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INTRODUCTION

The aim of this symposium was to provide a review of our present knowledge of
structure and function of enzymes to the participants of the Eighth FEBS Meeting.

It- was the intention of the organizers to invite mainly speakers from countries
participating in FEBS, but to have, in addition, scientists from other countries for
special topics. In our preliminary discussions the question arose as to whether the
invited speakers had to deal with specific enzymes or with specific developments. We
chose the latter and asked the speakers to emphasize new technical developments and
ideas rather than present mainly new data. The speakers were atllowed to include new
data, of course.

Thus this edition contains, in addition to contributions concerning the three-dimen-
sional structure of proteins and the interaction of proteins with water, papers dealing
with the basic problems of enzyme catalysis, mobility of bound substrates, coopera-
tive interactions, mechanism of enzyme catalysis and multi-enzyme complexes.
Furthermore we considered it very useful to discuss the problem of transfer of
information obtained in X-ray crystallographic studies to general enzymologists.

The organizers were handicapped to some extent by the simultaneously organized
symposium on Analysis and simulation of biochemical systems; a certain overlap of
interests could not be avoided. '

The final edition of the book contains fewer contributions than originally intended,
because some of the invited speakers were unable to submit a manuscript of their
contribution on time. The organizers feel that this handicap is less important than
the advantage of rapid publication of these proceedings which, in our opinion, give a
good review of the present state of knowledge in enzymology.

Drenth
Oosterbaan
Veeger
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THE COMPARISON OF PROTEIN STRUCTURES IN THE CRYSTALLINE STATE
AND IN SOLUTION

: Je Drenth
Laboratorium voor Structuurchemie, Rijksuniversiteit Groningen,
- . The Netherlands

When in 1912 Laue suggested the study of diffraction of X-rays by a .
crystal, the application to biological macromolecules was not of immediate
concern. Biochemistry was still in its infancy. X-ray work on proteins with
fibrous material started around 1938 with Astbury's pioneering studies.
Bernal took the first X-ray diffraction picture of a globular protein, pep-
sin, in 1934. The processing of the data provided by the pictures had to
pass the high barrier called phase problem before crystal structures of
proteins could be produced. I shall not trouble you with an explanation of
this phase problem. It has been solved by the application of isomorphous
heavy atom derivatives of the protein, where isomorphous means that attach-
ment of the heavy atoms does not change the protein structure itself. So
X-ray diffraction is a tool to obtain the 3~dimensional structure of a pro-
tein molecule, provided it can be obtained in a crystalline form, because
only for molecules in a:regular crystalline array is the pattern of the
diffracted beams both strong enough and easily interpretable; the fuzzy
diffraction picture of amorphous material is uninterpretable.

If the two prerequisites: first of all good quality crystals -not all
crystals are suitable- and secondly isomorphous heavy atom derivatives are
fulfilled, the way is open to determine the crystal structure of a protein
provided its size is not too large, let us say with a molecular weight of
not more than 300,000. Modern electronic equipment for collecting and pro-
cessing the enormous amount of data is indispensable. So far, the detailed
crystal structures of at least 30 proteins have been reported. Having de-
termined such a crystal structure, one is always faced with the question:
Is the crystal structure relevant for the protein in its physiological
medium, normally an aquecus solution? It is for this reason that some bio-
chemists look with suspicion on a protein crystal structure. Of course
they had reasons to be suspicious when only a few protein structures had
been determined, but now a wealth of information supports the view that a
protein molecule has essentially the same structure in the crystal as in
solution. :

Let us first of all review very briefly the solution methods.

It is impossible to determine the detailed structure of a complicated

° molecule in solution. From low angle X-ray scattering just the dimensions
and the shape of the molecule can be derived. The method should be applied
to well-defined molecular species. Unexpected differences in-the low angle
scattering of w-lactalbumin and lysozyme could be explained by the presence
of an w-lactalbumin dimer (Achter and Swan, 1971).Low angle X-ray scatte-
ring results for myoglobin are in close agreement with the crystallographic
structure (Beeman, 1967).

A wide variety of methods is available for pin-pointing structural details
in a large molecule. Chemical experiments are often directed to the
accessibility of functional groups in proteins. An enormous amount of
titration data on internal and external tyrosines is available which gene—
rally agree with the positions of these residues in the crystal structure.
However, one has to be careful with the chemical approach; e.g. in the
nitration of tyrosine residues with tetranitromethane, residues in a hy-
drophobic envirorment may be preferentially modified ZMyers and Glazer,
1971). Horse heart cytochrome c¢ contains four tyrosine residues, two of
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which, 67 and 48, are buried and the other two, 74 and 97, have their hy-
droxyl group exposed; but it is the buried Tyr 67 that is highly reactive
towards tetranitromethane. The same applies to iodination and acetylation.
Therefore availability of a side chain for a reaction does not immediately
indidate its actual location: whether at the surface or buried in the pro-
tein molecule. The reaction of papain with 1,3-dibromoacetone is an example.
of a chemical reaction in which the distance between a cysteine and a his-
tidine residue could be determined as 5 K (Husain and Lowe, 1968). The to-
pography of papain in solution was further studied by means of photo-oxy-
dation (Jori et al., 1971). The essential cysteine was first caused to
react with a photo-sensitizer group. Subsequently in a photo-oxydation
process the protein molecule was attacked in the neighbourhood of the sen-
sitizing group. The first residues to be attacked are Trp 177 and His 159.
Their oxydation does not lead to a disruption of the papain molecule. When
however on further oxydation Trp 26 was also modified, the papain struc-
ture broke down completely. The conclusion must be that Trp 177 and’His
159 are at the surface and do not contribute to the stability of the papain
molecular structure, but that Trp 26 does. This is also very obvious from
the structure of this protein as determined by X-ray diffraction (Brenth
et al., 1968). In a great many experiments optical and magnetic spectro-
scopy have been applied to detect details of the structure, structural
changes and the extent of flexibility. The estimation of secondary struc-
ture from CD and ORD measurements is never in great conflict with the
X-ray data. The U.V. spectral shift by solvent perturbation is dependent
on the degree of exposure of absorbing chromophores in the protein
(Xromman and Robbins, 1970).

The fluorescence of tryptophan and tyrosine has been studied extensively.
Fluorescent coenzymes have given important information on structural fea-
tures in a number of proteins. It is also possible to attach a fluorescent
probe to the protein, e.g. a fluorescent substrate to.the active site of-
an enzyme, and to follow the fluorescence as catalysis proceeds. This was
applied to carboxypeptidase & (Lasser and Feitelson, 1971) ‘and specific
interactions of the substrate with the active site could be indicated in
addition to, but not in conflict with the X-ray data on substrate binding
to carboxypeptidase (Quiocho and Lipscomb, 1971). Similar satisfying re-
sults are obtained from NMR data on the binding of N-formyl-l~tryptophan -
as inhibitor to chymotrypsin (Gerig and Rimerman, 1970). ‘
Besides chemical and physical techniques, measurements of enzymatic acti-
vity of crystalline enzymes and immunological experiments have been used
for checking whether there are differences between the crystal structure
as determined by X-ray-diffraction and the structure in solution.

If we attempted to review all available information on the structure
of proteins in solution, we would drown in the abundance of data. Let us
instead turn to crystallography because interestingly enough the strongest
support for the assumption that the crystal structure is a true represen-
tation of the native protein structure comes from crystallography itself.
The information is so abundant that .even the most suspicious biochemist
can trust the crystallographic results. -

The polypeptide chain in the hemoglobin family -of proteins is folded around
the heme group in such a way that its iron atom can react reversibly with
oxygen. The folding is very similar, not only for the o and B chain in the
various hemoglobins and myoglobins but also for evolutiomarily more remote
heme proteins. Representatives of this.last category are lamprey hemoglobin
(Hendrickson and Love, 1971), the hemoglobin from an amnelid worm (Love

et al., 1972) and erythrocruorin from an insect (Huber et al., 1971).
Lamprey hemoglobin is monomeric and has 265 degree of homology with sperm
whale myoglobin and an extra tail of 10 residues at the N-terminus. The
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heme group is oriented and wrapped in the surroundirg polypeptide chain in
a similar way to the other members of this family of heme proteins. Rather
major configarational changes, induced by deletions and insertions are only
found at points not affecting the heme. The same is true for the worm he—
moglobin. The monomeric insect hemoglobin erythrocruorin has only 20k
identical residues at equivalent positions when compared with sperm whale
myoglobin. Superimposing this molecule with myoglobin and comparing equi-
valent atomic positions showed an average separation of 1.25 £. For the
atoms in helices the mean distance was only 0.5 to 0.6 K. A11 deletions
occur in parts of the molecule away from the heme group. The observed dif-
ferences in the atomic positions can be easily explained by small shifts
in the molecule a8 a result of the deletions and residue substitutions.

" The heme group is slightly rotated but the general pattern of apolar heme
contacts is remarkably constant.

Thus the whale and the worm, the human and the horse, the insect and the
lamprey have very similar crystal structures of their hemoglobins with
differences easily explained by the amino acid sequence. If this structure
does not basically represent the native structure then all these hemoglo-
bin crystal structures must differ from it, which is extremely unlikely.
Let us now consider the cytochrome-c family of heme proteins. Its members
also have considerable differences in amino acid sequence but are never-
theless functionally identical, which does indicate the same folding of
the polypeptide chain for all members. The horse heart cytochrome-c mole-
cule has a great deal of extended chain, wrapped around the heme. A stri-
king invariancy of residues has been noticed for three locations in the
molecular structure: in a basic and in an acid region and for the buried
hydrophobic residues, although individual residues may differ (Dickerson et
al., 1971). Thus X-ray analysis explains the homology in the amino acid se-
quences: acidic and basic regions on the molecular surface are present in
all members even though the individual residues change.:

Structural similarity within families of proteins in not confined to,the
heme proteins. It is also true for enzymes. In the tryptic family of pro-
teolytic serine enzymes, X-ray analysis showed for irypsin (Stroud et al.,
1972), chymotrypsin (Blow, 1971) and elastase (Hartley and Shotton, 1971)
not only the same conformation of their main chains but also a very simi-
lar comstruction for their active sites. The precursor chymotrypsinogen can
also be added to this list (Kraut, 1971). Another member is the a-lytic
protease of a bacteria. Judged by the amino acid sequence, this enzyme has
hardly any relationship to its relatives. Nevertheless a molecular model
of a-lytic protease could be built with a structural core which is almost
the same as that in the other tryptic enzymes (McLachlan and Shotton,
1971). The differences in conformation are restricted to the surface where
entire loops are missing or new ones added. This model building procedure.
will soon be checked by the result of X-ray crystallographic studies of
a-lytic protease, which are in progress (James).

A proteolytic serine enzyme that has much in common with the tryptic family
of enzymes is subtilisin., Its molecule consists of 275 residues in a single
chain which contains some pieces of a-helix and B-structure but is other—,
wise folded rather randomly. The spherical molecule has a diameter of 42 A
with a distorted pleated sheet in its centre, consisting of six stretches,
of chain. This sheet has, on both sides, hydrophobic side chains in con-
tact with hydrophobic groups of two helices on one side and two helices on
the other side. The structure of this protein has been detemined complete-
ly independently in two laboratories: by Kraut and his colleagues in Cali-
fornia. (Schubert Wright et al., 1969) and in our laboratory (Drenth et al.,
1972) . Kraut grew his crystals in concentrated ammomium sulfate at pH 5.9
and we used completely different crystals which were grown at pH 9.1 from
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55% acetone. The important differences in the medium, in the pH and in the
crystal form did not really affect the gtructure. The mean difference in -
position for equivalent atoms was 1.55 A. Even the high mobility of a
stretch of five residues was present in both types of crystal. A very
similar situation exists for ribomuclease which was crystallized fram a
5% 2-methyl-2,4-pentanediol solution. Its crystal structure (Kartha et
al., 1967) is identical .in all respects to the structure of ribomiclease-S
(Wyckoff et al., 1970) except for that part of the chain where it has been
cut. And ribomiclease~S was crystallized from a completely different me-
djum, a concentrated salt solution in water, in a quite different crystal
orm. The conclusion must be that the molecular structuresof subtilisin
and ribomiclease are sensitive neither to the packing forces in the crys—
tal structure nor to the change in the medium.
It must of course be realized that not all proteins are as stable as sub-
tilisin and ribomiclease. In principle it should be possible that a pro-
tein, whed crystallized from a solution which is quite different from its
natural medium, may assume a non-native structure. This, however, could
only happen if the modified structure has one single conformation. Other—
wise it would not crystallize or at least would not give a high quality
X-ray diffraction pattern.
Returning to the tryptic enzymes we should mention that the structure of
the pancreatic trypsin inhibitor has been determined crystallographically
(Huber et ale, 1972). It is a_pear-shaped molecule with -a length of )
and a maximum diameter of 19 A. We shall not go into the details of its
structure. When a molecular model of this inhibitor is fitted to the tryp-
8in model the two molecules match each other so beautifully in their con-
tact area that any scepticism as to the reliability of the enzyme struc-~
ture should vanish.
Actual structure determinations on the inhibitor complexes with proteina-
8es are now being undertaken in Munich and in Cambridge. X-ray results on
dehydrogenases are just as exciting as in other families of proteins.
Heart muscle malate dehydrogenase catalyses the following reaction:

The molecule has two identical subunits. The structure of the enzyme with
one NAD" group bound per molecular dimer was determined, so only one of
the monomers has the NAD' (Tsernoglou et al., 1972). When we cut ofr
and replace it by H we have another important physiological peaction: the
oxydation of lactate to pyruvate-and this is catalyzed by LDH. LDH is a
tetrameric enzyme. Its amino acid sequence is not yet completely deter—
mined but the X-ray structure of the apoenzyme as well as the structure of
the binary complex with the coenzyme NAD' and of several ternary complexes
have been worked out. As a result the conformation of the polypeptide
chain and the binding of the coenzyme are known (Rossmamn et al., 1972) .
When the LDH and MDH structures were compared it turned out that they
resemble each other to a very great extent. .

The structure of two small flavoproteins, both flavodoxins, has been re-
ported (Ludwig et al., 1972; Jensen, 1972) and it is tentatively suggested
that they could have structural similarities to. the dehydrogenase but this
must await a closer comparison.
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The conformations of the polypeptide chain in lysozyme and a-lactalbumin
are probably very similar although the crystallographic evidence is not
yet as convincing as is desired (Browne et al., 1969).

There is one last structural similarity I would like to mention. It con-
cerns the non heme iron proteins which contain, besides iron, highly la-
bile sulfur as an integral constituent of the catalytically active site.
One member of this family if called HiPIP (high potential iron sulfur
protein). It has an 86 residue polypeptide chain with four cysteines.
These four cysteines are part of a tetrahedral cluster in the centre of
the molecule (Carter et al., 1972)+ They are comnected via their sulfur
atoms to the four iron atoms of the cluster, which also contains the four
labile sulfur atoms. This arrangement of four Fe atoms + four labile,
inorganic S atoms + four cysteine S atoms is of considerable interest and
also occurs in the ferredoxin structure which has been determined recently
(Sieker et al., 1971).

I have passed quickly along a great mumber of protein structures
‘stressing in particular the structural features that are the same for the
members of a family and the independence of the structures from the crys-
tal forces and from the medium from which they were crystallized. Our
conclusion is that crystal structures of proteins are native siructures
and nobody should worry any longer.

When working on a protein problem, the biochemist should always familiarize
himself with the crystal structure of his particular protein, when it is
known. if it has not yet been determined he should try to crystallize the -
protein and get a crystallographer interested in his problem. This is
essential in reacliing the ultimate answer to the question: how does the
protein exert its biological function? This is far from saying that X-ray
crystallography alone can provide the answer to this question. On the .
contrary. We are approaching the day on which we shall understand how
hemoglobin functions; we know.that without X-ray crystallography this
problem would probably never have been solved, but we also know that
without the contributions of experiments in the chemical, physical and
physiological field our knowledge could never have gone so far.

I have not dealt with the protein molécules of the very big type. Techni-
cal problems increase considerably with the size of the molecules when
X-ray diffraction is applied. Combination with electron microscopy is
promising, as the encouraging progress with ™V shows (Butler and Klug,
1971).

Bind)ing active enzymes covalently to inert solid supports may be of advan-
tage to industrial processes; it also functions as a stepping - stone to
membrane bound proteins. The loss of flexibility in the protein caused by
the rigid structure of the carrier can be studied. The major obstacle to
the discovery of the structure of real membrane proteins is their trans-
fer from the membrane into solution and the change in structure which the
extraction procedure could bring about. So far X-ray crystallography has
not been able to accomplish much in the membrane field. It is however
worth mentioning two structures which exert their biological function at
a membrane surface.

First of all cytochrome b5, which is a heme protein from the microsomal
fraction of liver tissue homogenates: its function is to transport an
electron, while bound to the membrane. The crystal structure of a solu-
bilized form of the protein, which shows full activity and which has been
obtained by enzymatic cleavage from the membrane, has been determined
(Mathews et al., 1972). In this process about 44 residues are lost-at the
N-terminal part of the chain. This tail is hydrophobic in nature and is
probably buried in the phospholipid layer of the membrane, with the rest

of the molecule extending into the cytoplasm and acting as the electron-
transport system.
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The second example is insulin which -although not to be regarded as an ac~
tual membrane protein- exerts its function at a membrane surface. Careful
comparison of the X-ray structure with sequence data seems to implicate
four A-chain residues in the hormone's activity.(Blundell et al., 1972).
Complete ignorance covers the rest of the story but a close cooperation
between biochemistry and X-ray crystallography will undoubtedly unravel
the nature of the insulin action. :

I hope to have convinced at least some of you that X-ray structures
can be accepted as truly representing the structure of the native protein.
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REPRESENTATION OF THE STRUCTURES OF LARGE MOLECULES

A.C.T. NORTH
Laboratory of Molecular Biophysics,
Department of Zoology,
University of Oxford, England.

present'address:
Astbury Department of Biophysics,
University of Leeds, England.

It has become increasingly apparent that the various chemical
reactions that take place in living systems rely to a considerable extent
on a specific recognition of one molecule for another and that the
specificity of interactions between the molecules depends crucially upon
the spatial arrangement of the atoms from which they are made up. Thus
the interactions between enzymes and their substrates, drugs or hormones
and their receptor cells, antigens and their antibodies, depend upon a
precise complementarity between the features involved - a complementarity
of surface topography, of positive and negative charges, of polar and non-
polar groups. It is essential for an understanding of these spatial
relationships that the three-dimensional nature of the molecules should be
appreciated. For example, it is known that the hydrolysis of the glyco-
sidic bond in a cell wall polysaccharide by lysozyme takes place with
retention of configuration at the C; atom; examination of an accurate
molecular model shows that a water molecule can only approach the C, atom
from the side remote from the enzyme, which limits the number of possible
reaction mechanisms that could be responsible. There .are examples in the
literature of reaction mechanisms that look satisfactory in two-dimensions
on paper but which are seen to be impossible when a three~dimensional
model is built.

Biochemists and biophysicists are fortunate in that, to a first
approximation at least, many of the molecular properties in which they are
interested can be faithfully represented in a model of the order of a
hundred million times life-size. .(They are more fortunate than
cosmologists on the one hand and nuclear physicists on the other, for whom
a linear scaling down or up respectively does not lesd to a model that
represents the required phenomena on a laboratory scale.)

X-ray crystallography is at present the only practicable method of
obtaining complete three-dimensional information about molecules (I will
not discuss here the often-expressed doubts as to whether the structures
of biological macromolecules in the crystal can be considered to represent
their structures in their natural environment; but I would point out that

_the structures that have at present been determined crystallographically
have in no.case to my knowledge been shown to be incomsistent with
observations in solution, though crystallographers certainly anticipate
that some molecules,such as immunoglobulins, may be essentially flexible
so that the crystal may trap one out of a range of possible conformations).
Crystallographers have long been used to working with molecular models and
with drawings, but they are now faced with the problem of conveying
information about the exact structures of very complicated molecules to
other people less familiar with models.
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In fact, crystallographers use molecular models for two quite
.distinct purposes. One is in illustrating their results; the other is in
interpreting their observations and I will discuss this use briefly first.

MODELS IN THE INTERPRETATION OF CRYSTALLOGRAPHIC OBSERVATIONS

With crystals of small molecules, it is normally possible to obtain
electron density maps in which individual atoms are revealed as more or
less discrete peaks whose centres can be estimated accurately. The
analysis of interatomic bond-lengths and inter-bond angles from such
studies has led to a fairly ptec1se knowledge of the lengths of covalent
bonds and their angular separation, the distances of closest approach
between non-bonded atoms, the lengths and directional properties of
hydrogen bonds, etc., and only in rare circumstances are there significant
departures from these norms. - It is therefore possible to build up sets of
standard model compomnents, each of which may represent either a single
atom or a group of atoms and which embody the bond lengths, inter-bond
angles, etc., found from the crystallographic studies. Any molecular
model built up from such components is therefore constrained to conform
to the canonical set of dlmen51ons

The electron density maps derived from crystalfographic studies of
large molecules such as proteins do not normally have sufficiently good
definition for individual atoms to be distinguished, though they often
show the characteristic shapes due to particular chemical groupings,
such as the branched side chain- of leucine and the flattened disc shape
of the aromatic ring of phenylalanine. It is normal therefore to
interpret such maps with the aid' of molecular models so as to lead to a
solution for the structure that is consistent both with the observed
electron density and with the canonical dimensions. The fit between map
and model can be seen clearly in a device such as the optical comparator
of Richards (1968) with which, by the aid of a half-silvered mirror,
model and map are seen superimposed in-space. The quality of the map and
its 1nterpretat10n may be adjudged by the extent to which the model and
map overlap and the crystallographer may publish illustrations of the
model in order to demonstrate the fit. Models used for this type of work
are generally of the skeletal type in which the covalent bonds radimting
from any atom are represented by rods of the correct length amd set at
the appropriate amgles, but the atom itself is not represented physically,
its centre being defined by the 1ntersect1on of the bonds.. Such 2 model
must therefore be tested to ensure that non-bonded atoms do not come
closer together than the sum of their van der Waals radii and a satis-
factory outcome cf such checks makes an essentially 1ndependent test of
the model. Space-fxlllng models in whxch each component is of an
appropriate size to represent the van der Waals radius of the atom
concerned ensure that the finished model does not contain any short
contacts, but they are not generally useful in constructing an accurate
model because the positions of the centres of the atoms cannot be seen or
measured. For an accurate representation of the surface topography of a
molecule or for investigating internal contacts, a valuable procedure is
to build most of the model from skeletal components and then to "clothe”
the surfaces of interest with space=filling components made to the same
scale.
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The cryntallographer'génerally uses a model of the skeletal type in
the course of interpreting his observations to give -a set of atomic
coordinates that are constrained to accepted values for covalent bond
lengths and inter-bond angles. The coordinates of individual atoms may
be read off the model and possibly subjected to a computer refinement
procedure such as that described :by. Diamond (1966); the necessity for the
latter procedure arises firstly because the model components may have
become distorted in the course of building and secondly because errors
may have arisen in the course of measuring the positions of individual
atoms; the function of this computer program is to adjust the individual
atomic positions so that they conform to the required constraints as
nearly as possible while being moved the minimum distances from the
positions measured from the model. A further refinement procedure may
then be used (Diamond, 1971) in which the atomic positions are moved,
still preserving the relative positional constraints, so as to give the
best fit to the observed electron-density map by some objective criterion
rather than the subjective one used by the model builder.

The crystallographer has now reached the stage of having a model,
more or less accurate, and a ﬁet of coordinates of the individual atoms
and he wishes to convey this information to other people. In this paper
1 wish to distinguish between distinct situationms, lectures, publications
and research.

ILLUSTRATION OF LECTURES i

It is quite obvious that a list of coordinates is not an appropriate way
of conveying information about the arrangement of atoms in a molecule to
an audience and photographs or diagrams must be used.

Single photographs of molecular models tend to look so confused that
they may be practically useless. However, with care, useful photographs
may be obtained of quite limited regions of a model; attention must be
paid to lighting just.those features that are of interest and it is often
helpful to use a high aperture, giving a small depth of focus so that the
features that are not of interest are,Blurred, If more than a localised
region of the model is to be illustrated, it .is almost essential to use
some method of creating the illusion of three dimensions, One method
is to make a film of tbe model”while it is rotated or oscillated back
and forth. The three-dimensional impression is quite clear while the ’
model is moving, but is only retained for a short while when the movement
ceases; it is really rather difficult for a lecturer and his audience to
concentrate on a specific feature while it is in continual motion. An
alternative method is by the use of stereoscopic pairs of photographs
taken from two slightly different 'angles; the photographs must then be
projected so that one eye of the‘'observer sees one imgge and the other
eye sees the second image. Two systems of image separation are in common
use. In one, polaroid filters are placed in the light paths from the two
images and members of the audience wear polaroid spectacles. It is .
necessary to use a metallized screen so.that the direction of polarisation
is not lost. The requizement for a special projector, screen and
spectacles is rather inconvenient, but it is possible to giver satisfactory
reproduction of black and white and of full celour photographs. In the
‘second system, image separation is achieved by the use of images of
different colour (red and green ‘(or blue)) and coloured spectacles; the
projector and screen may be conventional and only the special spectacles



12 A.C. T. North

are required. Unfortunately it is not possible to show full colour
photographs with the red and green system and it is in fact quite
difficult to achieve adequate colour separation even from black and white
drawings.To prepare slides from drawings of black lines on a white back-
ground, the best procedure appears to be as follows: (1) take separate
photographic negatives (i.é. white on black) of the left- and right-eye
views, (2) doubly expose a colour film to the left-eye negative with red
light and the right-ey<*negative with green light. It may be necessary
to use different exposures for the two colours in order to achieve the
best results. The slides so produced show the drawings as bright lines
on a black background. (The spectacles should be used with the left eye
looking through the red filter.) It is absolutely essential that the two
images on the slidé should be parallel and in exact vertical register.
Registration between the two images is also important when the polarising
system is used; although stereo projectors have facilities for horizontal
and vertical adjustment of one imagé with respect to the other, it is
excrutiatingly painful for an audience to look at a stereo slide whose
images are out of vertical alignment and great care ought therefore to be
taken in mounting slides so as to minimise the vertical adjustment requir-
‘ed as well as to make sure that the two images are exactly parallel.

Many audiences have received an unfavourable impression of the value of
stereo slides after seeing badly mounted ones and it is confusing if
stereo slides cover too great a depth of field. The correct angular
separation between the images can only be achieved at one distance from
the screen and, while in practice considerable tolerance in the angular
separation can be accepted, stereo slides are not really suitable for
large audiences and they have a further limitation in the quite signif-
icant number of people who do not have effective stereoscopic vision.

In referring above to the preparation of slides from drawings, I have
foreshadowed my next point, which is that photographs of models are often
extremely confused (and confusing) because of the supporting rods, clamps
and screws required to hold them in place and for many purposes diagrams
are much more revealing than photographs of skeletal models. I have
already referred to the difficulty of making accuraté space-filling
models, but they are undoubtedly invaluable for showing the surface
topography of a molecule and difficult to better by means of arawingl.
However, drawings are usually clearer than photographs of skeletal
models and are more flexible in focussing attention on the features of
interest.

The desirability of producing a large number of drawings to illustrate
different aspects of a structure makes it worthwhile writing computer
programs to prepare drawings on a digital graph plotter. With one such
program, written by the author, a "dictionary" of connectivities is in-
corporated so that for any type of amino-acid residue, the program. knows
which atom is connected to which. Once the atomic coordinates of a
protein molecule have been fed in, followed by a list of simple direc-
tives specifying the direction of viewing, the scale of the drawing,
sizes of circles representing atoms, thickness of lines representing
bonds, whether side chains are to be drawn, the numbers of the residues
to be drawn, etc., the computer generates a drawing of sufficient quality
for the preparation of slides or figures for papers. The one program

' permits considerable variety of styles (see figures 1 - 3); stereo pairs
of drawings may be prepared by rotating the direction of viewing suitably
or the illusion of depth may be given by varying the thickness of lines



