

v. Fowler EMBL, Grenoble Neutron scattering. 

J.-P. Leicknam CNRS, Saclay Infra-red probe of fate of lipid during 

disease states such as diabetes. 

Biochemistry/infra-red spectroscopy. 

R. Strom University of Rome Membrane structure. Neutron scattering. 

J.M. Freyssinet INSERM, Grenoble The structure of lipid residues. Neutron scattering. 

R. Leberman EMBL, Heidelberg The interaction of elongation factors 

with ribosomal and tRNAs. Neutron scattering. 

J. Baldwin Porthmouth Polytechnic The structure of the chromatin core particle. 

The organization of the histones. Neutron scattering. 



The principal in-house research effort has been the 
development of bacterial growth conditions that permit a 
specific level of deuteration to be obtained 'in RNA or 
protein. The effects of D 0 on macromolecules and living 
cells are also being studiea. For future work on eukaryotic 
cells it is important to discover conditions that will 
permit the application of higher levels of deuteration than 
the 35 % now attainable. 

Analysis of deuteration levels by 1H NMR 

S.J. Perkins, A. Miller 

Deuteration methods are valuable techniques for the study of 
biological systems by neutron 'scattering and by NMR. For 
neutron scattering, change in the deuteration level of the 
solvent by varying the ratio of H 0 to D 0 leads to the 
methods of contrast variation. of the non-
exchangeable protons of a macromolecule is used either to 
change the percentage D2 0 required to match out the 
scattering density of the macromolecule by the solvent, or 
to serve as a "heavy atom" marker in a multi-subunit system. 
For NMR, deuteration offers possibilities for spectral 
simplification of the proton NMR spectrum, or the 
suppression of unwanted proton NMR signals to reveal 
features of biological interest, or to enable deuterium NMR 
studies to be performed. 

In addition to the production of deuterated macromolecules, 
which is of course an important role of the program of the 
Outstation, it is also necessary to be able to follow the 
incorporation of deuterium into the macromolecule at each 
stage of the process. This avoids wasted effort prior to 
sending material out, enables procedures to be optimized, 
and provides information on deuterium levels for planning 
prior to the neutron experiments and for post-experimental 
analysis. High-resolution proton NMR is the most generally 
applicable technique available for this. Only the ratio of 
bulk H2 0 to D20 in water or in buffer is more readily 
assayed by other means (by densities using hydrometers or 
the Paar densitometer, or by neutron transmissions). Simple 
techniques are being established for routine deuteration 
assays of (i) the carbon source used for cell culture (ii) 
the deuterated cells themselves (iii) the products obtained 
from these deuterated cells (iv) the amount of exchange of 
the slowly-exchanging protons of a macromolecule. The 
method is based on the fact that under the correct 
conditions the intensity of the NMR signal is directly 
proportional to the number of protons which are the source 
of the NMR signal. The method is fully independent of 
neutrons; an additional advantage is that information on the 
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locus of deuteration in the macromolecule becomes available, 
e.g. if the protons are exchangeable or non-exchangeable. 

(i) deuteration of carbon sources 

Succinate was previously proposed as a suitable carbon 
source which could be readily deuterated for culture of 
E.coli (unpublished work of Crespi and coworkers). It 
would be prepared by refluxing succinate for several 
hours with dilute alkaline D20 (see 1978 Research 
Reports). However, NMR spectra of succinate before and 
after this treatment have shown that no C-H/C-D exchange 
has been obtained to date. Glycerol likewise does not 
exchange its C-H protons for D. Despite this, NMR shows 
(see below) that high levels of.deuteration are achieved 
for E.coli grown on glycerol or succinate; this is the 
consequence of intermediary metabolism involving 
protonations from the solvent. 

Malonate dissolved in D20 undergoes C-H exchange and is 
therefore one possible carbon source for deuteration to 
high levels in bacterial cells. Deuterated algal 
extracts constitute a second source; NMR was used to 
confirm that the commercial product was fully deuterated 
in the non-exchangeable positions but that they had been 
washed with H20 solutions prior to supply. 

(ii) and (iii) deuteration of cells and cellular products 

The overall d1uteration of intact E.coli may be rapidly 
estimated by H NMR in order to follow the progress of a 
culture in deuterated medium. This is demonstrated by a 
study of E.coli grown in media of different D?O contents 
(see Plate 67). A plot of observed deuteration medium 
D20 is linear on an absolute scale; the graph shows that 
95 % D ° Anderson's Minimal Medium with glycerol leads 
to "80 i deuteration". This can be interpreted in 1 terms 
of protein content from evidence based on the H NMR 
spectrum itself and on a study of the ribosomes 
extracted from the E.coli. Subsequent work by the 
detailed determination of % D2 0 match-points by neutron 
scattering confirm such proteIn deuteration levels. 
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250 MHz 1H NMR SPECTRUM 
OF PROTONATED E COLI 
STRAIN MRE600 

100,.-------__ 

PLATE 67 

PE:\CtN L4GE OF ;),,0. 

The upper spectrum shows the 1H NMR spectrum of E.colij the 
inset shows the effects of growing the bacteria in media of 
increasing D20 content and the spectral region used for 
integration. The graph on the left is obtained after 
normalization for concentration based on the wet weight 
cells. 
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These studies are now being extended to other cell types 
and macromolecules. Eukaryotic cells (such as rat 
myoblasts and mouse P815 tumour cells) cannot grow in 
media containing >50 % D 0, and initial efforts have 
involved determining under which cellular 
lysis does not occur in the 99.8 % D20 buffers used for 
NMR. The bread mould Neurospora had presented the 
problem of sample preparation for NMR, but this has now 
been overcome. 

Solution scattering of cytochrome c reductase by x-rays and 
neutrons 

S.P. Perkins, A. Miller, H. Weiss 

Cytochrome c reductase (complex III) is a constituent of the 
inner mitochondrial membrane. It is a 9-subunit enzyme which 
binds ferricytochrome c and is one of four multi-subunit 
complexes which catalyse the transfer of eletrons from NADH 
and/or succinate to oxygen. We have initiated work designed 
to locate the detergent Triton X-100 in the micellar complex 
with cytochrome c reductase, and to locate the positions of 
the 9 subunits using x-ray and neutron solution scattering 
methods. Contrast variation by varying the ratio of H20 to 
D ° present would characterize the micelle protein 
s€ructure. Triangulation methods involving the deuteration 
of individual subunits and their reconstitution would locate 
the subunits. 

Neurospora has been successfully cultured in 90 % D20, and 
the "overall" deuteration level as monitored by NMR is of 
the order 75 %. Viable mitochondria and active cytochrome c 
reductase have been obtained from these deuterated cultures. 
X-ray solution studies of the reductase-Triton X-lOO 
show rings corresponding to spacings of 49 and 69 
and possibly also at about 150 Exposures were initially 
made with a solution camera kindly made available by M. 
Moody, and the work has been transferred to Grenoble where 
the cameras have been modified to take the samples and to 
maintain them at 4o C. 

Inelastic neutron scattering and NMR studies of the 
flexibility in the trypsinogen-trypsin system 

S.J. Perkins, M. Zulauf, A. Miller, J.B. Hayter, G.T. 
Jenkin, J.W. White 
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Protein crystallographic studies in recent years have shown 
that considerations of protein flexibility are of great 
significance in determining biological activity; examples 
are phosphorylase a and b, tobacco mosaic virus coat 
protein, and trypsin-trypsinogen. Relative to the 
crystal electron density map of trypsinogen lS not 
observable for about one-sixth of the molecule. This implies 
that this part of the molecule, the "activation domain", is 
either statically or dynamically disordered in the crystal. 
Solution techniques for the characterization of protein 
structural disorder and dynamics at present lag behind the 
crystallographic approach. Thus the suitability of inelastic 
neutron scattering measurements for exploring phenomena of 
disorder is being tested for trypsin and trypsinogen in 
solution, with complementary NMR measurements. 

The objective is to compare carefully the frequency spectra 
of the two proteins. If the activation region of trypsinogen 
is really free to move independently of the rest of the 
molecule, this represents a volume change of the molecule of 
the order of 10-30 % in the limit of complete solution. Such 
a displacement of scattering length density could have two 
effects. It might produce extra incoherent scattering in a 
region of the frequency spectrum which is not obscured by 
rotational or translational diffusion of the whole molecule, 
or it could produce coherent density fluctuations due to the 
replacements of protein by solvent as the protein molecules 
move. The first type of behaviour could be detected by the 
time of flight and back-scattering instruments at the ILL, 
and the second by the spin echo instrument. These 
measurements are based upon trypsinogen, using trypsin as 
the reference for comparison, and the measurements of 
macroscopic diffusion coefficients by photon-correlation 
spectroscopy as a secondary reference. 

At the time of writing measurements are still in progress on 
these instruments. For these to be valuable, it was 
essential to work with completely characterized samples 
containing proteins of the highest possible purity. Thus 
trypsin was chromatographically purified using an ion-
exchange column and was characterized throughout the runs by 
active-site titrations with the reagent 4-nitrophenyl 
4-guanidinobenzoate hydrochloride. Trypsinogen was a 
commercially pure preparation, which was checked by SDS gel 
electrophoresis and characterized at all times using the 
reagent p-tosyl-L-arginine methyl ester. All solutions have 
been thoroughly dialysed against 99.8 % D?O buffers to 
ensure that the scattering was predominantly from the 
protonated material of the proteins. NMR and photon-
correlation spectroscopy measurements have been made on the 
same samples which were used for the neutron experiments to 
ensure sample reproducibility. A preliminary account of the 
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NMR studies relating to the biochemical purifications and 
the activation hexapeptide has been included in a report of 
earlier NMR studies by Perkins & WUtrich (1980) on trypsin 
and trypsinogen. 

Small-angle neutron scattering studies with elongation 
factor EF-Tu from Bacillus stearothermophilus 

S.J. Perkins, A. Miller, G. Bentley, A. Wittinghofer & R. 
Leberman 

The purpose of this project is to study by contrast 
variation methods with neutron scattering whether or not 
elongation factor changes shape when it forms the ternary 
complex EF-Tu.aa.tRNA.GTP. By working in 72 % D20, the tRNA 
is matched out. The radius of gyration B of free EF-Tu and 
complexed EF-Tu may therefore be compareB. 

First experiments with EF-Tu in normal H20 buffers showed 
that the forward scattering of neutrons at zero 
angle divided by the concentration in mg/ml (obtained from 
UV measurements), is constant between 3.6 and 7.8 mg/ml, and 
that R is independent of concentration, i.e. - the 

or dimerization common to such studies 
were not present. B is Given a molecular 
weight of 49,000 fromgSDS gels, this shows that the protein 
is globular and not elongated. This is consistent with 
expectations from the crystallographic results with EF-Tu 
from E.coli. 

Experiments made in 72 % D20 buffers are in their initial 
stages. These have been made with free EF-Tu and tRNA (Val 
and Phe), EF-Tu complexed with GDP, GTP and GMPPCP (a GTP 
analogue), and the ternary systems EF-Tu.GDP.aa.tRNA, 
EF-Tu.GTP.aa.tRNA, and EF-Tu.GTP.tRNA. In view of the 
biochemical instability of these complexes, assays are 
performed with tritiated GTP and SDS gels are run on the 
samples after measurements to confirm that the protein 
remains intact. The results confirm that tRNA is matched 
out at 72 % D20 and rule out so far any large conformational 
change in EF-Tu on complexing with tRNA or with nucleotide 
(see p. 136). 

Computer activities 

D. Tocchetti 

The ND-244 computer system of the Outstation is partly 
devoted to data acquisition from various instruments: the 
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laser interferometer and the amino-acid analyser have been 
connected on line via a CAMAC interface (the software was 
developed in collaboration with R. Herzog and C. Boulin, 
Heidelberg); the time correlator and the multichannel 
analyser used with the linear detector on the x-ray 
generator are connected via a serial interface. 

As regards data analysis, the following programs have been 
undertaken or improved: 

- a package of programs for integration of x-ray film data 
and subsequent interactive fit of the background, for 
measuring the intensities of the diffraction patterns 
(Fraser, 1977). This package is rather flexible to allow 
treatment and comparison of diffraction patterns coming 
from partly ordered or completely disordered structures. 
It also allows comparison of data coming from films and 
from linear detectors. 

- a package of programs for Fourier transformation and 
filtering of electron microscope images. This will permit 
an approach to the problems of analysis of the density 
bonds in different types of collagen (type I and II, with 
or without proteoglycans). 

- a program to simulate the intensities due to 
lines to test the quasi-hexagonal model for 
collagen molecules. 

x-ray row 
packing of 

- a program to transfer data coming from neutron diffraction 
instruments (D11 and D17) to allow comparison with x-ray 
data. 

All the utility programs for handling data files have 
developed in agreement, and in collaboration, with 
Computer Group in Heidelberg. 

Collagen of dogfish egg-case 

C. Wolff 

been 
the 

This study of the collagen that makes up about 90 % of the 
egg-case of the dogfish (Scyiorhinus caniculus) has been 
carried out for comparison with rat-tail tendon collagen. 
The material has previously been studied by Knight & Hunt 
(1976). 

-260-



The characteristics of the two collagens were found to be 
very different. Electron microscopy gave an axial repeat of 
400 for egg-case collagen (compared with 670 for rat-
tail tendon); thus the axial distribution of charged amino-
acids must be different. The 3-dimensional arrangement is 
also different; regularly-arranged filaments parallel (or 
nearly parallel) to the fibre axis are easily visible, with 
a spacing ranging from 80 to 110 (as already reported by 
Knight & Hunt, 1976). 

The egg-case consists of an outer membrane, an intermediate 
layer, and an inner membrane; the intermediate layer 
consists of successive laminae of parallel close-packed 
fibres, their axes being at an angle to those in 
neighbouring laminae. In x-ray studies it was difficult to 
separate the membranes or the laminae of the intermediate 
layer, but in the best specimen there were only two fibre 
directions, differing by 200 . The periodicity was again 
found to be 400 and with one specimen 17 orders were 
visible; the periodicity was unchanged after positive 
staining. 

Publications during the year 

Berthet-Colominas, C., Koch, M.H.J., Miller, A. & Tocchetti, 
D. (1979). X-ray studies on cartilage. Small-angle 
scattering biological structures, EMBL Workshop, Hamburg. 

Berthet-C0Lominas, C., Miller, A. & White, S.W. (1979). 
Structur&l study of the calcifying collagen in turkey leg 
tendons. J. Mol. BioI., 431-445. 

Cusack, s. (1979). Discussion contribution to "Brillouin 
scattering in systems of biological significance". 
Phil. Trans. Roy. Soc., London, ser.A, 347-348. 

Cusack, S. & Miller, A. (1979). Determination of the elastic 
constants of collagen by Brillouin light scattering. 
J. Mol. BioI., 132, 39-51. 

Hulmes, D.J.S. & Miller, A. (1979). Quasi-hexagonal 
molecular packing in collagen fibrils. Nature (London), 
878. 

Miller, A. (1979). Structure and function of fibrous 
proteins. Internat. Rev. of Biochem. 24, Chemistry of 
macromolecules IIA: ed. Offord, R.; University Park Press, 
Baltimore, p. 171-210. 

-261-



Perkins, S.J. (1980). Ring current models for the haem ring 
in cytochrome c. J. Magnet. Res., (in press). 

Perkins, S.J. & Dwek, R.A. (1980). Comparisons of ring 
current shifts calculated from the crystal structure of egg-
white lysozyme of hen with the 1 H NMR spectrum of lysozyme 
in solution. 245-258. 

Perkins, S.J., Johnson, L.N., Machin, P.A. & Phillips, D.C. 
(1979). Crystal structures of hen egg-white lysozome 
complexes with Gd(III) and Gd(III)-N-acetyl-D-glucosamine. 
Biochem. J., 21-36. 

Perkins, S.J. & WUthrich, K. (1979). Ring current 
the conformation-dependent NMR'chemical shifts of 
protons in the globular protein 
Biochim. Biophys. Acta, 51Q, 409-423. 

effects in 
aliphatic 

BPTI. 

Perkins, S.J. & WUthrich, K. (1980). The conformational 
transition from trypsinogen to trypsin in 1H NMR at 360 MHz 
and ring current calculations. J. Mol. BioI., (in press). 

Veis, A., Miller, A., Leibovich, S.J. & Traub, W. (1979). 
The limiting collagen microfibril. Biochim. Biophys. Acta, 
51Q, 88-98. 

Other references 

Degiorgio, V. (1977). In Photon-correlation spectroscopy and 
velosimetry: Cummins, H.Z. & Pike, E.R., eds.; Plenum 
Press, pp 142-163. 

Fraser, R.D.B. (1977). J. Appl. Cryst., lQ, 64-66. 

Jack, A. & Harrison, S.C. (1975). J. Mol. BioI., 15-25. 

Kilmartin, J.V. & Rossi-Bernardi, L. (1969). 
1243-1246. 

Nature, 222, 

Knight, D.P. & Hunt, S. (1976). Tissue & Cell, 183-193. 

Miller, A. (1976). In Biochemistry of collagen: 
Ramachandran, G.N. & Reddi, A.H., eds.; Plenum Press, New 
York, pp. 85-136. 

Miller, A. & Wray, J.S. (1971). Nature, 2jQ, 437-439. 

North, A.C.T., Cohen, P.M. & Randolph, J.T. (1954). Nature, 
1142-1143. 

-262-



Perutz, M.F., Muirhead, H., Mazzarella, L., Crowther, R.A., 
Greer, J. & Kilmartin, J.V. (1969). Nature, 222, 1240-1243. 

-263-



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 




	Research Reports 1979 Front.pdf
	Research Reports 1979 2-74.pdf
	Research Reports 1979 75-263.pdf
	Research Reports 1979 Back.pdf

