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Editors' Preface

In the last generation, protein chemistry, which was once a relatively narrow
branch of organic and biological chemistry, has spread out into the most varied fields
of physics, chemistry, and biology. Enzymes, viruses, and many substances of
immunological importance, are now known to be proteins. The techniques now used
for the study of proteins range from the most elaborate form of X-ray analysis to
quantitive measurements of antibodies. Workers in the most diverse fields of science
have not only contributed to the development of techniques, but have become in-
terested themselves in applying the techniques they helped develop in the study of
the problems of protein chemistry. With the great progress in the knowledge of
proteing, the industrial and medical applications of this knowledge have increased
greatly and promise to increasc far more.

The rapid pace of the advances in protein chemistry, the varied character of the
work being done, and of its practical applications to industry and medicine, have
given rise to an increasing need for thoughtful and critical evaluation of the results
achieved, and of their implications. We hope that this series of volumes will give
the opportunity to workers in special subjects to present their views in more
organized form than is possible in the regular journals, and also to express their per-
onal judgment on problems which are still unsettled. We hope, too, that as the re-
views accumulate, they will provide a useful and comprehensive picture of the chang-
ing and growing field of protein chemistry, and a stimulus to its further development.

In this first volume, special emphasis is laid on proteins.as they occur in nature,
a8 components of complex biological systems. In the second volume, which we
expect to appear in 1945, there will be a group of contributions which reflect the in-
creased interest in protein nutrition stimulated by the war. These will include dis-
cussions of the estimation of amino acids by chemical and bacterial growth methods,
of the amino acid contents of protein foods; of protein nutrition in man, and of the
relation of protein nutrition to antibody formation.

Since the physical chemistry of protein systems was extensively treated in a sym-
posium which appeared in “Chemical Reviews’’ in 1942, and has also been discussed
in several recent monographs, it has received relatively little emphasis in the present
volume. Extensive and critical discussions of recent advances in the physical
chemistry of amino acids, peptides, and proteins, however, will appear in later vol-
umes,

The circumstances of war have inevitably imposed severe restrictions on possible
contributors at the present time. In many countries, those who might be interested
in contributing to such an enterprise are totally inaccessible to us; in the United
States and England, others who expressed keen interest in the project have been
unable to contribute because of the pressure of more urgent work. The authors
whose work is presented here have all prepared their contributions under difficult
conditions. We, and we believe our readers also, are greatly indebted to them
for their presentation of significant developments in fields with which they are
intimately familiar.

M. L. AxsoN
Joun T. Epsaiy
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I. INTRODUCTORY REMARKS

]
)
S

COOVLELRDWN -~a

This review will deal largely with compounds which are traditionally

regarded as impure.

It therefore may be appropriate briefly to examine

the conception of purity as it applies to many of the complicated substances
that are isolated from biological material (compare the review by Pirie,
Although not often clearly formulated, the disparity in the con-

1940).
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2 ERWIN CHARGAFF

ceptions of chemical purity and biological purity has beset the biochemist
from the very beginnings of his science.

Workers are generally agreed on the criteria for the chemical purity of
proteins, carbohydrates, lipids, of biological origin, e.g., the constancy of
chemical composition, physical characteristics, etc. To these requisites
one more usually is added implicitly, viz., that the types of linkages sup-
porting the architecture of the particular substance be clearly definable in
terms of our present knowledge. This requirement is obviously not ful-
filled in a number of compounds of great biological importance, e.g., certain
enzymes, viruses, etc. Yet, many of these substances show a functional
homogeneity of the highest degree. If the cytoplasm or certain cytoplasmic
inclusions of a cell were to be isolated in their unaltered states, they would
certainly be found extremely impure chemically, even though they were to
exhibit a high order of biological purity. While it may be hoped that with
a more profound understanding of the types of linkages prevailing in
these complex structures the borderline between chemical and biological
purity will disappear, it is clear that the fear of offending the chemical
proprieties has frequently led to the most far-fetched model experiments,
in which the true objects of biochemistry (which, after all, is not thanato-
chemistry) have become obscured. The study of biologically important
substances in their natural environment will certainly form a most fascinat-
ing subject of biochemical research.

This article cannot attempt to offer a complete treatment of the chemistry
of lipid-protein complexes which probably are ubiquitous components of
living matter; it will rather be its purpose to point to a number of instances
where the occurrence of at least fairly well defined lipoproteins has been
shown to be probable. Representative compounds present inside the cell
and in the extracellular fluids will be discussed.

Some of the historical aspects of our knowledge of the manner in which
the lipids oceur in living matter have been discussed by Sandor (1934) and
by Macheboeuf (1937). A very adequate review of the present state of
chemical information was recently published by Lovern (1942). There
exists a vast amount of histological observations on the ‘occurrence of
lipid-protein complexes in tissues, and in the innumerable speculations on
the nature of protoplasm the function of lipoproteins has often been
debated. Some of the monographs and articles mentioned in the biblio-
graphy may be found useful in this connection (Biedermann, 1924; Bourne,
1942; Degkwitz, 1933; Guilliermond, 1934; Kiesel, 1930; Lepeschkin, 1938;
Lison, 1936; Sponsler and Bath, 1942.)

II. DEriNITION OF TERM AND CLASSIFICATION

The term lipoprotein is used for compounds between proteins and lipids;
the latter are in turn defined as a group of naturally occurring fatty acid
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derivatives that are soluble in organic solvents. This group comprises the
fatty acids, glycerides, glycerol ethers, waxes, phosphatides, phosphatidic
acids, cerebrosides, and esters of xanthophylls and sterols. Sometimes the
uncombined steroids, carotenoids and related substances are likewise
included. A desirable classification of the lipoproteins could be based on
the nature of the lipid residue contained in the conjugated protein: one
would speak of lecithoproteins, cephaloproteins, etc. Actually, except in
the case of a few synthetic lipoproteins which will be discussed later, this
cannot yet be done, since the conjugated proteins isolated from natural
sources until now were all found to contain more than one lipid species. If
the nature of the protein moiety is known, the prefix lipo- could be used in
these cases; for instance, lipovitellin for the lipoprotein from egg yolk
(Chargaff, 1942, a).

Not infrequently, terms, as e.g., lecithovitellin, are employed for protein
preparations which had been freed of phosphatides. This is confusing;
it would certainly appear advantageous to reserve such prefixes for the
conjugated proteins,

III. MopEs oF LINKAGE BETWEEN LIPID AND PRroTEIN

A schematic survey of the types of primary valence bonds that could
exist between lipids and proteins may be helpful for an understanding of
the lipoprotein problem.

1. Fatty acids: Carboxyl group, electrostatic (salt); covalent (ester,

amide, ete.).

2. Triglycerides: None. (Mono- and diglycerides could, of course, form
covalent ester links through their free hydroxyl groups.)

3. Lecithin: Trimethyl ammonium group, electrostatic (salt). Phos-
phorie acid group, electrostatic (salt); covalent (ester, etc.).

4. Cephalin: Amino group, electrostatic (salt); covalent (amide).
Phosphoric acid group, electrostatic (salt); covalent (ester, etec.).!

5. Phosphatidyl serine: Amino group, electrostatic (salt); covalent
(amide). Phosphoric acid and carboxyl groups, electrostatic (salt);
covalent (ester, amide, ete.).

6. Sphingomyelin: Trimethyl ammonium group, electrostatic (salt).
Phosphoric acid group, electrostatic (salt); covalent (ester). Hydroxyl
group, covalent (ester).

7. Phrenosin and kerasin: Hydroxyl groups, covalent (ester).

8. Xanthophyll and sterol esters: None.

It is clearly necessary to distinguish between genuine lipid-protein

complexes and mixtures or loose adsorption systems which can be separated
into their component parts by mild methods of fractionation or extraction.

1 The phosphatidic acids, glycerol ethers, and acetal phosphatides probably behave
similarly to groups 1, 2, and 4 respectively.
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The term lipoprotein, therefore, connotes, or should connote, a group of
compounds with properties (biological reactivity, solubility, color, optical
and other physical constants) different from those of the sum of their
components. It is, at the present state of information, not possible to
offer a strict formulation of the type of linkages prevailing between a lipid
as a prosthetic group and a protein. The introduction of the term ‘“sym-
plex” (Willstitter and Rohdewald, 1934) has, as a purely terminological
innovation, by no means advanced our understanding. The inspection
of the polar characteristics of the various lipids enumerated above could,
however, lead to the following provisional classification (compare also
Przylecki, 1939; Lovern, 1942).

1. Covalent Compounds (Groups 1 and 3 to 7).
I1. Electrostatic Compounds (Groups 1 and 3 to 6).
II1. Secondary Valence Compounds (Groups 1 to 8).

There is little evidence of the occurrence of covalent lipoproteins (e.g.,
esters, amides, etc.) in nature. It is, of course, true that only very rarely
was a search made for the presence of fatty acids in hydrolyzates of thor-
oughly defatted proteins. There are, however, some indications of the
occurrence of compounds of this type in certain species of pathogenic
bacteria, e.g., in human tubercle bacilli (Anderson, Reeves, and Stodola,
1937) and in diphtheria bacteria (Chargaff, 1931). It often will be difficult
to distinguish experimentally between substances belonging to this class
and those of salt-like nature.

The electrostatic compounds would be represented by salts in which the
attraction is due to ionic forces between the lipid and the protein. The
synthetic lipoproteins and lipoprotamines to be discussed later certainly
fall into this group. Substances of this type will be stable within a certain
pH range only. It is therefore to be assumed that there will be a significant
difference in the reactivities of lecithin and sphingomyelin and of the more
acidic phosphatides (cephalin, phosphatidyl serine, phosphatidic acids,
ete.).

Lecithin and sphingomyelin, which contain the strong base choline, may
be considered as internally neutralized compounds. The isoelectric point
of lecithin has been found at pH 6.7, not much lower than the value required
by the theory, viz., pH 7.5 (Chain and Kemp, 1934; Bull and Frampton,
1936). The admixture of cephalin appears to bring about a considerable
lowering of the isoelectric point of lecithin (Bull and Frampton, 1936;
Cohen and Chargaff, 1940). Unfortunately, the information with respect
to cephalin is less satisfactory. Most physical measurements on cephalin
were carried out with preparations from brain which, as we know now
(Folch and Schneider, 1941), contained a large proportion of phosphatidyl
gerine. This compound is doubtless markedly acidic and it is not unlikely
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that most properties assigned to cephalin in the literature, especially those
distinguishing it from lecithin, actually relate to the serine-containing
compound. This will be particularly true of preparations obtained from
brain and lungs, whereas egg yolk phosphatides are practically free of this
serine derivative (Chargaff, Ziff, and Rittenberg, 1942). In its polar
characteristics, cephalin itself (.e., ethanolamine phosphoryl diglyceride)
is probably much nearer to lecithin than was previously supposed. It may
be concluded that at the physiological pH lecithin can hardly be expected
to form salts with tissue proteins, whereas cephalin and especially phos-
phatidyl serine will be able to combine with protamines and certain basic
proteins (e.g., histone) by means of ionic bonds to form insoluble products;
in other cases (e.g., globin and cephalin at pH 7), the resulting salt may show
8 higher solubility than the uncombined protein (Chargaff, 1938; Chargaff
and Ziff, 1939).

Most lipoproteins occurring in nature probably have to be classified as
secondary valence complexes which are held together by van der Waals
forces. This assumption certainly is necessary for those lipids (Groups 2
and 8 in the scheme given above) that lack centers of attachment which
could give rise to the establishment of covalent or electrostatic bonds. The
situation may be further complicated by the possible existence of solid
solutions of lipids in the prosthetic lipid portion of a lipoprotein, e.g.,
glycerides or steroids dissolved in the cephalin part of a cephaloprotein.

The distinetion between electrostatic and coordination compounds is
probably not sharp in the field of conjugated proteins, as the coordination
centers are presumably often represented by electrically charged groupings
in the protein and the prosthetic substance. These complexes are stable,
and move intact in an electrie field, at a pH well above the isoelectric points
of their component parts (compare Cohen and Chargaff, 1940; 1941 b;
Chargaff, Ziff, and Moore, 1941); on treatment with certain organic sol-
vents, as for instance ethyl alcohol, which would not be expected to disrupt
electrostatic compounds, the linkage between lipid and protein tends to
break. The action of heparin (Chargaff, Ziff, and Cohen, 1940, b) in
displacing the lipids from certain lipid-protein compounds (see Section V)
could equally well be explained as the formation of protein salts of a solu-
bility lower than that of the original lipid-protein compounds. Generally,
it may be assumed that any action which results in the displacement or the
distortion of the centers of attachment in the protein, thereby changing
the critical spacing of these centers, will bring about the cleavage of the
conjugated protein.?

Very little can be said about the nature of the centers of attraction and

3 The theory of the antigen-antibody reaction has dealt exhaustively with pro-

tlems of this nature, and reference should be made to recent treatments of this sub-
ject (Heidelberger, 1939; Landsteiner, 1936; Marrack, 1938; Pauling, 1940a).
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of the forces supporting such secondary valence structures. In some cases
the formation of hydrogen bonds may play a réle (Pauling, 1940, b). The
action of alcohol in destroying the links between protein and lipid appears
to be irreversible.? Because of the lack of reliable amino acid analyses of
the protein moieties of naturally occurring lipoproteins, it is not even
possible to establish a correlation between the number of basic amino acid
residues in these proteins and their tendency to combine with lipids. Such
a correlation seems to exist, however, in the salts between basic proteins
and lipids which will be discussed in the next section.

Weiss (1941, 1942) has proposed an interesting theory of the structure
of organic molecular compounds between substances possessing electro-
negative groups and unsaturated hydrocarbons (or their derivatives)
contalning conjugated double bonds. The formation of these essentially
ionic complexes is ascribed to an electron transfer from the unsaturated
hydrocarbon to the electronegatively charged molecule. Compounds of
this type will possibly be encountered among the naturally occurring
complexes.

IV. CHEMIcAL PROPERTIES OF LIPOPROTEINS

1. Synthetic Compounds

There have been numerous attempts to prepare artificial lipoproteins,
Since in most cases very little attention was paid to the polar characteristics
of the lipids or the proteins employed, it is not surprising that many of
these experiments were not successful. The effort of combining anything
with everything will not lead to the creation of a homunculus, even if the
resulting mixtures are termed symplexes or coacervates.

In a number of studies the preparation of complexes between serum
albumin or egg albumin and lecithin was attempted (Galeotti and Giam-
palmo, 1908; Liebermann, 1893; Mayer and Terroine, 1907; von Przylecki
and Hofer, 1936; Went and von Kdthy, 1934). The competition between
lecithin and cholesterol for the serum proteins was investigated by Theorell
(1930). The interactions between lecithin and serum globulin (Chick,
1914), zein (Galeotti and Giampalmo, 1908), and caseinogen (Parsons, 1928)
were likewise studied. Other workers followed the influence of proteins
on the flocculation of lecithin sols (IFeinschmidt, 1912; Handovsky and
Wagner, 1911; Went and Faragé6, 1931). The almost exclusive use of

8 Macheboeuf and Sandor (1932) have attempted to explain the structure of lipo-
proteins by the mutual attraction of the hydrophobic groupings of the protein and the
lipids. These complexes are assumed to be surrounded by a nimbus of water, held
in position by their hydrophilic groups, which prevents the access of ether and other
solvents immiscible with water, but not of aleohol. It is doubtful whether this
explanation could be applied to the dehydrated complexes.
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lecithin in these experiments probably explains the rather inconclusive
results since lecithin, in contrast to the more acidic phospholipids, is an
inappropriate model substance.

The difference in the behavior of lecithin and the acidic phosphatides
of the cephalin group was emphasized in studies on the formation of com-
pounds between these lipids and protamines or basic proteins. With the
highly basic protamine salmine (isoelectric point at pH 12) cephalin prepa-
rations from brain, which presumably were rich in phosphatidyl serine,
formed water-insoluble salts over a wide pH range, viz., from pH 2 to 11
(Chargaff, 1938). These products, which had a P:N ratio of 1:4 or 1:5
and were composed of about 809, of cephalin and 209, of salmine, were
soluble in organic solvents, could be recovered unaltered when their solu-
tions in hot ethyl acetate were cooled, and did not change their composition
following treatment of their solutions in ether with dilute acids or repre-

TABLE I
Composition of Cephalin-Histone Compounds
(From Chargaff and Ziff, 1939)

Composition of compounds
‘ Cephalin-bindil
pH of reaction Cephalin in P ?a;)r;ciltl; e
P N compound on basis
P value
per ceni per cent per cent m.eq. per g. protein
3.7 2.5 6.7 71 2.78
4.7 2.1 7.9 60 1.71
7.2 1.6 9.4 50 1.03

cipitation with acetone. In one such compound 4.7 milliequivalents of
cephalin per g. of salmine were found instead of 5.0, as calculated from the
acid-binding capacity of this protamine. With lecithin, on the other hand,
no compound formation was observed, except at a very high pH, viz., 10
and 11, The same was true of sphingomyelin.

A study of the compound formation between lecithin and cephalin (rich
in phosphatidyl serine) and basic proteins, viz., histone from calf thymus
and globin from cattle hemoglobin, showed that histone formed insoluble
compounds with cephalin between pH 2 and 7, whereas with globin appreci-
able formation of insoluble cephalin compounds was observed only below
pH 4; lecithin formed no compounds with globin, but did so with histone
between pH 7 and 8 (Chargaff and Ziff, 1939). The cephalin-histone and
cephalin-globin compounds, whose composition is summarized in Tables I
and II were, in contrast to the corresponding protamine salts, insoluble in
organic solvents.
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The histone complexes formed at pH 4.7 and the globin complexes pre-
pared at pH 3 to 5 doubtless are salts as will be seen from a comparison of
the cephalin-binding capacities included in Tables I and II with the calcu-
lated acid-binding capacities whichare 1.71 and 1.31 milliequivalents of acid
per g. of histone and globin respectively. The lower values observed at
about pH 7 with both histone and globin* may be ascribed to the decreased
dissociation of the weakly basic groups in the protein. At a very low pH
a larger number of basic groups in the protein react with cephalin, as
demonstrated by the higher amounts of cephalin bound. This is probably
due to the basicity of the imidazole group at the low pH.

An application of these observations was found in the reaction between
cephalin and oxyhemoglobin (Chargaff, Ziff, and Hogg, 1939). Cephalin,
in contrast to lecithin, brought sbout a disruption or a loosening of the

TABLE 1II
Composition of Cephalin-GQlobin Compounds
(From Chargaff and Ziff, 1939)

Composition of compounds

Cephalin-binding

pH of reaction Cephalin in capacity
P N compound on basis
of P
per cend per cent per cent m.eq. per g. prolein
2.3 2.3 5.6 66 2.21
3.0 1.9 6.3 69 1.48
3.8 2.0 7.1 57 1.51
4.2 1.9 6.5 69 1.48
5.0 1.9 8.2 54 1.34
7.1 0.88 11.8 28 0.40

hemoglobin linkage, both in oxyhemoglobin and carbon monoxide hemo-
globin, in the following manner:

oxyhemoglobin 4 cephalin = cephalin-globin 4 hematin.

Since this reaction took place at pH 7 and at extremely high dilutions, the
cephalin-globin complex remained in solution. Reduced hemoglobin was
not attacked.

Very interesting experiments cn the behavior of lipid monolayers and on
mixed lipoprotein films were described by Rideal, Schulman, and their
collaborators (see, Schulman and Rideal, 1937; Rideal and Schulman,
1939). Compounds between proteins and phosphatidic acids were discussed
by Wagner-Jauregg and Arnold (1938).

4 The cephalin-globin complexes formed at pH 5 and 7 are quite soluble and, there-
fore, obtained in low yields.
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2. Lipoproteins as Part of the Cell Structure

Cell Nucleus. There is no strict evidence of the presence of lipoproteins
in cell nuclei. In fact, the occurrence in these structures of lipids had long
been doubted by histologists (compare Kiesel, 1930, page 158). More
recently, however, lipids were demonstrated in nuclei by histological
methods and by isolation (Dounce, 1943; Stoneburg, 1939; Wegelin, 1928).
Even the nucleolus appears to contain lipids (Fels, 1926).

Ground Cytoplasm. A considerable amount of histological evidence for
the occurrence of lipoproteins in the cytoplasm and other cell fractions rests
on the phenomenon for which the term lipophanerosis was introduced by
Noll (1913). This term takes account of the often observed fact that many
tissues contain lipids in a masked form in which they cannot be demon-
strated microscopically, unless the material has been treated previously
with proteolytic enzymes or with agents, as aleohol, that are able to destroy
the lipid-protein links (Parat, 1928). Similar conclusions, based on chemi-
cal experiments, were reached by numerous workers, e.g., Biedermann
(1924), Bogdanow (1897), Dormeyer (1896), Hoppe-Seyler (1867), Schulze
(1895). A comparative study of lipoproteins in tissues and isolated lipo-
protein complexes with respect to their behavior towards fat solvents and
fat stains was carried out by Grundland and Bulliard (1938).

In the early and more optimistic days of biological chemistry, the schools
of Hofmeister, Hoppe-Seyler, Kosscl, Miescher, and many others carried
out vigorous and bold investigations of the chemistry of the cell. But this
period soon passed, and the more recent studies of Bensley and a few others,
handicapped as they were by the difficultly accessible material, assume the
character of pioncering attempts (compare Bensley, 1942).

Bensley (1938) described a fractionation procedure for washed guinea pig
liver cells which, while leaving behind the mitochondria and nuclei, per-
mitted the isolation of a fiber-forming easily coagulable nucleoprotein,
termed plasmosin, This material is stated to contain a variable but small
amount of lipids. There is no indication that the lipids present are any-
thing but & contamination. The material remaining after the removal of
plasmosin, mitochondria, and nuclear chromatin was designated ellipsin
(Bensley, 1938). This fraction, consisting of the cellular and nuclear mem-
branes, the linin threads, ete., contains about 259, of lipids, but, amazingly
enough, is said to be free of phosphorus (Bensley, 1942). Since the com-
mon cther-soluble phospholipids appear to be present in the nuclei (Stone-
burg, 1939) and the mitochondria (Chargaff, 1942, a) in a rather low
concentration, this would leave the submicroscopic particles and, with less
probability, the casily soluble proteins of the cell as the main phosphatide
repositories.

Mdtochondria. The nature, function, and composition of these extremely
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gensitive organelles have for a long time been a baffling subject. (See the
review by Bourne, 1942, p. 99, and for the cytological evidence, Guillier-
mond, 1934, Noél, 1923, and Parat, 1928. The possible relationships
between mitochondria, secretory granules, and submicroscopic particles
were recently discussed by Claude, 1943.) These structures appear to
contain proteins and lipids, the latter in a masked form in which they can-
not be demonstrated by the usual fat stains (compare Giroud, 1925, 1929;
Kiesel, 1930, p. 94). A method for the isolation of mitochondria from
hepatic cells was described by Bensley and Hoerr (1934).5 The lipid
content of this preparation (from guinea pig liver) was estimated by
Bensley (1937) by a not too adequate technique as: total lipids 35.3,
“lecithin” (i.e. acetone-insoluble lipids) 4.2, cholesterol 2.2, “glycerides”
28.99,. Vitamin A is present according to Goerner (1937-8). Bensley
(1942) later corrected his estimate of the phospholipid content of mito-
chondria to 45 to 589 of the total lipids.

A more detailed examination of the lipid composition of mitochondria
prepared from rabbit liver was carried out by Chargaff (1942, a). A
typical preparation was found to contain N 10.6, P 1.3, 8 0.6, ash 1.69.
The fresh structures dissolved readily in 0.005 N ammonia from which, by
acidification, material of practically unchanged composition could be pre-
cipitated. The main characteristics of the lipid fraction were the extremely
low percentage of ether-soluble phospholipids and the high content in a
fraction that was soluble in chloroform, but insoluble in petroleum ether
and acetone. The latter fraction contained cerebrosides and substances
of a high P content, perhaps lysophosphatides. The composition of the
mitochondria was tentatively summarized (in per cent of total dry material)
as: phosphatides 4.0, glycerides 5.4, cholesterol (almost all in form of
esters) 1.2, cerebrosides 3.3, lysophosphatides (?) 4.3, extraction residue
72.0.

Other Cytoplasmic Inclusions. The evidence of the lipoprotein nature
of the Golgi apparatus rests entirely on microscopical observations. It
will, therefore, suffice to refer to recent discussions of this subject (Bourne,
1942, p. 113; Hirsch, 1939, p. 156; Kiesel, 1930, p. 98; Kirkman and Sever-
inghaus, 1938; Parat, 1928). There have been innumerable controversies
as to the true or artificial nature of these bodies. It has, as in many other
.phases of the experimental work discussed here, to be clearly understood
that the attempt to impress a static pattern on the unceasing alternations
of the living cell will always entail dangers. The cell inclusions, while not
artifacts, may very well be petrifacts, the perpetuation of a passing phase.

The secretory granules from liver and the zymogen granules from pan-

§ The homogencity of this preparation has been questioned by Claude (1943) who
assumes it to consist to a large extent of hepatic secretory granules.



LIPOPROTEINS 11

creas formed the subject of studies by Claude (1941, 1943). Their com-
position is summarized in Table III. The hepatic granules were found to
contain a ribonucleoprotein carrying between 22 and 249 of lipids.
Submicroscopic Particles. Heavy tissue fractions consisting of sub-
microscopic particles of a diameter smaller than 200 mu have during the
past few years been isolated from a number of sources by high speed
centrifugation (Chargaff, Moore, and Bendich, 1942; Claude, 1938, 1940,
1941; Henle and Chambers, 1940; Stern and Duran-Reynals, 1939). While
it is probable that most of these fractions carried lipids, their lipid content
was determined in a few cases only. One of these preparations, the
thromboplastic protein from heef lungs, will be discussed in the next section.
The heavy particles from chicken tumor tissue (Claude, 1940, 1941) were
found to contain a nucleoprotein of the ribose type and 40 to 509 of lipids,

TABLE II1
Granules and Particles from Liver and Pancreas
(From Claude, 1943)

Organ Fraction N P S

Der cemd per cent per cent

Guinea Pig Liver Secretory Granules. 12,1 1.3 0.8
Small Particles 9.1 1.7 0.7

Rat Liver Secretory Granules 12.1 1.3 0.9
Small Particles 9.1 1.6 0.7

Beef Pancreas Zymogen Granules 11.9 1.9 0.7
Small Particles 9.2 2.1 0.5

mostly phosphatides. There were indications of the presence of phospho-
lipids similar to the acetal phosphatides of Feulgen and Bersin (1939).
Analytical data on preparations of small particles from other tissues are
contained in Table III.

Thromboplastic Protein. One of the most thoroughly, although by no
means yet sufficiently, investigated lipoproteins of animal tissue is the
thromboplastic protein from beef lungs (Chargaff, Ziff, and Cohen, 1940,
a, b; Cohen and Chargaff, 1940;1941, a, b; Chargaff, Moore, and Bendich,
1942). The occurrence in living tissue of a powerful thromboplastic
agent which induced the formation of thrombin from its precursor was
known for a long time (compare Mills, 1921). Cohen and Chargaff (1940;
1941, b) prepared the thromboplastic protein as the fraction precipitable
from saline extracts of beef lungs at a saturation with ammonium sulfate
of between 10 and 309, or at its isoelectric point at pH 5.1. This fraction,
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which was not as pure as the preparations obtained later by a different
method, had an isoelectric point near pH 5.1 and contained about 189 of
firmly held lipids that could be removed from the acetone-washed protein
by extraction with alcohol-ether, but neither with chloroform nor with
ether alone. Some of the properties of this lipoprotein (behavior towards
heparin, immunological characteristics, ete.) will be discussed in Section V
of this article. Crude electrophoretic experiments in the Theorell chamber
showed that, whereas at pH 5.1 a mixture of free lecithin and cephalin
moved in an electric field, this was not the case with the phosphatides
contained in the thromboplastic protein, and that even at pH 8.8 almost no
dissociation took place. The examination in the Tiselius apparatus
showed these preparations to be 90 to 959, homogeneous with respect to
their electrophoretic behavior; a small, faster moving component pre-
sumably consisted of nucleic acid.

The protein component, after the removal of the lipids, had no thrombo-
plastic activity. The lipids proved to be an extremely complex mixture
(Cohen and Chargaff, 1941, a). They consisted of alecohol-soluble and
alcohol-insoluble phosphatides, both of which showed clotting activity,
and of sphingomyelin. Among the split products, palmitic, stearie, and
unsaturated acids, choline, ethanolamine, and glycerophosphoric acid
could be identified.

The thromboplastic protein preparations isolated by the methods men-
tioned above, were, on examination in the ultracentrifuge, found to be
inhomogeneous with respect to particle size. Considerably more potent
and homogeneous (with respect to both electrophoretic and ultracentrifugal
properties) preparations of the thromboplastic protein were obtained by
the fractional ultracentrifugation of beef lung saline extracts (Chargaff,
Moore, and Bendich, 1942). A typical preparation contained N 8.9,
P 1.39,. The partial specific volume of the protein was Vy; = 0.87, the
sedimentation constant sy = 330 S, the diffusion constant Dy = 0.38 X
10-7. 'This corresponds to a particle weight from rate of sedimentation of
167 million. Despite the caleulated frictional ratio f/fy = 1.41, electron
micrographs revealed the presence of a large percentage of almost perfect
spheres with a diameter of 80 to 120 mu. The electrophoretic mobility
of these preparations was found at 8.0 em.? volt—! sec.”! X 10~% at pH 7.5
and at 8.4 at pH 8.6. Their thromboplastic activity was extremely high,
as little as 0.008 v still being demonstrable by clotting tests. It may be
of interest to note that the thromboplastic protein preparations isolated
by means of“the ultracentrifuge exhibited marked phosphatase activity.
The thromboplastic protein from lungs is in many respects reminiscent of
the submicroscopic particles of tissue cells discussed in the preceding sec-
tion. It is characterized by a high degree of homogeneity with regard to
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particle size which is lacking in most heavy protein fractions isolated from
tissue. Whether similar material occurs in extracellular fluids, remains to
be established. While circumstantial evidence would seem to assign it a
place within the cell, the true relation of the thromboplastic lipoprotein
to the mitochondria, the secretory granules, and the submieroscopic
particles of the cell and, perhaps, also to the thrombocytes of circulating
blood still is unknown,

" Egg Yolk. The lipid-vitellin complex present in hen’s egg yolk has for
many years been considered as the classical example of a naturally occurring
lipoprotein (Hoppe-Seyler, 1867; Osborne and Campbell, 1900). It there-
fore is the more surprising that until recently (Chargaff, 1942, a, b) no
attempt was made to characterize the intact lipoprotein and the lipids
carried by it. The lipovitellin complex was prepared from egg yolk which,
after dilution with an equal volume of saturated sodium chloride solution,
had been repeatedly extracted with ether until no more uncombined lipids
were removed (Chargaff, 1942, a). Repeated dialyses and ether extrac-
tions of the solutions of the resulting precipitate in 109, sodium chloride
solution yielded a final product containing N 13.0, P 1.5, S 0.9, ash 3.7,
total lipids 23, phosphatides 17.99. Only a portion of the phospholipids
present in egg yolk (18.89,) was firmly bound to the protein. No essential
difference in the composition of the phosphatides occurring in the free state
and of those combined with vitellin was observed; nor was there any
divergence in the rate of formation of these two lipid fractions, which
seemed to be in equilibrium, as revealed by experiments with the radioactive
phosphorus isotope (Chargaff, 1942, b). The yolk phosphatides were
almost exclusively derivatives of choline and ethanolamine; amino acids
were absent (compare also Chargaff, Ziff, and Rittenberg, 1942).

Plastids. The plastids of plant cells, v4z., the chloroplasts, chromoplasts,
and leucoplasts, appear all to contain lipids. (For chloroplasts and the
small particles, the grana, see the review by Frey-Wyssling, 1937-8.)
Isolated chloroplasts were found to contain up to 369, of lipids, but only a
small amount of phosphatides (Menke, 1940). Since most of the lipid
fraction could be extracted from the chloroplasts by ether (Menke, 1939)
or even by 859, acetone (Neish, 1939), the existence in these structures of
lipoproteins is by no means certain. The small particles from carrot and
spinach juice were studied by Straus (1942). He isolated a number of
fractions of widely different particle size and lipid content. It remains to
be established whether these chromatophores may be considered as lipo-
proteins. The presence of heavy homogeneously sedimenting pigmented
particles in plant juices (s;p = 77 S for cucumber juice) was observed by
Price and Wyckoff (1938).

In this connection, mention should be made of a very important conju-
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gated protein, viz., the visual purple. Indications of the presence of phos-
pholipids in purified preparations of visual purple were obtained by Krause
(1937) and this was confirmed in a more detailed investigation by Broda
(1941). The bond between the phosphatides and the chromoprotein does
not appear to be strong: the lipids are removed by treatment with chloro-
form and by electrodialysis (Broda, 1941).

Cell Membrane. This obviously is not the place to sketch in even the
vaguest manner the innumerable discussions on the nature of the cell wall
and the plasma membrane in which biological dialectics have long excelled.
Very instructive surveys of the chemical and physical evidence with regard
to the structure of the plasma membrane will be found in a number of
reviews among which those by Danielli (1942), Harvey and Danielli (1938),
Picken (1940), and Schmitt and Palmer (1940) may be cited here. The
biology of the cell surface is discussed in the monograph of Just (1939).
The classical substrate of membrane studies, the erythrocyte, was reviewed
by Ponder (1934) and the erythrocyte surface by Parpart and Dziemian
(1940).

Whereas much is known about the chemistry of cell surface models, the
same, unfortunately, cannot be said of the plasma membrane itself. A
monistic theory of so varied a system would appear to present particular
dangers, but, inasmuch as natural science progresses by orderly simplifi-
cation, the old conception of Overton of a lipid layer membrane, with the
modification that the lipids are held in place and oriented by proteins,
probably still is useful. The existence of a continuous lipid layer (or of a
mosaic in which this layer preponderates) satisfactorily explains the
permeability conditions prevailing at the oil-water interfaces, whereas the
surface tension and elastic properties of the membrane are in agreement
with the assumption of a lipoprotein structure. The ability of other lipids
or of substances, like heparin or certain detergents, to displace the mem-
brane lipids from their combination with proteins may be of great impor-
tance in cytolytic and other phenomena.

The chemical evidence for the occurrence of lipoproteins in red cells is
more or less circumstantial. Parpart and Dziemian (1940) showed that
between 40 and 609, (varying with the animal species) of the lipids con-
tained in red cell ghosts could not be extracted with ether alone, but
yielded to treatment with alcohol-ether. Sigurdsson (1943) isolated, as
disintegration product of the stroma, small particles from hemolyzed red
cells, which could be sedimented in the ultracentrifuge, containing about
one-third of lipid material. The stroma protein examined by Jorpes (1932)
had an isoelectric point near pH 5.5; if it really represented the protein of
the red cell envelope, the existence of salt-like lipoproteins in the membrane
would be unlikely.
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Very little is known of the composition of leucocytes. In an as yet
unpublished study of the polymorphonuclear leucocytes of the rabbit
carried out in the laboratory of this author, no heavy lipoproteins could be
discovered. The blood platelets, on the other hand, seem to be lipoproteins
and are in many respects reminiscent of the submicroscopic cell particles
discussed above (compare Chargaff, Bancroft, and Stanley-Brown, 1936).

3. Bacteria

Firmly Bound Lipids. 1t has been repeatedly observed by Anderson and
collaborators in the course of their work on the composition of acid-fast
bacteria that the thorough extraction of the bacterial cells with alcohol-
ether and chloroform yielded only a part (about one-half) of the lipids
present in the material. Additional large amounts of lipids could be
removed from these partially defatted bacteria by treatment with aleohol-
ether containing 1 per cent of hydrochloric acid. Mycobacterium leprae
thus yielded 179, of firmly bound lipids in addition to 199, of easily extract-
able fractions (Uyei and Anderson, 1931-32) ; Mycobacterium phlet similarly
contained 99, of firmly bound and 89 of frec or loosely held lipids (Char-
gaff, Pangborn, and Anderson, 1931). The same is true of other bacterial
species: Corynebacterium diphtheriae, for instance, was found to contain
about 5% of free lipids and the same amount of firmly held material
(Chargaff, 1931). Anderson, Reeves, and Stodola (1937) performed a
more detailed investigation of the firmly bound lipids of the human tubercle
bacillus. The isolated lipid-carbohydrate complexes of varied composition
clearly were present in the cellular structure in some chemical combination;
but it remained undecided whether in the bacterial cells they were bound
to proteins or to carbohydiates.

Antigens. A number of bacterial antigen complexes have been described
which appear to contain lipoproteins, although the phosphatides are not
essential for the antigenic activity. Morgan and Partridge (1940, 1941)
i1solated a complex consisting of a phospholipid, a conjugated protein, and
a polysaccharide from Bact. dysenteriae (Shiga). The phosphatide com-
ponent could be removed without impairing the antigenic properties of the
complex. Phospholipid-containing complexes were obtained from Brucella
melitensis by Miles and Pirie (1939) and from Bact. typhosum by Freeman
and Anderson (1941).

Bacterial Surface. Curious anti-bacteriostatic and anti-bactericidal
effects of phosphatides, possibly due to the formation of lipoproteins at the
cell surface, were observed in a number of cases. There was, however, little
difference between the phosphatides employed. Lecithin, cephalin, phos-
phatidyl serine, and sphingomyelin were reported to counteract the effect
of detergents on Gram-positive microorganisms (Baker, et. al., 1941; com-
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pare also Miller, ef al., 1942, for the effect of salmine and histone). Similar
results were obtained with gramicidin to which phosphatidyl serine and
ethanolamine cephalin were found antagonistic (Dubos and Hotehkiss,
1942), and with a bacteriostatic protein from wheat which was inhibited
by lecithin, phosphatidyl serine, and an inositol-containing phosphatide
fraction (Woolley and Krampitz, 1942).

4. Viruses

It is not certain that lipoproteins form part of viruses. None of the
highly purified plant viruses appear to contain lipids. With respect to
animal viruses, it is so hard at present to decide whether the macroproteins,
some of which do contain lipids, isolated from infected tissue are virus com-
pounds, normal tissue components contaminated with the virus, or sub-
stances produced by the action of the virus on the host tissue, that a discus-
sion of the lipoprotein nature of animal viruses is not advisable. There is
one possible exception, viz., the elementary body of vaccinia. Hoagland,
Smadel, and Rivers (1940) found their preparations to contain an avcrage
of 5.8, of total lipids of which 1.4, 2.2, and 2.29, were cholesterol, phos-
pholipids, and glycerides respectively. Cholesterol could be removed by
means of ether, the other two fractions only by extraction with aleohol-
ether. Similar observations on the presence of lipids in the elementary
bodies were made by McFarlane, et. al. (1939).

5. Extracellular Lipoproteins

Blood Plasma and Serum. The manner in which the lipids are carried in
plasma and serum, the limpidity of which was frequently considered as 2
sign of the existence of special lipid-protein complexes (compare Sérensen,
1930, p. 310) has long been a matter of intense speculation. It will be best
to relinquish any attempt at a historical treatment of this problem and to
divide the discussion according to the two main lines of approach, viz., the
electrophoretic separation and the fractional precipitation of the serum
components.

The gentlest separation method for serum' proteins probably is the one
based on the differences in mobility of the serum components in an electrical
field. The separation experiments usually are carricd out in the electro-
phoresis apparatus of Tiselius (1937). The protein fractions from normal
human serum thus separated, viz., the albumin and «-, 8-, and y-globulins,
were subjected to a lipid analysis by Blix, Tiselius, and Svensson (1941).
The results obtained with three different sera are summarized in Table IV,
It will be seen that, while the results were subject to very considerable
variations, the major part of the serum phospholipids and cholesterol was
carried in the a- and g-globulin fractions. The composition of the fractions
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was not materially changed by repeated electrophoresis, and the authors
concluded that the serum lipids did not occur in the free state but were
bound to the proteins in an unknown manner. The g-globulin fraction
appeared to contain the lipids in a coarser form than did the other proteins,
and usually was opalescent. It may, in view of the effect of heparin on
lipoproteins, which will be discussed in Section V, be significant that the
“g-globulin disturbance”, a tall sharp spike which, on the descending
electrophoresis patterns, normally accompanies the g-globulin boundary
(Longsworth, Shedlovsky, and MaclInnes, 1939), disappeared in human
plasma to which heparin was added (Chargaff, Ziff, and Moore, 1941).

The bonds between the lipids and the serum proteins appear in the main
to be weak ones. In plasmas from obstructive jaundice and nephrosis
cases, large ﬁ—g‘obulin peaks are observed which, on extraction of the

TABLE 1V
Lipid Distribution in Normal Human Serum Proteins
(From Blix, Tiselius, and Svensson, 1941)
The results are given in per cent.

Albumin a-Globulin p-Globulin ¥-Globulin

Serum No.

Choles- | Lipid p | Choles | pipia p | Choles- | ipqp | Choles- | yiiqp

1 0.99 0.06 4.6 0.31 0.05

II 1.30 0.13 0.30 0.44| 0.71 0.03

111 0.92 0.08] 4.45 0.28 | 12.7 0.46 | 0.11 0.08

Mean 1.07 0.09 | (4.45) | 0.29 8.65 | 0.40 | 0.41 0.04
Calculated as

phospholipid 2.25 7.25 10.0 1.0

plasma with ether, are reduced considerably (Longsworth, Shedlovsky, and
Maclnnes, 1939; Longsworth and MacInnes, 1940). Similarly, Blix (1941)
reported that by the precipitation of the human serum proteins with ace-
tone, followed by the extraction with acetone-ether at a low temperature,
all the cholesterol and three-quarters of the phospholipids, chiefly lecithin,
were removed; the phosphatides remaining in protein combination were
mainly cephalin. The action of the acetone may, however, have been
quite drastic, because it is known that only little lipid material can be
extracted when serum is shaken with ether (Sérensen, 1930, p. 311).5 It

¢ In this connection, a very interesting observation of McFarlane (1942) should be
mentioned. He found that a large proportion of the serum lipids was transferred into
the ether phase, when ether-containing serum was frozen to a temperature of below
-25°C. and allowed to thaw.
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may be stated that little progress can be expected in this difficult field
before more is known of the types and quantities of the various lipids
contained in serum and of their differential distribution in the serum com-
ponents. The joint extraction of substances as disparate as, for instance,
cephalin and cholesterol often is nothing more than an accident of solubility
and connotes neither common occurrence nor common function.

The presence of lipids and steroids in serum fractions prepared by
fractional precipitation has often been observed (e.g., Chick, 1914; Bang,
1918; Troensegaard and Koudahl, 1926; Theorell, 1926, 1930; Gardner and
Gainsborough, 1927; Macheboeuf, 1929, 1937). Sorensen (1930, p. 308),
in a beautiful discussion of these experiments, pointed out that the addition
of a precipitating agent to serum could give rise to the association or dis-
sociation of the solutes and the precipitation of insoluble complexes, the
composition of which would not give a true picture of the conditions
prevailing in the original solution.

It is with this warning in mind that attempts to prepare lipoproteins by
the fractionation of serum have to be considered. Macheboeuf (1929)
reported that from serum, brought at neutral pH to half saturation with
ammonium sulfate and freed of the precipitated globulins, an albumin-
lipid complex could be isolated by acidification to pH 3.8. . By repeated
precipitations of this material {from its clear aqueous solution, a fraction of
constant composition was obtained. It contained 17.99, of cholesterol
esters, 22.79, of phospholipids, 59.19 of proteins, and could only by treat-
ment with hot aleohol-ether be freed of lipids. For further experiments
with this complex which, not too aptly, was termed ‘‘the lipoprotein
coenapse of plasma,” the monograph of Macheboeuf (1937) should be
consulted.

It may be mentioned here that crystalline albumin from human serum
has been found to contain a small amount (2 to 3%) of free fatty acid which
could be extracted only after the denaturation of the protein (Kendall,
1941).

Milk. Palmer and collaborators have in a series of studies examined
the properties of the stabilizing film on the fat droplets in cream (compare
Palmer and Wiese, 1933; Moyer, 1940). This film forming a membrane
around the fat globules appears to be a lipoprotein complex between
phospholipids and a protein differing in properties from the common milk
proteins,

V. REMARKS oN METHODS

1. Isolation of Lipoproteins

There are no general methods which could be said to lead to the isolation
of lipid-protein complexes from tissue. Each lipoprotein will, for the time
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being, have to be treated as a special case and studied individually. The
principal methods and the instances in which they were used, discussed
more fully in preceding sections of this article, may be summarized as
follows:

1. Isoelectric precipitation of tissue extracts (occasionally in the presence
of ammonium sulfate): thromboplastic protein from lungs (Cohen and
Chargaff, 1940); lipoprotein from serum (Macheboeuf, 1929); plant chro-
matophores (Straus, 1942).

II. Dialysis of strong salt extracts: lipovitellin from egg yolk (Hoppe-
Seyler, 1867; Chargaff, 1942).

111, Electrophoretic separation: lipoproteins from serum (Blix, Tiselius,
and Svensson, 1941); thromboplastic protein from lungs (Cohen and
Chargaff, 1941, b); milk lipoprotein (Moyer, 1940).

IV. Ultracentrifugal separation: tissue macroproteins (Claude, 1941);
thromboplastic macroprotein from lungs (Chargaff, Moore, and Bendich,
1942).

V. Fractional centrifugation of cell organelles: nucleus {Dounce, 1943);
mitochondria (Bensley and Hoerr, 1934); granules from liver and pancreas
(Claude, 1941, 1943); plastids (Menke, 1939; Neish, 1939); blood platelets
(Chargaff, Bancroft, and Stanley-Brown, 1936). These organelles, some
of which possess an internal structure, can, of course, only provisionally
be considered as lipoproteins.

2. Shape, Dimensions, Molecular Weight, Electrophoretic M obility

The only lipoprotein studied in more detail with respect to these proper-
ties is the heavy thromboplastic protein isolated from lungs by means of
the ultracentrifuge (Chargaff, Moore, and Bendich, 1942). Electron
micrographs of the preparation revealed the presence, together with some
aggregated material, of a large percentage of almost perfect spheres with
a diameter of 80 to 120 mu. The particles probably are highly hydrated,
as the calculated frictional ratio f/fy = 1.41 would give an axial ratio of 8
for a prolate ellipsoid. The partial specific volume of the protein was very
high, Vyr = 0.87, as would be expected of a lipid-protein complex. The
sedimentation constant s;; = 330 S and the diffusion constant Dy =
0.38 X 10~7 correspond to a very high particle weight from rate of sedimen-
tation, »7z,, 167 million. The electrophoretic mobility at pH 8.6 was 8.4
cm.? volt— sec.™? X 1075,

3. Fine Structure

The fine structure of lipoprotein systems is of particular interest in con-
nection with studies on the X-ray diffraction patterns of plasma membranes
and the nerve myelin sheath (compare Schmitt and Palmer, 1940). Pal-
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mer, Schmitt, and Chargaff (1941) reported X-ray diffraction studies of
cephalin-histone and cephalin-globin (see Section IV) and compared the
results with those obtained with individual lipids and lipid mixtures (Bear,
Palmer, and Schmitt, 1941; Palmer and Schmitt, 1941), The dry cephalin-
protein complexes showed diffraction spacings that were, for different
proteins, 10 to 15 A greater than the characteristic spacing of cephalin
(43.8 A). In the wet state, cephalin showed very long spacings (about
123 A for a 33 per cent emulsion), whereas cephalin-histone, which barely
took up water, gave only slightly increased long-spacings. These synthetic
lipoproteins were assumed to consist of bimolecular leaflets of cephalin
separated by (perhaps monomolecular) layers of protein.

4. Removal of Lipids

The treatment of the lipoproteins with alcohol-ether, if necessary with
heating, is the method most commonly used for the extraction of the lipids.
This procedure does not permit the recovery of unaltered proteins. The
much less drastic employment of heparin, discussed in the following para-
graph, will under certain conditions be found very useful, but it is not
generally applicable. A systematic study of the action of detergents on
lipoproteins still is lacking, but reference may be made to the use of soaps
for the splitting of serum lipoproteins (sodium oleate and potassium dibro-
mostearate: Macheboeuf and Tayeau, 1938; sodium ricinoleate: Tayeau,
1939).

The freezing to —30° C. in the presence of cther (compare McFarlane,
1942) of a solution of the thromboplastic protein from lungs was found
to bring about the disintegration of the lipoprotein into several fragments
(Chargaff and Bendich, 1944). This finding tends to emphasize the im-
portance of the lipids in maintaining uniformity of particle size and
electrophoretic mobility of the lipoprotein complex.

5. Action of Heparin

The effect of heparin on lipoproteins was investigated with the thrombo-
plastic protein, lipovitellin, mitochondria, and a synthetically prepared
cephalin-histone complex. The reason for these studies was the possibility
that heparin, because of its strongly polar properties and its occurrence in
numerous organs, could exert a controlling influence on the attachment of
acidic prosthetic groups to proteins. The information gathered so far is
by no means sufficient, but it may perhaps permit a téntative classification
of lipoproteins with respect to their behavior towards heparin; viz., (1)
complexes that are disrupted by heparin with the liberation of the combined
lipids and the simultaneous formation of a protein-heparin compound, and
(2) complexes which give rise to heparin-lipoprotein compounds without
losing the bound lipids.
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The first class is exemplified by the thromboplastic protein from lungs
{Chargaff, Ziff, and Cohen, 1940, b) and, perhaps, also by some of the
extracellular lipoproteins. All the other lipoproteins mentioned in the
preceding paragraph belong to the second class: the combination with
heparin occurs without the displacement of the bound lipids (Chargaff,
Ziff, and Cohen, 1940, b; Chargaff, 1942, a). Whether these differences
can be correlated with the nature and frequency of the basic groups in the
carrier protein, remains to be seen. It is, for instance, remarkable that
lipovitellin, as it is isolated from egg yolk, carries a certain fairly constant
proportion of the yolk lipids and appears to be in equilibrium with the
uncombined lipids, but is still able to combine with heparin (Chargaff, 1942,
a, b).

6. Antigenic Properties

Our knowledge of the antigenic behavior of purified lipoproteins is scant.
A comparison of the immunological behavior of native lipid-containing
gerum albumin and globulin fractions with that of the corresponding
defatted proteins failed to reveal decisive differences between these antigens
or their antisera; the lipids did not appear to influence the specificity (Went
and Lissik, 1934). Similarly, the heparin-protein complex produced by
the liberation of lipids from the thromboplastic protein from lungs (see the
preceding paragraph) reacted with the antiserum to the intact lipoprotein
(Cohen and Chargaff, 1940). This seems to indicate that the phospho-
lipids were not essential for the capacity of this lipoprotein to combine
with the antibody and that the specificity rested entirely with the protein
component.

The author fears that the absence from his article of so-called General
Principles will be noted. But at the present state of biological chemistry,
general principles, while telling us all about everything, tell us nothing
about anything particular. To gain validity, they will have to be based
on more than the few observations extant at present.
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INTRODUCTION

Proteins and complexes of proteins with lipids and carbohvdrates form
the basis of the structural components of cells and tissues. Whercas these
structural protcins have, in the past, been investigated chiefly by the
techniques of classical morphology, advances during the last two decades
in the chemistry of these complex molecules and in physical techniques for
investigating their internal architecture have laid the fonndation for new
correlations between structure and function. 1In this new synthesis, data
of analytical chemistry must be related not only to ultrastructural con-
siderations but to the whole body of available information of morphology,
physiology, and biochemistry.

In certain tissues, such as muscle, it is possible to extract the structural
protein and characterize its chemical and physical properties. When
more detailed ultrastructural information is available it will probably not
be long before it will be possible to consider the mechanism by which
metabolic energy is coupled with the contractile protein mechanism. Since
there is considerable similarity in the general properties of fibrous proteins,
such as contractility, extensibility, and elasticity, it is probable that when
the structure and properties of one protein, such as myosin, are well under-
stood this information will greatly facilitate our understanding of other
proteins, many of which are not as amenable to analysis as myosin.

The X-ray work of Astbury, which started with the keratins but soon
led to generalizations about physiologically more interesting proteins, is a
good illustration of this point. The structure of compact fibers, like the
keratins, is still far from being thoroughly understood, and greater diffi-
culties may be expected with the more solvated proteins which are inti-
mately connected with cellular metabolism, such as those of muscle and
nerve, the tenuous fibrils of the eytoplasm, and the chromosomes. The
present review is meant to be a comparative survey of certain proteins
selected as representative of the above range of physiologically interesting
structures, chief emphasis being given to results obtained in the last few
years.
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I. Intracellular Fibers

Many valuable clues concerning the form and chemical properties of
the intracellular proteins have been obitained by the classical methods of
cytology and histochemistry. However, owing to the instability of these
structures to fixing agents and cytological procedures, the danger of artifact
formation has made the results suspect to many chemists and physiologists.
Needed are methods which can be applied to unfixed cells and which can
reveal information about molecular organization of their structures.

There are at present two general classes of methods which provide such
information. The first class comprises chemical methods of characteriza-
tion of proteins extracted from cells and isolated by difierential centrifuga-
tion. The second class consists of optical procedures, some of which can
be applied to the living material, which give information about the sub-
microscopic organization. These include the ultramicroscope, ultraviolet,
polarizing and clectron microscopes, and X-ray diffraction.

1. CHEMISTRY OF EXTRACTABLE PROTEINS

The extraction of intracellular protein components by suitable reagents,
such as water and salt solutions, and the isolation of these components
by differential centrifugation has proven a powerful tool in determining
the chemical composition and probable réle of these constituents in the cell.
While it is not difficult to isolate fractions from tissue cells by this method,
considerable confusion resulted when individual fractions were related to
structures, such as mitochondiia and secretion granules, which have long
been objects of study by eytologists. A part of this confusion is doubtless
due to alterations in the structures during isolation and to the obvious
difficulty of effecting a complete separation of a component, such as mito-
chondria (which may vary somewhat in composition in different tissues)
from all the other complex and interrelated structures in the cell. The
results which have been obtained, as well as the opinions of the individual
workers, are contained in the symposium entitled “Frontiers in Cyto-
chemistry’’ (Biological Symposia vol. 10, 1943), held in honor of Prof. R. R.
Bensley, a pioneer in this field. In the following resumé emphasis is placed
on the isolated fractions themselves, rather than on their supposed relation
to recognized cytological entities. Particularly pertinent are the papers
by Lazarow, Barron, Claude, Mirsky and Pollister, Hoerr and Bensley.

a. Sali-extraclable Proteins

Nuclear Chromatin. Claude (1942) and Claude and Potter (1942)
isolated chromatin from resting nuclei of leukemic cells. After crushing
the nuclei with sand, extraction with water or dilute saline yields strands
which resemble, even in some detail, the chromosomes of the intact nucleus.
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The analyses show P = 3.6-3.8%, N = 15.3-15.89, indicating a nucleic
acid content of about 40%,. The nucleic acid was demonstrated to be of
the desoxyribose type. It is to be expected that much may be learned from
such preparations, not only about the chemistry of chromosomes but about
their ultrastructure as well.

Mirsky and Pollister (1942, 1943) obtained nucleoproteins from sperm
headsand the nuclei of tissue cells by extraction with 1 M NaCl (2 M in the
case of marine forms). The extraction yields a viscous solution which
shows strong negative stream birefringence. The material contains 3.9%, P
and 15.5% N and is considered to be a nucleoprotein, the nucleic acid being
of the desoxyribose type. The authors are at pains to prove that the
material comes only from the nucleus, which is generally considered to be
the only source of thymonucleic acid. They state that histones or prota-
mines constitute the sole protein component. The almost complete absence
of tryptophan, which is found in most other proteins, is cited as evidence
for this view.

TABLE 1
Content of Nucleic Acid, Histone, and Chromosomin in Cell-Chromalin

According Stedman and Stedman

Nuclei Nucleic acid Histone Chromosomin
% % %
Cod sperm 28 12 60
Ox spleen 24 16 50
Walker rat sarcoma 26 1.6 72.8

Stedman and Stedman (1943) believe that the above view of the composi-
tion of chromatin is erroheous. They state that the principal component
of chromatin is an acidic protein to which they give the name chromosomin.
Though 259, of the constituent amino acids are basic, the protein is acidic
because of high concentrations of glutamic and aspartic acids. Contrary
to the finding of Mirsky and Pollister, the tryptophan content is found to
be relatively high. The content of nucleic acid, histone, and chromosomin
in the chromatin of several types of cells is shown in Table I. The reaction
of chromosomin with histological stains and with the Feulgen reagent is
also discussed.

In view of the importance of this discovery for our views of the proper-
ties, composition, and structure of chromosomes it seems best to withhold
appraisal of the work until the details of the analysis have been published
and the work confirmed independently. Apparent contradictions with
experimental facts come to mind at once and some of these have already
been discussed (Callan, 1943 ; Barber and Callan, 1944).
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Plasmosin. This name was given to a fibrous protein component isolated
from liver by Bensley (1938). After extraction of soluble constituents of
separated cells by dilute saline, plasmosin was extracted with cold 10 per
cent NaCl buffered to pH 6.8. When placed in water it yields fibrous,
contractile strands. Prolonged standing in water causes the protein first
to gel and then to pass into solution. In this state it has an isoelectric
point at pH 3.2. It is a nucleoprotein, having a P content of 3.79%, and
Lazarow (1943) states that the nucleic acid is of the desoxyribose type.
Mirsky and Pollister (1943) believe that plasmosin is identical with the
nucleoprotein which they extract from the nucleus. They cite the negative
Feulgen reaction of the cytoplasm as proof of the absence of thymonucleic
acid therein and conclude that plasmosin is not a cytoplasmic constituent
as Bensley supposed. Lazarow (1943) agrees that the composition of
plasmosin is essentially the same as Mirsky and Pollister’s nucleoprotein
but disputes their evidence that it is present only in the nucleus. It was
Bensley’s original thesis that plasmosin represents the protein responsible
for sol-gel reversal and for the formation of fibrous structures in cytoplasm.
The isolation and characterization of this fibrous cytoplasmic material is
highly important but further work is required to determine whether or not
it is included in the fraction called plasmosin by Bensley. The problem
resembles somewhat that of the structure of the nerve axon (see Section
II), in which fibers may be produced by relatively small concentrations of
high molecular weight protein.

Submicroscopic Protein Particulates (Microsomes). Claude (1941, 1942,
1943, a, b) obtained relatively pure preparations of the submicroscopic
particles which make up a considerable portion of the hyaloplasm or
ground substance of protoplasm. These granules, called by him miero-
somes, are obtained by water extraction of tissues, in some cases following
preliminary grinding of the tissue with sand. They contain 9%, N and 1.5%,
P, and are characterized as a complex of ribonucleoprotein with phospho-
lipids the latter making up 459 of the total and consisting in part of
acetalphosphatide. In the living cell they can be observed in the ultra-
microscope as refractile bodies having an apparent size of 50 to 300 mg.
They are said to make up about 15%, of the dry weight of the cell, or about
one-quarter of the dry weight of the cytoplasm. When it is remembered
that the cytoplasm of liver cells contains many formed inclusions such as
mitochondria, Golgi apparatus, vacuoles, glycogen granules, etec., it would
appear that the microsomes must represent the major portion of the protein
of the ground substance. Such a system might be visualized as a colloidal
sol. However, it is probable that the characteristic non-Newtonian flow,
elasticity, high viscosity, and stream birefringence of protoplasm are due
to submicroscopic linear arrays, perhaps of a reticular nature, as was sup-
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posed in one of the earliest theories of protoplasmic structure and docu-
mented by more recent evidence (Seifriz, 1938, 1942; Frey-Wyssling,
1938, b). Whether or not submicroscopic particles, such as microsomes,
have a structural or functional relationship with the reticular components
is not known.

Secretory Granules. Claude (1943, a, b) isolated another fraction from
saline extracts of liver and pancreas cells which is said to contain almost
exclusively the zymogen or secretory granules long known to eytologists.
They have diameters of 0.52u and contain 129, N and 1.39, P. Like
microsomes they are ribonucleoprotei-phospholipid complexes, the lipid
portion representing 20-249%, of the total. The d-amino acid oxidase is
said to be localized in these granules, none being in the microsome fraction.
Claude also finds (personal communication) that practically all of the
extractable succinic dehydrogenase and cytochrome oxidase are associated
with the secretion granules, very little being present in microsomes.
Transaminase activity is also associated with these granules but not with
the microsomes.

Relation between Mitochondria, Microsomes, and Secretory Granules.
Cytologists have long sought, by observations of morphology and staining
reactions, to establish the origin of formed elements in the cell. The
apparent disappearance and “de novo” formation of mitochondria, and
the complex interplay between mitochondria, Golgi apparatus, prozymogen
and zymogen granules may be cited as examples. The chemical method
provides a powerful tool to investigate such problems. Bensley and Hoerr
(1934) reported the isolation of mitochondria from liver. Claude (personal
communication) finds that when mitochondria, isolated from lymphoid
cells of rat lymphosarcoma, or secretory granules isolated from liver or
pancreas, are washed in saline and then in water, they decompose into
submicroscopic particulates which cannot be distinguished from micro-
somes. Both are complexes of ribonucleoprotein and lipids. The lipid
portion of each contains about 129, of lipositol, though mitochondria
contain 25%, microsomes 459, by weight of lipids. Microsomes and
secretion granules are also closely similar in composition, and Claude sug-
gests that the latter may be derived from the former or have a common
origin with them. ‘

Lazarow (1943) and Hoerr (1943) agree that the composition of mito-
chondria and microsomes is similar qualitatively but state that there are
quantitative differences. Hoerr believes that Claude’s ‘secretory granule’
fraction really contains mitochondria. Further work is required to estab-
lish the reasons for these disagreements. Lazarow (1943) and Barron
(1943) discuss the réle of mitochondria and microsomes as carriers for
enzymes involved in cellular metabolism.
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Réle of Protein Particulates in Cellular Enzyme Reactions. In addition
to the components mentioned above, various high molecular weight parti-
cles having enzymic activity have been isolated (see particularly Stern,
1939, 1943; Korr, 1939; Henle and Chambers, 1940; and Kabat, 1941).
Phosphatase, cytochrome oxidase, succinic dehydrogenase, and hetero-
genetic tissue- and organ-specific antigens have been thus localized.

Considering the relatively mild treatment by which the particulates are
isolated (hence the probability that they represent complexes rather than
single molecular species) and their great surface, it is not surprising that
enzymes have been found associated with them. The interesting point
will be whether or not a given type of particulate bears certain enzymes
specifically and to the exclusion of other particulates and whether the
enzyme, rather than being adsorbed non-specifically, is an integral part
of the particulate chemically. In this case there will indeed have been
established a bridge between energy liberating catalysts and structure in
protoplasm. The differential centrifugation method avoids many of the
artifacts encountered by biochemists who have studied extracts obtained
by more drastic means. Nilsson (1943) contrasted the characteristics of
fermentation processes in intact yeast with those of extracts customarily
used by carbohydrate chemists. By controlled differential centrifugation
of yeast cells hie obtained a partial system which reproduced the chemical
fermentation characteristics of the intact cell much more closely. He
believes a lipid-protein structure is necessary as a carrier for enzymes in
fermentation processes. This structure is not present in extracts obtained
by the usual, more drastic means.

b. Urea-extractable Proteins: Renosin (Structure Protein I)

Szent-Gyorgyi (1940) and Banga and Szent-Gyérgyi (1940, a, b) have
described a preparation called renosin or Structure Protein I, which is
obtained by extracting ground tissue with 30 per cent urea in a buffered
solution of KCl (0.6 M). Its concentration in tissues is given as roughly
309, of the total protein content; hog heart muscle is said to contain more
renosin than myosin! It is considered responsible for structure formation
in protoplasm. The material shows high viscosity and strong negative
stream birefringence and is considered to contain a nucleoprotein. It is
difficult to regard such an obviously complex and variable moiety as a
chemical entity. Its relation to components, such as plasmosin, isolated
by less drastic means, remains to be determined.

¢. Alkali-extractable Proteins

Ellipsin, After tissues have been thoroughly extracted with water and
JO per cent NaCl their general microscopic appearance is little altered,
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though as much as 709, of the protein has been removed. Such residues,
consisting of cell and nuclear membranes, linin framework, and so on, may
be dissolved by extraction with M/2 NaOH. This material has been
called ellfpsin by Bensley and Hoerr (1934), and is stated to be free of P
and to contain 259, by weight of lipids (Bensley, 1942). Ellipsin is no
doubt a complex of a number of constituents, possibly even including some
collagen, but it would be valuable to characterize it further and to investi-
gate the possibility that the structural framework of cells in various tissues
and from different animal forms may contain a class of closely related
proteins. The relation of ellipsin te the stroma protein of erythrocytes
cannot be stated from the present data.

Structure Protesn II. This is the name given by Banga and Szent-
Gyorgyi (1940, b) to material which is obtained by extracting the tissue
remainder from the renosin extraction with 30 per cent urea plus 2 per cent
NaOH with heating at 60°C. for 5§ minutes. Like renosin, it shows stream
birefringence, but unlike renosin, it retains this property even after boiling
for 15 minutes. The material obviously contains a number of constituents,
the nature of which has not been determined.

2. ULTRASTRUCTURE OF INTRACELLULAR PROTEINS

Examination of living protoplasm by the ultramicroscope has produced
evidence of the existence of submicroscopic granules and fibrils but the
information is chiefly of a qualitative sort. Monné (1940) claims that, by
& combination of the ultramicroscope and the polarizing microscope, greater
phase differences are obtained than with the polarizing microscope alone,
making it possible to observe colors with the gypsum plate with objects
too thin to give such phase differences with transmitted polarized light.
As yet the polarizing ultraviolet microscope has not been developed; this
method should provide a powerful tool because of the wide distribution, in
cell structures, of nucleic acid which should confer natural dichroism in the
ultraviolet. : ,

Plotnikow and Splait (1930) and Plotnikow and Nishigishi (1931)
investigated the *longitudinal’”’ scattering of infra red light by liquids and
suspengions. When a collimated beam of infra red rays passes through a
liquid there is little or no Tyndall scattering; rather the beam spreads out
conically, giving an image on a sensitized plate around the central beam,
the diameter of which is proportional to the scattering. A beginning at a
theoretical treatment of the phenomenon has been made by Neugebauer
(1940). Lepeschkin (1939, 1940, 1942) studied the effect in suspensions of
cells, both in the normal state and after treatment by narcotics and killing
agents. Large effects were observed which were attributed to fibrous
proteins. The scattering is said to increase with the mol. wt. of the protein,
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though the relation is not linear. It is greater in yeast than in Eledone
hemocyanin but less than in certain viruses, from which it is concluded
that the effective mol. wt. of the intracellular protein lies between 17 and
20 X 10% He ascribes the scattering to hypothetical vital protein com-
plexes, which he calls vitaids, and states that these complexes are broken
down by death and adverse environment. The effect deserves further in-
vestigation though it is regrettable that another term has been added to
the long list of names for hypothetical giant vital complexes. Terms of this
sort were in vogue half a century ago but proved to be little more than
semantic camouflage for lack of information.

That the optically empty ground substance of protoplasm contains
protein ultrastructure "has been obvious for many years because of its
abnormal viscosity and the behavior of particles moving through it, under
normal conditions and in centrifugal fields. Non-Newtonian flow proper-
ties of protoplasm have been investigated by Pfeiffer (1937 a, b, 1940) who
studied the viscosity and stream birefringence of the protoplasm of plant
cells (chiefly Chara) in capillary tubes. Longitudinal streaks, observed
between crossed nicols at low and medium shear velocities, attested to the
presence of asymmetric protein aggregates. At high shear velocities the
streaks disappeared and the viscosity dropped, due presumably to disag-
gregation of the particles.

a. Polarized Light Observations

No attempt will be made to cover this large field thoroughly. For
reviews see the books and papers by Schmidt (1937, a), Frey-Wyssling
(1938, a), Schmitt (1939), and Picken (1940). Particularly valuable for
source material are the *Sammelreferate” of Schmidt (1937, b, 1942),
After a brief summary of the main facts we shall consider chiefly the papers
which have appeared in the last three years.

Many of the fibrous proteins of the cell are very thin or occur in highly
solvated systems. Hence, even though they have birefringence as high as
that of familiar compact fibers, the retardation, T, will be very small.!
Consequently birefringence can be discovered—not to say measured—in
these thin fibers only under special conditions, which include use of a
compensator of high sensitivity (such as the Kéhler /20 or A/30 rotating
mica plate compensator of Leitz) and employment of high intensity of
illumination to provide maximum contrast. Where these conditions have
been met, birefringence has been found in most of the fibrous protein
structures of the cell.

1 Birefringence = n, — no = g, where d is the thickness of the object and I is the
retardation in the same units.
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Intracellular protein fibers behave as uniaxial systems in which the optic
axis corresponds with the long axis of the fiber. Their birefringence, as
observed in the cell, is very largely form birefringence and, since the sign
is positive, they have been considered as composed of submicroscopic
rodlets oriented with long axes parallel to the fiber axis. This is based on
the theory of Wiener (1912) which, together with Naegeli's micellar theory,
gave rise to the concept of isolated rodlets. Such conclusions are not a
consequence of this theory, as will be discussed in detail below, and electron
microscope (abbreviated EM) observations indicate that the submicro-
scopic components are more probably very elongated fibrils having thick-
ness of the order of a few hundred Angstrom units. However, the polarized
light analysis is important because it can be applied to the fresh cell and is
an extremely sensitive indication of preferred orientation.

The intrinsic birefringence (that portion whose magnitude is independent
of the refractive index of the immersion medium) is positive in sign in all
protein fibers, except those conjugated with nucleic acid, which show a
negative sign. The above description holds true for spindle and astral
fibers, myonemes of protozoa, cilia, flagella, sperm tails, and many tissue
fibers. :

Ground Substance (Hyaloplasm). Evidence has been accumulating for
the existence of a submicroscopic lattice of protein and lipid materials
which may be responsible for the non-Newtonian properties of cytoplasm,
as well as for contractility and polarity. Peters (1937) refers to the lattice
as the “ cytoskeleton’ and speculates about its possible functions. Earlier
polarized light evidence is given by Schmidt (1937, a). Monné (1940)
interpreted his birefringence results on pulmonate spermatocytes as indi-
cating a stratification of the cytoplasm in submicroscopic layers concentric
with the nucleus. The protein layers are interspersed with lipid molecules
oriented with long axes perpendicular to the protein layers, i.e., radially in
the cell. Recently Pfeiffer (1942), using a microscope-centrifuge of design
similar to that of Harvey, observed the protoplasm of frog eggs in polarized
light during application of a centrifugal field. No evidence of orientation
in the cytoplasm was found in the normal, uncentrifuged cell. At 10-
20,000 r.p.m. weak birefringence was observed at the centrifugal pole; at
the highest velocities stratification was observed at this pole, the sign being
positive with respect to the direction of deformation. The effects are
ldrgely reversible. He concludes that the isotropy of normal cytoplasm
is statistical and that the centrifugal field orients the fibrous structures
normally present in random array.

Mitochondria and Golgt Apparatus. These lipid-protein complexes,
which appear to be essential structures in most cells and are particularly
important in secretion processes, have been studied very little as regards
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ultrastructure. Giroud (1928) found the fibrous mitochondria of the gut
cells of Ascaris uniaxially positive and concluded that the prctein chains
are axially oriented. Grave (1937) found that in the rodlets of the distal
convoluted tubule of amphibia the positivity could be reversed by immer-
sion in high refractive index media, suggesting that the protein chains run
parallel with the rodlet axis while lipid molecules extend with long axes
perpendicular to this direction. The rod-like mitochondria of vitally
stained pulmonate sex cells show birefringence which is negative with
respect to the long axis, according to Monné (1940). Monné (1939, a) also
observed birefringence in the lens-shaped Golgi apparatus in the living
spermatocytes of Helix and Tachea stained with vital dyes. The “sub-
stance externum’ is lipid-rich and shows birefringence negative with
respect to the tangent of the lens, indicating a radial orientation of the
lipids. The *substance internum” which contains chiefly the protein
complement, showed no sign of preferential orientation.

Cell, Nuclear and Vacuolar Membranes. The plasma and nuclear mem-
branes show chiefly form birefringence which is positive with respect to
directions in the plane of the membrane, 7.e., negative with respect to the
direction perpendicular thereto, the direction of the optic axis (Schmitt,
Bear, and Ponder, 1936, 1938; Monné 1939, b; Schmidt, 1939, b). This
has been interpreted as meaning that the protein components of these
membranes occur as leaflets of submicroscopic thickness with surfaces
parallel to that of the membrane. However, the optical data require only
that the major axes of the submicroscopic protein components extend in
planes paralleling that of the envelope. These components may as well be
very thin fibrils, interlaced or oriented at random, as in nets or grids. From
an EM study of the envelope of the human erythrocyte, Wolpers (1941)
favors the view that the envelope is composed of a lattice of thin protein
fibrils with lipid molecules interspersed between the protein particles.

The membranes of vacuoles have a similar structure. Schmidt (1939, c)
observed changes in the birefringence of the contractile vacuole of Amoeba
with the cyelic contraction and filling and suggested that the protein chaing
oriented parallel with the membrane of the vacuole are responsible for the
contraction. This view resembles somewhat that of Seifriz (1938), who
believes that protoplasmic streaming in slime molds is due to rhythmic
pulsations, which in turn are aseribed to the contraction and relaxation of
folded chains of the type pictured by Astbury.

Coniractile Fibers. One of the characteristic properties of protein fibers
is their ability to shorten longitudinally under appropriate conditions,
Since Engelmann (1875) proclaimed his famous dietum ‘ ohne Doppel-
brechung keine Kontraktilitéit” it has been generally believed that the
fundamental molecular mechanism by which reversible shortening occurs
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will be found to be about the same whether in muscle, spindle fibers, cilia,
or elsewhere. The fact that all cellular fibrils show positive form bire-
fringence has been the chief support of this belief. An unfortunate by-
product has been the feeling that, like muscle, intracellular fibrils will also
be composed of globulins similar to myosin. Enough evidence is now
available to show that this is erroneous.

Actually there are relatively few cases of longitudinal shortening, com-
parable to that of muscle, found among intracellular fibrils. Spindle fibers
may qualify (for objections, see Pfeiffer, 1942), but many fibrils which
produce active movement (cilia, flagella, and sperm tails) shorten very
little longitudinally. 'The contractile stalk of Vorticella and related organ-
isms retracts rapidly by coiling of the internal fiber. Schmidt (1941) finds
that contraction of the stalk in Charchesium results in great decrease in the
positive birefringence characteristic of the resting fiber., Likening this to
the optical negative variation of muscle contraction (see p. 55) he invokes
a collapse of protein chains, similar to Astbury’s supercontraction, to
explain the coiling.

b. Electron Microscope (EM)

Contractile Fibers (Cilia, Flagella, Sperm Tails). Motile fibers such as
cilia, flagella, and sperm tails, all of which extend from the cell, offer
particularly favorable material for ultrastructure analysis, for they can be
studied with the EM very conveniently, being obtainable free of proto-
plasmic material which obscures the electron micrograph (EMG). All of
these structures show positive form birefringence (in the case of cilia the
lipid may, under certain conditions, reverse the sign of birefringence).

Recent EM studies of Schmitt, Hall, and Jakus (1943) show that the
submicroscopic protein structures responsible for this birefringence are not
isolated, oriented micellar rodlets with asymmetry ratios of the order of 10
or 20, as has been pictured by analogy with the supposed structure of
muscle fibers, but are evenly contoured parallel fibrils 300-500 A wide and
extending the full length of the cilium, flagellum, or sperm tail (Fig. 1).
In the case of some sperm tails the asymmetry factor for these fibrils would
be of the order of 1000 instead of 10 or 20. It is not impossible that smaller
units exist within the fibrils, contributing to the form birefringence. Since
the fibrils alone account for form birefringence, however, postulation of
smaller units seems unnecessary. Subfibrils in sperm tails have also been
described by Harvey and Anderson (1943) and by Baylor, Nalbandov,
and Clark (1943).

Sperm tails are best suited for such studies because they can be obtained -
in great abundance under standard conditions. An interesting and proba-
bly significant point is that not only have these subfibrils been found in all
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vertebrate and invertebrate sperm tails thus far examined, but the number
of fibrils per tail is amazingly constant, ranging from 9 to 12. Harvey and
Anderson (1943) find a similar number of fibrils in the case of the tails of
Arbacia sperm. The subfibril seems to be a unit of structure at this level
of organization though it is no doubt composed of still finer columnar units;
occasionally finer strands are seen, and it is supposed that the cleavage
was due to some unrecognized factor in the chemical environment. It is
an interesting commentary that Ballowitz (1890) observed the fraying of
many types of sperm tails into subfibrils, made visible microscopieally no
doubt, by adsorption of stains.

. |

w
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Fig. 1 Fig. 2
Fig. 1. Frayed tail of bull sperm showing subfibrils. X 11,000
Fig. 2. Portion of sheath from human sperm tail fragmented ultrasonically, showing
helical structure. X 28,000

In mammalian sperm tails the bundle of fibrils is surrounded by & sheath,
the major component of which is a closely wrapped helical fibril, having a
thickness also in the range of 300-500 A (Fig. 2). When the tails are
fragmented by ultrasonic radiation, portions of this helix can be seen,
appearing like miniature solenoids.

This extraordinary system of fibrils has been investigated with respect
to chemical properties by EM examination of tails which had been exposed
to various reagents, either in solution or after drying the tails on the film
of the specimen holder (unpublished work). They are dissolved rather
slowly by trypsin, more rapidly by pepsin. Insolubility in water, dilute
acid, or salts argues against a nucleoprotein, globulin, or collagenous nature.
They are dissolved in relatively high concentration of NaOH (0.2 M).
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What light do these observations throw on the mechanism of motility
in these structures? The carbohydrate metabolism of the sperm tail
seems to resemble qualitatively that of muscle (MacLeod, 1941, 1942).
Motility ceases when glucose is washed out and returns when glucose is
added. However, the situation differs from that of musecle not only in the
nature of the fibrous proteins but also in that the motion is an undulatory
one rather than a longitudinal shortening. As long ago as 1911, Heiden-
hain suggested that the central filament is essentially an elastic mechanical
structure which is thrown into folds by small contractile regions located at
intervals along the edges of the tail. Similar considerations were applied
to cilia and flagella. However, EM examination reveals no such structure,
except perhaps for the helical sheath, which has been found thus far only
in mammals, hence cannot yet be regarded as an essential factor in all
sperm movement.

A change in distribution of water between polar groups in fibrous proteins
and ionogenic groups in the environment appears to be at the bottom of
contractility generally. The submicroscopic longitudinal fibrils here
described provide a unique capillary system in which a change in distribu-
tion of interfibrillary water might cause the undulatory contortions charac-
teristic of the sperm tail and the pendular beating of cilia and flagella.
Since no formed structure other than the fibrils has been found, it may be
supposed, for the present, that they not only furnish the rigidity and
elasticity required but also play a rdle in the events by which chemical
energy from carbohydrate metabolism is converted into mechanical energy.

Trichocysts of Protozoa. Certain protozoa, such as Paramecium and
Frontonia, are provided with ellipsoidal structures, called trichocysts,
lying below the surface of the pellicle between each pair of cilia. Under
certain conditions of excitation these bodies emit a fibrous dart provided
with a very pointed tip. Extrusion is completed under electrical stimula-
tion in but a few milliseconds and in this time the extruded trichocyst has
become six to tenfold longer than the resting trichocyst. From ultra-
microscope observations Kriiger (1930) believed that the explosive elonga-
tion is due to solvation of a body which he calls the “Quellkorper.”
Schmidt (1939, a) found that the extruded shafts show positive form bire-
fringence, from which he suggests that the structure is essentially fibrous
and that extrusion may be due to an elongation of previously folded chains.

EM investigation of trichocyst structure has revealed a most interesting
and unexpected structure (Schmitt, Hall, and Jakus, 1943). The extruded
shaft behind the dense pointed tip (Fig. 3, a) shows a banded structure
(Fig. 3, b) which extends to the tapered end. The distance between the
bands is strikingly constant in the shafts emitted from any single cell and
averages about 600-650 A. The regularity of structure is comparable with
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that of collagen (see Section I1I) but there are differences between the two
types.

The chemical nature of the shafts is being investigated by Miss Jakus
both by polarization optics and by the EM. She is inclined to regard the
highly structured object as an envelope surrounding a colloidal matrix;
the swelling of the latter is responsible for the extrusion. The trichoeyst
represents a highly irritable system which is capable of a violent mechanical
response, which apparently involves a rapid transloeation of water. All
the structural details can be investigated with the EM, and the results
should have a bearing both on muscle and nerve physiology.

Fig. 3. Extruded trichocyst of Paramecium. a shows pointed tip, X 11,000; b
represents a portion of the shaft, X 24,000.

II. Nerve Proteins

Most of the work on the chemistry of nerve tissue has heen done on brain,
i.c., primarily on nerve cells, whereas ultrastructure analysis has been con-
fined largely to peripheral fibers. Since the peripheral fiber is, in certain
respeets, simpler than the cell, and since this discussion is concerned more
with ultrastiuceture than with analytical chemistry, this discussion is con-
fined chiefly to the proteins of peripheral fibers.

The nerve fiber is composed essentially of three elements: the axon or
axis cylinder (the eytoplasmic continuation of the cell), the myelin sheath
(or axon sheath) with its Schwann cells, and the closely or loosely applied
fibrous wrappings, thought to be chiefly connective tissue. While the
fibrous sheaths present certain interesting problems, only the axon and the
myelin sheath will be considered here.
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1. AxoN

The chief morphological feature of the fixed axon is the system of neuro-
fibrils. The almost century-old debate concerning the reality or artificial-
ity of neurofibrils and their relation to nerve action is a familiar story
(Peterfi, 1929; and Schmidt, 1937, a). The normal axon possesses ultra-
structure which is very sensitive to the action of reagents and change of
environment. This has led to confusion of results and opinions, for it is
almost impossible to manipulate the axon chemically or mechanically
without altering its structure. Conclusions of investigators have not
always been as cautious as desirable with respect to the applicability of
their results to the normal axon.

a. Chemistry

The literature on brain proteins has been ably reviewed by Block and
Brand (1933) and by Block (1937, d, 1938). Block and Brand sum up the
situation in 1933 as follows: ... one or more (soluble) proteins can be
extracted from the mammalian brain. The mother substance of these
proteins is presumably the nucleoprotein of the living cell while the protein
or proteins actually isolated are its partial degradation products.” This
suggested but did not prove that nucleoproteins may be important con-
stituents of axoplasm.

Crustacean nerve is well suited for extraction of axon protein because
of its low lipid content. With this material Schmitt and Bear (1935)
found that about 659, of the total nerve protein (including connective
tissue) is extractable with neutral salt and that the properties of the extract
resemble those of the nucleoproteins described by previous workers, the
most reliable data being those of McGregor (1917). However, it could
not be concluded that the proteins thus isolated were derived solely from
axoplasm.

This difficulty has been overcome by the use of the squid giant fiber
preparation from which axoplasm, uncontaminated with non-axonic
material, can be obtained by simple extrusion. A beginning has been made
in the characterization of the proteins by Bear, Schmitt, and Young
(1937, b). Except for a small amount of granular material, insoluble even
in molar NaOH, axoplasm dissolves in neutral salts isotonic with sea water.
The protein content of axoplasm was estimated at about 3-49,. Since the
water content is about 909, the protein accounts for 30-409, of axon
solids, the remainder being chiefly salts, free amino acids and lipids (Bear
and Schmitt, 1939). The properties of the protein complex agree remark-
ably with those of the soluble proteins previously described from such
different sources as lobster claw nerves, mammalian brain, and spinal cord.
It is, therefore, the principal protein complex of the nervous system, and
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quantitative considerations suggest that it constitutes the bulk of the
material which forms the visible neurofibrils when axons are appropriately
treated (or mistreated!). For convenience the complex has been termed.
neuronin by Bear, Schmitt, and Young; it was fully realized that individual
components may subsequently be isolated and identified.

That neuronin may be a nucleo- or pseudo-nucleoprotein is suggested by
the fact that a histone-like fraction can be isolated from it by alkali treat-
ment, and an acid fraction having certain of the properties of nucleic acid
is obtained by acid treatment.

The closer characterization of neuronin awaits further investigation.

. Caspersson (1940, 1941) and Landstrém, Caspersson, and Wohlfahrt (1941)
have demonstrated the nucleoprotein nature of the Nissl substance (and
of the nucleoli) of nerve cells and claim it to be of the ribose type. Gersh
and Bodian (1943, a, b) confirmed this in their study of chromatolysis.
Bear, Schmitt, and Young (1937, b) observed longitudinally oriented
basophilic filaments in squid axoplasm which were prominent near the cell
bodies but became sparse in the proximal portion of the axon and absent
in the distal portions. The presence of nucleic acid or acidic protein in
axoplasm may be significant with respect to some old observations by
Bethe (1920) on the effect of the passage of current on the stainability of
axoplasmic fibrils with basic dyes such as toluidin blue; anodal polarization
decreased the color while cathodal polarization increased it. He termed
the substance responsible for the reaction *fibrillary acid” and believed
it plays an important réle in the propagation of the impulse. The great
expansion of information and techniques relating to the properties of inter-
faces and of interfacial films in the last decade has focussed attention on
the properties of nerve membranes and sheaths and their réle in electrical
phenomena. However, axoplasm is part of the electrical circuit and
doubtless the source of the energy which maintains the ultrastructural
integrity of the metastable interfacial mechanism, It is, therefore, highly
desirable that further attention be given to its chemistry which, as is
obvious from the above, has thus far been sketched only ih rough outline.

b. Ultrasiructure

Polarized Light. Since the polarized light method is coming to be used
more by eytologists it may be useful, before relating the results obtained by
its application to the axon problem, to indicate briefly the contributions
as well as the limitations of the method.

Protoplasmic systems have long been believed to contain submicroscopie
particles which are asym