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EDITORS’ PREFACE

Our objectives in the preparation of this series were described in the
Editors’ Preface to Volume I, and they remain today in all essentials the
same. Now, even more than then, protein chemistry has become a focal
point of absorbing interest to scientific investigators in- very diverse
fields, ranging from fundamental structural chemistry to numerous appli-
cations in medicine, nutrition and industry. We have attempted, and
shall continue to attempt, to present contributions which cover the
whole gamut of these activities, while stressing basic studies in protein
chemistry as the essential foundation of further advance. We have also
endeavored to obtain contributors truly representative of the inter-
national character of research in this great area, so far as this is possi-
* ble in the divided world of today. Volume VII, which is due to appear
in 1952, will contain at least three contributions from Great Britain, one
from France, and one from Germany; and contributions from Scandi-
navia will appear in later, as they have in earlier, volumes.

It is hoped that, as the successive volumes of this series appear, they
will as a whole in time provide something approaching a comprehensive
picture of the present status of protein chemistry. This aim is as yet
by no means achieved, but some progress has been made in that direction,
in these six volumes. To make this material more accessible, we have
included in this volume a Cumulative Index to the first five volumes, as
well as a separate index to Volume VI. We are indebted to Dr. Martha
Sinai for much devoted work in the arduous task of compiling the
Cumulative Index.

April, 1951 M. L. ANsoN

K. BAILEY
J. T. EpsaLL
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I. INTRODUCTION

Our developing ability to see particles of macromolecular dimensions
with the help of the electron microscope permits a study of organization
within biological structures on a new and more fundamental level. Here-
tofore, the cell and its optically visible components and products have
been the units in terms of which the organization of living matter has
been discussed ; but we are now beginning to see the macromolecules that
are essential parts of these cells and the way they are organized to carry
out its functions. The cell of course will never lose its importance as the
unit of vital activity, but it is inevitable that before long conventional
cytology will be supplemented by a kind of molecular cytology that
describes the macromolecular architecture of cells, and the way this

1



2 RALPH W. G. WYCKOFF

architecture is built up during growth and altered by the ceil’s metabolic
activities.

II. Facrors DETERMINING MACROMOLECULAR VISIBILITY

1. Resolution

Present day electron microscopes have a resolving power that is more
than adequate for the visualization of particles having the size of all but
the smallest proteins. In addition, the smallest known viruses provide
spherical objects with diameters as small as 100-150 A. and weights in
the range between one and four millions. Molecules of some hemo-
cyanins, easily seen in the electron microscope, are at least this big; others
have molecular weights in the hundred thousands and sizes comparable
with molecules of the plant and animal globulins, including the larger
enzymes. All these are not hard to photograph. Examining still
smaller molecules is primarily a problem of incorporating them into
satisfactory preparations. It is hard to determine precisely the practical
lower limit of existing electron microscopic vision because of this
difficulty in getting preparations suitable for its measurement. The
theoretical lower limit of resolution of the electrons used for microscopy
is only a fraction of an angstrom unit—far less than the diameter of an
atom. FExisting electron lenses are, however, completely uncorrected
and can only yield satisfactory images after being so closely apertured
that the resulting optical system achieves a mere fraction of this higher
limit of resolution. The average present electron microscope of preci-
sion, such as the RCA Type EMU with which most work is done in this
country, should have a resolution of better than 100 A. under the most
ordinary conditions of operation. If it is equipped with a good objective
lens that bas little astigmatism, either inherently or by correction, its
average working resolution will probably be in the neighborhood of 50 A.
For better resolution than this the microscope must be in the hands of an
operator of more than average experience and the preparations must be
of more than average thinness. Under such circumstances resolution of
the order of 20 A. can be attained and resolutions of half this value have
been claimed under certain conditions.

2. Contrast

While resolution sufficient to portray minute particles in their true
shapes-is needed, it is not the only factor essential for the photography
of macromolecules. The other factors must be understood in terms of
physicat considerations that are different from those important in optical
microscopy. We see things under the optical mieroscope by reason of
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various amounts of light absorption in a preparation or through differ-
ences in refractive index over a transparent object. Neither of these is
important in establishing what detail is seen in a satisfactory electron
microseopic image. The degree of detail is determined by the different
scattering powers for electrons of different parts of a preparation. The
amount of this seattering depends on the number and weight of the atoms
involved. Dense objects and especially those containing heavy atoms
scatter strongly and appear relatively opaque under the electron micro-
scope. Macromolecules of biological origin consist almost exclusively of
very light atoms which scatter electrons poorly. The amount of this
poorly scattering material diminishes rapidly as a function of molecular
size. In almost all cases they must be supported for microscopy on a
substrate which also scatters electrons. When therefore we look at
smaller and smaller molecules a point is soon reached where the molecule
does not scatter enough more than this substrate to he clearly distin-
guished from it. Such a light molecule is thus practically invisible
because its image does not contrast appreciably with that of its support,
and experience shows that the limit of visibility threugh this lowered
contrast is reached with objects that greatly exceed in size the limit of
resolution of the microscope as outlined above. If nothing could be
done to circumvent this difficulty, there would be little hope of finding
out much about biological macromolecules.

Fortunately, however, it is possible to enhance preferentially the
scattering and visibility of macromolecular particles. In some cases this
can be dene by incorporating heavy atoms into the molecular particles,
either through chemical reaction or by adsorption. Seemingly a more
broadly useful procedure for enhancing contrast is metal shadowing.
This is accomplished by evaporating a metal obliquely and in an exceed-
ingly thin layer upon the surface of a preparation. The metal thus
deposited is thickest on those aspects of an object that face the evaporat-
ing atoms and is completely absent from parts of the substrate on the far
side of tall objects. The scattering power from such an unevenly dis-
tributed deposit varies so as to bring out with added clarity the micro
detail of an object, including its macromolecules. The most satisfactory
and informative electron micrographs yet made of macromolecules are
ones that have been shadowed. All those shown in connection with this
chapter have been so treated.

Definite conditions must be fulfilled if metal shadowing is to reveal
small macromolecules. The layer of deposited metal should be so thin
that it does not perceptibly disturb the shape of the molecular particles.
This means that the metal should be of high atomic weight and conse-
quent scattering power. It should be chemically inert and its atoms
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must not be able to move about and recrystallize after deposition, even
under the electron bombardment incident to microscopy. A number of
materials meet these requirements well enough to use for shadowing the
larger macromolecular particles, but only the noble metals have the
chemical inertness and high melting points required for the best photog-
raphy of small molecules. Platinum is especially satisfactory for this
purpose, but there are serious difficulties in evaporating a substance of
50 high a melting point without damaging, through radiation, the prep-
aration being shadowed—and these difficulties have not yet been fully
met.

3. Sﬁbatrate

The ability to see small molecules is as dependent on the smoothness
as on the thinness of the substrate that is supporting them. It is evident
that for good visibility they can scarcely be smaller than the molecular
texture of the supporting membrane. Known plastics have a texture of
their own that is of the order of 100 A.; they, therefore, have a limited
usefulness when studying molecules smaller than this. To examine
smaller molecules we should if possible employ the smoother backgrounds
that are provided either by exceedingly thin metallic films or by atomic
replicas. They are both technically far more difficult to use, but for
the present their roughness is not the limiting factor in seeing small
particles. .

4. Specimen

The maximum of resolution of which a microscope is capable can only.
be :ealized from preparations of extreme thinness. Most electrons lose
energy when they are scattered. Since electron lenses cannot focus
electrons of different velocities in the same plane (t.e., have no “color”
correction), these slowed-up electrons strike the image plane in such a
way as to diffuse and damage the image produced. Some which are bent
through especially large angles can be screened out by close aperturing
of the objective lens, and this does greatly improve the quality of the
final image. But under all circumstances the ability to perceive small
detail falls rapidly with increase in specimen thickness, and this fact must
be given great weight when seeking to see macromolecular particles.

The most serious limiting factors now reside in the substance itself.
One of these lies in the need for having clean molecules to look at. Expe-
rience shows that a relatively small amount of a low molecular weight
impurity may be sufficient to obscure comipletely the smmaller macro-
molecules and to smear over and disturb the appearance of. the larger
ones. The monomolecular films formed on the air-liquid interfaces of
solutions of all but the big molecular proteins interfere very seriously
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with the visualization of their molecules. In some cases we know how to
evade the obscuring effects of these films, but they are one of the most
gerious problems we now face in the photography of protein molecules.

III. VISUALIZATION OF MACROMOLECULES

Macromolecular particles of many different sorts are now accessible
to observation and photography. In general they are of two kinds: (a)
proteins and other substances that can be ohtained as solutions, or sus-
pensions, which can be purified and sometimes crystallized and (b) parts
of a more or less insoluble macromolecular fabric. To the first group
belong the viruses, the respiratory proteins of vertebrates and inverte-
brates, seed globulins, and proteins constituting animal sera or derived
from tissue extracts.. The majority of these substances seem to have
spherical or short rod-like molecules. Macromolecular particles of the
second group are typified by those building the cellulosic structures of
plants and the muscle, connective tissue and nerve of animals. They
ustally are long filaments.

Resulting Problems

The present problems arising from the ability to see these macro-
molecules with the electron microscope deal mainly with (a) a description
of the shapes and sizes of members of these two groups, (b) the arrange-
ment of their particles as they occur in nature or in the solids they form
under laboratory conditions, (c) the changes they undergo as a result of
chemical reactions in which they participate and (d) the mechanisms
whereby they are produced in nature. For many of these substances a
determination of their particle dimensions must be considered largely of
academic interest or as information essential to an attack on the other
problems; but for viruses such knowledge has very immediate and prac-
tical value for their recognition and for the study of the way they cause
disease. We are only beginning to penetrate the molecular architecture
of the fixed tissues of the animal body and of the cellulose that is the
principal fixed tissue of plants. But it is already obvious that the deter-
mination of this architecture will give quite a new insight into how these
tissues function and a study of how this architecture is modified with time
will provide a new approach to many problems of degeneratlve disease
and of the aging process.

Though many of the macromolecular particles derWed from living
matter serve as frameworks and fabrics to support more actively metab-
olizing components, others, such as the respiratory proteins and the
enzymes, fulfill their purposes by being centers of intense chemical activ-
ity. It is bound to be an increasing concern of electron microscopy to
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observe the changes that these molecules produce in their environment
and that they themselves undergo as their chemical reactions proceed.
It is impossible at this time to perceive more than the broadest outlines
of this visual chemistry or even to be sure of the directions in which it
will most actively develop, but that such a chemistry will inevitably arise
and that it will yield exciting new prospects over the way living matter
functions is certain beyond doubt.

The mechanisms through which these macromolecular particles are
produced in nature are intimately tied up with the way both they and the
living organisms that originate them function. As yet we have no good
picture of how large molecules, some of several million molecular weight,
can be so constructed that each is exactly like all the others of a given
substance. But we are beginning to perceive details of the mechanism
whereby the viruses develop within their living hosts, and it is not beyend
hope that this accumulating knowledge, besides clearing up many of the
mysteries surrounding the fundamental nature of these agents of disease,
will indicate how we should proceed to find out more about the benign
macromolecular entities, of similar size, that are to be found throughout
the living world.

IV. MACROMOLECULAR MORPHOLOGY

1. Historical

Until & generation ago very little was known about the elementary
particles of the materials dealt with here. Over the past years the ultra~
centrifugal studies of Svedberg supplemented by measurements of rates
of diffusion, viscosity, double refraction of flow and other physicochemical
characteristics have, however, given much information about the weights
and probable shapes of such of these molecules as can be obtained in
soiution. The electron miscroscope has for the most part confirmed this
information and has extended our knowledge to many substances whose
particles are altered by attempts to put them into solution.

There are two phases to be recognized in the electron microscopy of
macromolecular particles. One is what might be termed the historical
phase, the other is the phase of present-day development. During the
first few years in which electron microscopes were available, beginning in
the later 1930’s, a considerable number of macromolecular objects were
examined (cf. 1 and 3 for early references). The first adequate micro-
scopes, manufactured by Siemens, were all in Germany; during tHese
earlier years of the war, they were used to look at most of the materials
we still find it most profitable to study. The same sort of exploratory
work was carried out in this country (¢f. 46 for many early references)
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after the first RCA microscopes were built. The methods of speeimen
preparation developed during these early years were not well adapted to
show small organic particles such as the biological macromolecules; there-
fore, though many particles of macromolecular dimensions were seen
during this early work both here and abroad, the visualization was
usually not clear enough to add much to the knowledge we already had
of them.

Subsequent development of methods for reinforcing the scattering
from small and light particles, notably shadowing, made the electron
microscopic images of macromolecules so much clearer that it has proved
well worthwhile to repeat and greatly extend the earlier explorations.
In all preliminary investigations of this sort, designed to find out therange
and limitations of a new method, the objects for study will in the main be
those that are especially easy to prepare and that have already been
examined by other methods. We therefore continue to look at the same
kinds of macromolecular particles that were first put under the electror
microscope: for example, the hemogyanins, plant globulins, the viruses,
muscle, connective tissue, fibrin, etec. As our understanding of these
and similar “classical’” objects of investigation is increased through
improved experimental procedures and increased experience, the field of
investigation will inevitably be widened.

2. “Spherical”’ Macromolecules

As already stated nearly all the macromolecuiar particles thus far
visualized are either nearly spherical, or they are filaments of great length.
Where comparisons can be made they have dimensions that for the most
part accord well with the ultracentrifugal data, but some are not as
asymmetric as these less direct methods of measurement had led us to
expect.

A number of the plant virus proteins have spherical macromolecules
with diameters that range between ca. 150 and 300 A. Some of these,
like the tomato bushy stunt, the tobacco necrosis and the turnip yellows
viruses, seem to be strictly spherical; others, like the Southern bean
mosaic virus (Fig. 1) and the non-infectious Rothamsted protein, are
nearly, but not strictly, spherical. Some of the smaller animal viruses
such as those causing the encephalomyelitides, papillomas in rabbits and
warts in man, poliomyelitis and related diseases, have macromolecular
infectious units that are nearly or exactly spherical particles with diam-
eters in the range between 500 and 100 A. Aside from these produects of
virus activity the hemocyanins and erythrocruorins, as respiratory
proteins of invertebrates, have the largest centro-symmetrical molecular
particles yet seen. Molecules of the hemocyanin of the horseshoe crab,



8 RALPH W. G. WYCKOFF

Limulus polyphemus, have sppeared after ultracentrifugal purification as
spherical objects ca. 160 A. in diameter (40). Careful examination of
their electron microscopic images led to the rather surprising result that
they were not of identical size but had a broad gaussian distribution about
a mean value. The reason for this is not altogether clear, but it could
be due either to an irregular flattening of the molecules during drying or
to a minimal denaturation and alteration in molecular shape brought
about by the procedures used in purification.

Fio. 1. A dried deposit from a purified suspansion of the Southern bean mosaic
virus protein shewing an orderiy grouping of its elementary particles. In many
regions the packing is the closest possible and yields an hexagonal net, in others it is
the more open arrangement of a square net. Especially over the close-packed areas
the particles are often more than one layer deep. Platinum shadowing. Magnifi-
cation = 32,000 x.

Interesting photegraphs (26) have been made of very cautiously
purified hemocyanin of the sea snail, Busycon canaliculatum. The molc-
cules found in such carefully purified solutions are cube-like objects*
having a well-defmed inner structure. Inspection seems to show that
each cube is a group of four short rods. This is one of the hemocyanins
whieh Friksson-Quensel and Svedberg (5) have sliown by ultracentrifuga-

* Electron micrographs of this and many other mscromoleoular particles have
been collected in s recently published bcok by the writer (Electron Mieroscopy, Iiter-
seience, New York, 1949). Thesethave not been reproduced here nor have all the
bibliographie references given there been repeated.
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tion to possess molecular weights that split into simple fractions when the
pH is raised. In agreement with tnis, alkaline:solutions do not show
these cube-like aggregates, but instead have rod-like molecules which
appear to be the components of the cubes. If this hemocyanin is not
freshly taken from the animal, or if it is subjected to chemicals or to
repeated ultracentrifugations for purification, these cube-like particles
are no longer seen. Instead the molecules seem to be roughly spherical
. objects of about the same size. It is possible that they represent the
first stage in denaturation of the original molecules.

Plant globulins, of which edestin is the most familiar example, offer a
series of middle-sized macromolecules which can easily and profitably be
observed in the electron microscope. Edestin was in fact one of the
first molecules to be photographed (36) and both then and later (10)
has shown itself as an approximately spherical particle ca. 70 A. in
diameter. In this case ultracentrifugal data (38) had pointed to a some-
what elongated particle, and we are not at this moment in a position to
explain this difference of result.

The molecules of the serum globulins, with half the molecular weight
of the plant globulins, are not' much smaller and in some sera, such as
those of the horse, there are antibody molecules that are eonsiderably
heavier and very easy to photograph. _

As previougly indicated, the resolution of good present-day electron
microscopes is sufficient to allow us to see molecules of weights somewhat
under 50,000. It thus has become feasible to try to look at molecules-of
hemoglobin and of the most important enzymes. = There have as yet been
few serious attempts to examine these smaller and in some respects more
interesting molecules. As earlier suggested, useful knowledge about
them will only follow when satisfactory methods of preparation are found;
and this in its turn will depend on being able to spread them over a
sufficiently thin and smooth substrate in such a way that the molecules
are unobscured by the monomolecular films that ordinarily form on the
surfaces of 'their aqueous solutions. The more active cultivation of this
field has been delayed by the numerous rewarding investigations that can
more easily be made involving larger particles.

Macromolecular particles of all sorts are seen within the protoplasm
of living cells. Until recently it has been possible to examine them only
after cellular disruption; under such circumstances it has seldom been
possible to identify what is seen and to determine its relationship to the
grosser cellular components. This situation is being changed by our
increasing ability to obtain sections thin enough for satisfactory electron
microscopy. Both spherical and filamentous macromolecular particles
of a wide variety of sizes are evident in sections through tissue cells.



