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VOL. 31, NO. 4

Decembert, 1956

THE QUARTERLY REVIEW
of BIOLOGY

CELL DIVISION

II. A THEORETICAL APPROACH TO CHROMOSOMAL
MOVEMENTS AND THE DIVISION OF THE CELL*

By NORMAN G. ANDERSON
Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee

“It is only in the light of some theoretical scheme
that we can decide what are the most important ques-
tions to ask, and in what directions we should look
for further insight into the fundamental nature of the
mechanisms with which we have to deal.” C. H. Wad-
dington, 1954.

INTRODUCTION

N THE first paper in this series it was shown
that the early development of the surface of
the earth, as it is thought to have occurred,
would have favored the development of
colloidal systems bearing a net negative

charge, and that the compounds available for
primitive metabolism would have been predomi-
nantly organic acids, amino acids, and nonvolatile
organic bases. The origin of a division mechanism
in primitive living systems was considered to lie in
cyclical changes in the rate of formation of nucleic
acids and proteins resulting from differences in the
diffusion rates of the precursors of the two types of
macromolecules. Cyclical changes in the ratio of
charges on cellular colloids were proposed as the
fundamental mechanism of cell division. Further
considerations showed that a great part of the ex-
perimental data on the initiation of cell division
was compatible with this idea. The condensation of
chromosomes at prophase was shown to be most
easily explained in terms of a masking or neutrali-

*Under USAEC Contract No. W-7405-eng-26.
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zation of negatively charged groups, i.e., a change
in the balance of positive and negative charges
associated with macromolecules.

In this paper the proposed original mechanism
will be related to other aspects of cell division. As
in the first article (Anderson, 1956), no attempt is
made to present either a review on cell division or
an exhaustive bibliographical presentation. For
these, the reader is referred to Schrader (1953),
Hughes (1952), Ris (1949, 1955), and Mazia (1956).

STRUCTURE AND MOVEMENT

It is self-evident that the physical properties of
most material substances are related to the degree
of interaction of their constituent molecules. Move-
ment may therefore be considered as evidence of
changes in the degree or type of interaction. Al-
though a case has been made for the movement of
microscopic structures and for the alteration of cell
shape by diffusion drag forces (Rashevsky, 1938,
1939; Landahl, 1942a, b, ¢, d), the movements
observed during cell division are most easily ex-
plained on the basis of the physicochemical proper-
ties of gels and the formation of contractile fibrils of
colloidal dimensions. The latter concept, which
originated in van Beneden’s suggestion in 1883 that
chromosomal movements are paramuscular, has
been extended with each advance in knowledge of
the nature of muscular contraction. A discussion of
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some of the possible mechanisms by which contrac-
tile systems may be formed in cells is of interest.
Although protein will be considered as the chief
constituent, other substances, such as nucleic acids
and acid polysaccharides, may also be involved.

Artificial protein fibers, which have been given
the generic name Azlon, have been widely investi-
gated because of their commercial significance (see
review by Lundgren, 1949). The essential steps
necessary to form such fibers are (1) dissociation of
the native corpuscular configuration to form dis-
persed flexible chains, and (2) alignment of the
chains in quasiparallel fashion under conditions
favoring the formation of linkages between the side
chains to give a fibrous protein characterized by
free chain segments interspersed between crystal-
lite regions and regions of mesomorphic order. A
wide variety of denaturing agents, including heat,
formaldehyde, urea, and alkali, has been used.
Alignment of the unrolled molecules is generally
achieved by laminar flow through small orifices and
by stretching of the wet fibers. It should be
emphasized that energy must be supplied for the
molecules to be aligned.

Numerous attempts have been made to apply
similar principles to fibril formation in cells. Frey-
Wiyssling (1953), for example, suggested that “the
globular macromolecules must simply denature to
give expanded chains which aggregate laterally.”
The native, rolled up, folded, or coiled configura-
tion of a polypeptide chain is much more probable
than the unrolled or extended configuration. The
energy required to unfold a protein partially may
be small, but no mechanism is known that will
supply this energy in the cytoplasm and hold the
unrolled polypeptide chains extended during
lateral aggregation. The unrolling or denaturation
of protein at air-water interfaces, which is often
mentioned, has no counterpart in the fluid cyto-
plasm. It does not appear likely, therefore, that the
sol-gel changes in the cell are an expression of the
formation of contractile fibrils formed from inter-
linked unrolled polypeptide chains.

In my opinion, emphasis upon the application of
the work of Waugh, of Joly and coworkers, and of
Zbarskii and Perevoshchikova to cellular physiol-
ogy is long overdue. In contrast to the drastic
alterations necessary to produce artificial protein
fibers from denatured proteins, these workers have
demonstrated the formation of thread-like parti-
cles, often many thousands of Angstroms long,
by the end-to-end aggregation of globular mole-
cules without gross denaturation. This has been
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shown to occur in the first stages of sol-gel trans-
formation of gelatin (Joly, 1949a), in the thermal
denaturation of horse serum albumin (Joly, 1949b;
Joly and Barbu, 1949, 1951; Barbu and Joly, 1950),
human serum albumin (Kleczkowski, 1949) and
egg albumin (Foster and Samsa, 1950, 1951a, b;
Jaggi and Waugh, 1950), in insulin gelation
(Waugh, 1941, 1946; Farrant and Mercer, 1952), in
the association of fibrinogen induced by thrombin
(Waugh and Livingstone, 1951), and in the forma-
tion of contractile fibers by the combination of
basic and acidic proteins (Zbarskii and Perevosh-
chikova, 1948, 1951a, b). Excellent agreement
between data obtained by flow birefringence,
electrophoresis, ultracentrifugation, and electron
microscopy has been obtained by Barbu and Joly
(1953), demonstrating the reality of the aggrega-
tion of globular proteins.

Factors governing the stability and the aggrega-
tion of colloidal particles have been examined in
considerable detail (Verwey and Overbeek, 1948;
Kruyt, 1949), chiefly in lyophobic systems. The
distinction between lyophobic and lyophilic col-
loids is not a sharp one, however, and all gradations
between the classic lyophilic and lyophobic colloids
exist. Many of the properties of each may exist in
the same colloid particle.

Rees (1951) has developed a theory of directed
aggregation in colloidal systems based on the
observation of Henri in 1906 (cited by Rees, 1951)
that rubber latex particles aggregated in linear
arrays during gelation and on the suggestion of
Usher (1929) that a single particle would aggregate
with a close pair of particles to form a linear rather
than a triangular arrangement, since a linear con-
figuration required the approaching particle to
overcome the residual forces of only one particle of
the pair. Rees calculated the contours for equal
potential energy of interaction for a system in
which there is a substantial potential energy
maximum for the interaction of two particles (a
stable suspension). It was assumed that the inter-
action forces could be treated as the vector sum of
the interactions of single particles with each
component of the biparticle. The results for such a
system are shown in Fig. 1. It is evident that the
interacting particle encounters a lower potential
barrier for an approach along the axis of the two
particles than normal to it. In such a system, a
comparatively slow aggregation of an initially
stable suspension may be produced by a reduction
in the surface potential or by an increase in the
thermal energy of the particles themselves.
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Barbu and Joly (1953) have presented a detailed
mathematical treatment of the linear aggregation
of molecules the size of proteins. They concluded
that in aggregation after heating or other mild
denaturation, denaturation proceeds by the releas-
ing of groups initially coupled inside the molecule.
This allows the formation (on particular areas on
each molecule) of weak intermolecular bonds such
as hydrogen bonds, salt bridges, or weak van der
Waals forces.

The principle of linear aggregation of colloids
finds numerous applications in biological systems.
The polymerization of globular actin (G-actin) has
been studied by many workers. It again appears to
involve the direct aggregation of globular molecules
(Rozsa, Szent-Gyérgyi, and Wyckoff, 1949). The
linear aggregates or fibrils often appear to reach a
characteristic length (Barbu and Joly, 1953), per-
haps illustrating a self-limiting property suggested
by Rees (1951).

The possible steps in the formation of large
structures from simple molecules, as given by Rees,
are: (1) the formation of small macromolecular
aggregates of specific size and shape (in this case,
the synthesis of proteins); (2) the linear aggrega-
tion of small macromolecular units to form micro-
fibrils; (3) the lateral association of microfibrils to
give so-called “tactoid” regions; (4) the consolida-
tion of these regions to give closely packed “tact-
oids”; and (5) the lateral association of these
“tactoids” to give larger fibrous units.

Much has been written about the possible rela-
tion between tactoids observed in virus suspensions
and the formation of the spindle (Bernal, 1940).
It was originally thought that in such suspensions
the ratio between attractive and repulsive forces
varied with the distance from the particle in such a
manner that an optimum of attractive forces
existed at some distance from each particle. Repul-
sive forces predominating closer to the particle
prevented particles from a closer approach (Bernal
and Fankuchen, 1941). In dried tobacco mosaic
viruses, the distances between parallel particles
was 152 A. With the addition of increasing amounts
of water, the particles moved farther and farther
apart, until at 87 per cent water they were sepa-
rated by 450 A. This was taken as proof of the
existence of long-range forces.

The theories that attempt to show that two
charged colloidal particles will attract each other at
large interparticle distances owing to an over-
lapping of ionic atmospheres have been shown to
be unlikely (Oster, 1950); and, furthermore, it
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F16. 1. POTENTIAL-ENERGY CONTOURS WHERE THE
SURFACE POTENTIAL Is SMALL

The potential energy is negative throughout. (From
Rees, 1951).

does not appear that the conclusions of Bernal are
justified by the experimental data that he cites.
Bernal does not stress that tactoids, like coacer-
vates generally, exist in equilibrium with a dilute
phase. The tactoid goes back into “solution” in the
presence of pure solvent. This characteristic alone
renders the whole concept of long-range attractive
forces based on virus studies suspect, since it
implies that the most probable condition is a
random distribution, and not long-range orienta-
tion.

In an excellent study and discussion of phase
formation in virus solutions and of the problem of
long-range forces, Oster (1950) concluded that the
forces responsible for tactoid formation are
repulsive, in direct opposition to the concept of
Bernal. Oster pointed out that if rod-shaped
particles are crowed, i.e., do not have a free sphere
of rotation, the orientation of any one particle will
determine the orientation of its neighbors so that
ordering will set in. In a virus suspension, such
ordering results in an area of more efficient packing
that, because of its increased density, will fall to
the bottom of the solution. Although the tactoid
phase may have decreased entropy, this is offset by
the increase in entropy in the random or non-
ordered phase. No added energy or long-range
forces are required. As a first approximation, it
would be expected that two phases would be
formed when the thermodynamically -effective
volume of each particle exceeds the volume of
solution available per particle. This Oster finds to
be true.

The repulsive forces per square centimeter
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between rods carrying a similar charge are found to
be a function of the squares of the zeta potentials
and e 2, where « is the reciprocal of the thickness
of the ionic double layer and R is the distance
between the particles. The important conclusion to
be drawn is that with the tactoid-forming viruses
the force s repulsive and that it decreases rapidly
with distance. The range of repulsion becomes even
shorter as k becomes larger. As a result, the addi-
tion of electrolytes, which decreases the thickness
of the ionic double layer, also shortens the range of
the repulsive forces. Although the repulsive forces
may be decreased to the point where they no longer
prevent aggregation, owing to van der Waals-
London attractions or other forces, no interplay of
forces was found that allowed attractive forces to
predominate at intermediate distances while re-
pulsive forces were dominant at shorter ranges.
Oster has, therefore, been able to explain the for-
mation of tactoids in terms of geometrical con-
siderations without recourse to the concept of
long-range attractive forces.

Quite apart from the forces involved in tactoid
formation, the point of interest here is simply a
question of whether the spindle resembles a tactoid.
Electronmicrographs of dividing cells indicate that
the spindle is not composed of particles the size and
shape of viruses (Selby, 1953). The question is then
whether the principles that result in the formation
of tactoids in virus suspensions also produce
similar configurations when the anisotropic parti-
cles have a cross section in the range of certain
globular proteins. For the purpose of this treat-
ment, it is assumed that beaded chains produced by
the alignment of globular proteins will, when a
critical concentration is exceeded, separate into a
soluble dilute phase and a relatively condensed
phase showing some of the properties ascribed to
tactoids. These include parallel orientation of the
fibrils and variable interfibril distance, depending
on the ionic atmosphere or surface charge of the
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fibril. Note that nothing has been said about the
mechanism that would tend to keep the fibrils
straight instead of randomly coiled.

The reason for including tactoid formation here
is simply that it is a possible mechanism for de-
creasing the entropy in a system of anisotropic
fibrils or chains to produce parallel orientation.
Such orientation is a necessary step in the forma-
tion of long, contractile fibrils. Once a predomi-
nantly parallel orientation is obtained, formation of
regions of mesomorphic order could contribute to
the formation of gel fibrils. The application of the
colloid chemistry of tactoids to the spindle will be
described in a subsequent section.

If it is assumed that mechanisms for producing
fibrous systems exist, there is a question whether
they will contract. The preparation and contractil-
ity of artificial actinomyosin fibers is well known,
but the problem of a similar contractile mechanism
in cells has received less attention. Zbarskii and
Perevoshchikova (1948) observed that proteins
isolated from nuclei with 0.24 M HCIl and pre-
cipitated by saturation with NaCl yielded a viscous
solution when redissolved in very dilute HCl. When
the solution was injected into water, fibers were
formed that contracted sharply with adenosine
triphosphate (ATP) (Table 1). The proteins were
originally described as histones. However, further
work (Zbarskii and Debov, 1948, 1951; Zbarskii
and Perevoshchikova, 1951a, b) demonstrated that
the acid extract of freshly isolated nuclei from
many sources contained trytophan. Repurified
histones prepared from 1 M NaCl extracts of the
same nuclei contained no tryptophan. The con-
tractile material was a combination of histone and
an acidic protein. A number of acidic proteins
could be substituted for those found in the nucleus.
Zbarskii and Perevoshchikova (1951a, p. 123)
concluded that ‘‘the contractile properties of
nuclear proteins play a very important role in the
mechanism of mitosis and, in particular, in such of

TABLE 1
Contraction of “histone fraction” fibers of liver cell nuclei under the influence of varying concentrations of Na,ATP

Final concentration of ATP (molarity)

7.7 X 1078 | 5.0 X 1073

2.5 X 1078 | 1073 5 X 1074 2.5 X 107 104

Contraction of fibers (per cent of

original length). ................ 48* 50*

45+ ' 43t 37t 341 224

* Very rapid contraction.

1 Contraction rapid, but with preliminary stirring of mixtures for more even distribution of ATP.

i Contraction after 5 minutes.
(From Zbarskii and Perevoshchikova, 1951a, p. 117).
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its phases as the formation of metaphase chromo-
somes and the contraction of the stretched fibers of
the spindle. It is also possible that in the cell
nucleus there form or become detached from the
nucleic acids (probably by an enzymatic process)
polyphosphoric nucleotides whose action on pro-
teins of the cell nucleus may be the same as that of
ATP. Such an effect of nucleoproteins can be con-
nected with the actuating mechanism of mitosis.”

The author first became interested in this field
when it was observed that the addition of basic
dyes to rat liver breis produced microscopically
observable fibrils (Fig. 17 in Anderson, 1949).
Further work showed that protamine and other
basic substances also produced numerous fibrils,
many at the limits of resolution of the light micro-
scope (Anderson, 1951), direct evidence thus being
provided that substances are available in tissues
for forming fibrils in the presence of polybases.

Rybak (1950) and Joly and Rybak (1950) have
also suggested that basic proteins may combine
with other proteins to form the achromatic spindle.
Evidence based on birefringence of flow was
presented to show that microfibrils could indeed be
formed in model systems. The fundamental notion
of this mechanism for producing fibrils in the
cytoplasm appears to have arisen independently in
three different laboratories. The formation of
linear aggregates of cytoplasmic proteins, however,
does not in itself mean that the aggregate will
contract.

The molecular basis of contractile mechanisms
is under intensive investigation. The evidence for
electrostatic systems has been reviewed by
Katchalsky (1954), who states, ‘“the driving
mechanisms of living matter are always biogels of
pronounced polyelectrolyte nature, varying in type
and organization. Different organisms utilize var-
ious gel mechanisms for their motility; the amoe-
boid movement is based on progressive sol-gel
transformation, the movement of plants is founded
on reversible swelling and shrinkage of protoplasm
while the great majority of higher animals and
many protista use an intricate and very effective
contractile-gel mechanism.” It is interesting that
myosin in the presence of monovalent salts is
isoelectric at pH 5.4; whereas in the presence of
Catt or Mg™ in very low concentrations, the
molecule behaves as a basic protein, remaining
positively charged up to pH 9. The actinomyosin
complex in the presence of divalent cations, there-
fore, may be considered as a complex of oppositely
charged molecules.
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The picture, on a molecular level, of the majority
of current theories is one of a long-chain molecule
or series of molecules held in an extended or
stretched condition by virtue of the net charge on
the chain. If the charge is altered in such a manner
as to decrease the repulsive forces along the chain,
Brownian movement returns the extended molecule
to a coiled, kindled, or contracted and also more
probable state. Theories pertaining to this field
have been reviewed by Wilkie (1954), Weber
(1955), and by Morales et al. (1955). The difficulty
appears to center around the manner in which
ATP or some other high-energy compound is
involved in alteration of the net charge on the
extended molecule. There is no doubt, however,
that polyelectrolyte gels can be made to function
as mechano-chemical engines of high efficiency
(Katchalsky, 1954).

In the production of fibrils composed of globular
molecules linearly arranged as the ultimate con-
tractile elements in the cell, emphasis has been
laid on mechanisms that would involve only small
changes in cell colloids, such as changes in the
nature of the surface charge. This is in keeping
with the concept that cell function is carried on
with an economy of materials and mechanisms.
Alternative mechanisms, such as the blood-
clotting-like mechanism proposed by Heilbrunn,
would require (1) activation of a proteolytic
enzyme, (2) degradation of soluble molecules to
form gels or “clots,” and (3) the eventual digestion
of the clot.

A number of doubts have arisen about the elec-
trostatic theory (Weber, 1955; Flory, 1957).
Changes in pH that should alter surface charges
enough to produce contraction do not appear to do
so. Other objections, based on the difficulties pro-
duced by the salts present in cells and the fact that
the repulsive forces would not only affect segments
of the molecular fibril but would force different
fibrils apart and produce a nondirectional swelling,
have been put forth (Flory, 1957). Flory proposes
that the extended state of molecular fibrils is
maintained by crystalline areas involving parallel
strands. If a strongly charged substance is attached
to the strands, crystallinity can no longer be
maintained; and the strands revert to a more ran-
dom, amorphous condition (contract). This con-
cept avoids a number of difficulties inherent in
electrostatic theories and possesses an appealing
simplicity.

Weber (1955) has summarized the evidence for
the belief that all vital contraction of cell parts is
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F1c. 2. MECHANISMS FOR ALTERING THE SURFACE
CHARGE ON NEGATIVELY CHARGED PROTEIN MOLE-
cuLES TO FOrRM LINEAR AGGREGATES

In A, protein molecules with a fairly symmetric
distribution of charge are interlinked with polycations
(shown as elongated particles) to give a chain that
does not have a pronounced predominance of either
positive or negative charges on its surface. In B,
polycations interlink proteins having a highly asym-
metric distribution of charge so as to give a positively
charged chain. In C, a positively charged area on one
end of the structure-forming molecule is prevented
from interacting with oppositely charged areas on the
same species of molecule by the presence of an addi-
tional charged group. Removal of this group allows
the interaction to occur. In D, interaction between op-
positely charged areas on the same species of molecule
proceeds after a prosthetic group such as RNA is
removed from a negative area on the molecule by
depolymerization.

similar, whether in dividing cells, smooth and
straited muscle cells, or flagella. Glycerol-extracted
models have been used to demonstrate movement
in all these, upon the addition of proper concen-
trations of ATP. Expanded fibroblast models
contract (Hoffmann-Berling, 1954a; Hoffmann-
Berling and Weber, 1953), and the equator of
telophase models constricts into a very narrow
bridge (Hoffmann-Berling, 1954b, c, 1955).
Unfortunately, the state of molecular muscle
physiology does not now provide a satisfactory
molecular model or an isolated actinomyosin
particle that exhibits an unequivocal active change
in length solution (Weber, 1955). In attempting to
apply concepts derived from muscle physiology to
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the mitotic apparatus, one is faced with the further
problem of either assembling this apparatus during
prophase, providing for its proper function, and
then dissembling and storing it in its entirety for
the next division, or else of synthesizing and
destroying it.

The mechanism proposed for intracellular
formation of fibrils, and several forms that it may
take, are summarized as follows. In the simplest
instance (Fig. 2, A), a small polycation, of which
protamine will serve as a general example, binds
other protein molecules to form a beaded chain.
The charge on the chain may be predominantly
positive or negative in this model, depending on
the distribution of charge between the two mo-
lecular species. If the distribution of charge is
highly asymmetric on the proteins interlinked by
polycations, then the over-all charge may be
strongly positive (Fig. 2, B). The chain shown in A
could form fibers by virtue of crystallization of
segments of chains parallel to one another. The
second, or B type, could form electrostatically
extended fibrils (Kuhn et al., 1950; Kirkwood and
Monroe, 1941) that could be cross-linked by the
small amount of ribonucleic acid (RNA) or acid
polysaccharide present. The absorption of sufficient
ATP on the type-A fibrils could lead to contraction
of the type discussed by Flory (1957), and the
type-B fibrils could contract when sufficient ATP
had been absorbed to discharge the chain.

Further refinements are shown in C and D of
Fig. 2. In C, the chain is pictured as being formed
by complementary molecules that have a single
positive and a single negative charge at adjacent
points in the complementary areas. (Other charged
groups would be present but would not be impor-
tant for formation of the complex.) A single addi-
tional charged group, such as a phosphate group, in
one of these areas could prevent polymerization;
but removal of the group would allow polymeriza-
tion to proceed. Similar effects may be obtained if
one of the charged groups necessary to the inter-
action is masked. The mechanism in Fig. 2, D al-
lows opposing charged areas on the fibril-forming
proteins to be unmasked by the depolymerization
of a prosthetic molecule such as RNA.

All these mechanisms are similar in that they
result in fibril formation through the interaction of
oppositely charged areas. The forms of the mechan-
ism shown in Fig. 2, A and B are considered more
likely to be the original forms of which C and D
are considered as possible refinements. It is of
interest in connection with model D that negative
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charges are removed when fibrils are formed from
fibrinogen, the removal thus altering the electro-
static charge pattern on the molecule in the manner
postulated here (Lorand, 1954).

Examples of structure formation mediated
through weak coulombic forces are available in a
number of biological materials. For example, in the
vitreous humor, hyaluronic acid and protein,
neither of which can fully account for the high
viscosity, have been shown to interact electro-
statically to produce the observed viscosity
(Woodin and Boruchoff, 1955).

THE LIABILITY OF CELLULAR ORGANIZATION

Evidence will now be reviewed for the idea that
the cell is composed of a series of colloidal ag-
gregates that, though held together by a wide
spectrum of forces, are nevertheless sufficiently
liable to be considered as in equilibrium with
either smaller complexes or free colloidal particles
in solution. The implications of this concept for
cell division will also be discussed.

The classical work of Bungenburg de Jong and
his coworkers on coacervates (Kruyt, 1949) has
emphasized that a coacervate exists in equilibrium
with a more dilute solution of the same con-
stituents. The equilibrium may be established only
very slowly, and the equilibrium concentration of
the dilute phase may be very low. In application of
the concept to cellular structures, the objection has
been that these are fairly stable in solution. Closer
examination, however, suggests that this may not
be so. Actually, it appears that the cell contains a
wide variety of aggregates that slowly disaggregate
when placed in large volumes of solution.

Soluble aggregates

Perhaps the first evidence for a soluble tissue
molecular aggregate was the finding by Sorof and
Cohen (1951) that material could be reversibly
shifted between two electrophoretic peaks in
rabbit liver soluble protein preparations by alter-
nate aerobic and anaerobic incubation. Work in
this laboratory with rat liver soluble proteins has
shown that, in veronal buffers at pH 8.5, a complex
disaggregates in the electrophoresis cell, with
precipitation of one component (Anderson, 1957).
Further evidence for formation of a complex is
afforded by the marked changes observed when
similar preparations are studied at various pH’s.
The enzymes of the pentose cycle also appear to
form a soluble complex or cluster, since all the

249

enzymes involved sediment together (Newburgh
and Cheldelin, 1956). During the isolation of
enzymes from crude extracts, it is not infrequently
observed that the enzyme activity is widely dis-
tributed among various electrophoretic fractions.
However, when preliminary salt precipitation or
other procedures that may break up soluble
complexes have been performed, the activity is
then often found in one peak. It is of interest also
that myosin in dilute solutions breaks up into
several fragments (Joly, Schapira, and Dreyfus,
1955). The well-known instability of many
purified enzymes in dilute solution may mean
either that they are stabilized by formation of a
complex or that they are composed of subunits
that dissociate upon dilution.

Soluble complexes are believed to be of central
importance in the economy of the cell, for the
following reasons. First, the activities of soluble
enzymes may be regulated by the degree to which
they are aggregated with other enzymes to form
complexes. If the complex contains the enzymes
that catalyze a chain of reactions, these enzymes
will be able to function more efficiently in the
presence of enzymes catalyzing the destruction of
intermediates than if the enzymes of the complex
were free and separate in solution. Since the forma-
tion of complexes may be responsive to a whole
spectrum of changes (temperature, pH, electric
currents, ionic strength, specific ions, hydrostatic
pressure, dielectric constant), the mechanism can
serve as an effective transducer (in the sense used
in electronics) to produce chemical, electrical, and
ultimately mechanical responses to these variables.

Second, soluble complexes may serve to solubilize
and transport molecules of limited solubility. The
importance of this lies in a possible mechanism for
cell-membrane formation (Anderson, 1957). If the
solubilizing molecule has a different electrophoretic
mobility from that of the molecule that it helps to
keep in solution, the former may move away from
the latter in an electrical field. Since the complexes
are labile, the solubilizing molecules remaining
attached to the relatively insoluble ones will be
swept away as soon as they dissociate. The result
will be that a precipitate, possibly in the form of a
membrane, will occur wherever a potential gradient
exists. It has been shown (Anderson, 1957) that
the so-called “current of injury” that occurs in
torn cells flows in the proper direction to account
for the formation of a new membrane where the
damage occurs.

Third, the soluble complexes, if in the forim of
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linear aggregates, will have a considerable effect on
the physical properties of the cytoplasm. Since
changes in viscosity occur with little change in the
total concentration of substances in the cell, it is
evident that aggregation of particles already there
must account for the changes in consistency ob-
served. Although particles up to the size of micro-
somes may well become involved (or entangled),
the fundamental change is more likely to be on the
molecular level. Monné (1948) and Runnstrém
(1949, 1955) have demonstrated the reversible
formation of cytoplasmic fibrils in response to
hypertonic solutions and azide. They consider
them to be composed largely of microsomes.

The soluble complexes are also considered as
intermediates in the formation of many cellular
structures. This is in keeping with the concept that
the cytoplasm is a labile system in a state of
dynamic equilibyium.

Structural complexes

The formed elements of the cell include in their
fabric such a variety of intermolecular linkages
that we find it hard to decide exactly what consti-
tutes a nucleus or a mitochondrion. From the
large literature on isolated cell components, only a
few citations are necessary. The amount of protein
found in isolated nuclei depends on the method of
isolation (Stern and Mirsky, 1955; Hale and Kay,
1956). Since the original conclusion that the nuclear
envelope is permeable to large molecules (Ander-
son, 1953a) has been supported in isolated nuclei
(Anderson and Wilbur, 1951; Anderson, 1953a, b;
Holtfreter, 1954; Stern and Mirsky, 1953), in
electron micrographs (Bahr and Beermann, 1954;
Watson, 1955), and in intact cells (Brachet, 1956),
it appears that a good share of the proteins present
in the nucleus of the intact cell are free to diffuse in
and out, and that these may be in equilibrium with
molecules adsorbed on the nuclear gel-work. The
proteins of the microsomes have not been exten-
sively characterized; but again, some of these are
removed by increasing the ionic strength (Dallam,
1955) or by the use of mild detergents (Littlefield,
Keller, Gross, and Zamecnic, 1955). Perhaps the
most interesting cytoplasmic structures from this
point of view are the mitochondria, which in simple
salt or sucrose solutions swell and may lose a
considerable amount of material. This can be
partially prevented by the use of chelating agents,
ATP, or by proteins or other high-molecular-weight
substances. It appears, therefore, that mitochon-
dria tend to dissolve slowly. The ease with which
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enzymes or other proteins may be removed from
mitochondria varies greatly. Catalase, which has
most often been found about evenly distributed
between the mitochondria and the freely soluble
proteins, is almost entirely on the mitochondria
when these are isolated in colloid-rich solutions
(Greenfield and Price, 1956). Part of the enzymatic
complement of heart mitochondria may be isolated
by a simple pH change. The enzymes that catalyze
the oxidation of succinate and reduced diphos-
phopyridine nucleotide (DPNH) by molecular
oxygen are then found associated in a complex
particle that has been termed the ‘“‘electron transfer
particle” by Mackler and Green (1956).

Lability similar to that seen in vitro is widely
observed in vivo. Starvation can deplete all cell
structures of protein, and pathological changes can
produce a wide variety of alterations. Of special
interest is the sensitive responsiveness of mitochon-
dria that has been stressed by Cowdry (1918).
These structures can exhibit marked changes in
form in response to heat and cold, starvation,
anesthetics, and numerous poisons, and to vitamin
deficiencies, endocrine imbalance, and anoxia (see
Roberts, 1949). The results have been considered
as caused by “functional hypertrophy” (Guiller-
mond, 1934), changes in cell hydration (Kater,
1937), alterations in the physical state of ground
cytoplasm as expressed in the glucose-glycogen
equilibrium (Clarke and Hair, 1932), or possibly as
expressing the utilization of material stored in the
form of mitochondria (Bensley, 1947). Of greatest
interest is the idea that mitochondria are complexes
precipitated from a saturated cytoplasm (Guthrie,
1925). Roberts (1949) concluded that the granula-
tion of mitochondria in response to various experi-
mental methods can be interpreted as an expression
of an alteration of normal cellular metabolism.
Neither biochemical studies nor electron micro-
graphs do justice to mitochondrial lability.

Many of the changes observed in vivo are sug-
gestive of those observed in vitro. It is significant
that the latter may be partially prevented by the
addition of high-molecular-weight substances,
which would tend to slow down dissolution and
which may even form a complex with the sub-
stances of the mitochondrion.

Rhythmic changes in the number of mitochondria
have been reported during cell division (Chévre-
mont and Fréderic, 1951; Agrell, 1955). Many of
them appear actually to dissolve during this proc-
ess.

The ability of various cell components to be
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isolated and studied biochemically in no way
counteracts the concepts of labile unquilibrium
systems stressed here. This is true for the following
reasons. (1) Equilibria in colloid systems are often
established very slowly. For isolation of cell
particulates, conditions are generally adjusted to
further slow down the establishment of equilibria.
During the isolation of miotchondria, for example,
work is carried on as rapidly as possible and at low
temperatures. Also, the particles are not subjected
to extreme dilution, but are handled as fairly
concentrated suspensions, thus minimizing their
dissolution. (2) The equilibrium may be shifted
very far in one direction, for example, toward the
formation of structure. One does not generally work
with breis or brei fractions for more than an hour
or two at 37°C. because of the rapid changes that
occur. Although these changes can be lumped under
the term ““autolysis,” the question why the changes
did not occur in the living cell is still a mystery.
The simplest explanation is that structures once
“intact” by virtue of their being in equilibrium
with a certain concentration of dissolved constit-
uents under controlled conditions of pH, salt con-
centration, intermediary metabolite concentration,
and oxygen tension are, in a brei, approaching a
different, possibly more self-destructive, equilib-
rium.

Since an equilibrium may be shifted very far in
one direction, almost all of a particular substance
may be found in solution or in a particle. However,
in the long-term economy of the cell, the very ex-
istence of an equilibrium may be of great impor-
tance. It certainly accounts for the finite turnover
rates of all proteins of the cell yet examined, even
those of nondividing cells.

In the numerous reviews on the biochemistry of
isolated cell organelles (Claude, 1948, 1949;
Bradfield, 1950; Dounce, 1950, 1954; Hogeboom,
1951; Potter, Recknagel, and Hurlbert 1951;
Schneider and Hogeboom, 1951, 1956; Holter,
1952; Lang, 1952; Schneider, 1953; de Duve and
Berthet, 1954; Hogeboom and Kuff, 1955), the
nonuniformity in the distribution of enzymes is
usually stressed. Certain enzymes are listed as
mitochondrial, others as microsomal or soluble,
and a few are considered as nuclear. These findings
have contributed greatly to our understanding of
the biochemistry of cell function. However, the
concept is often tacitly assumed and occasionally
stated that there should be a specific place for each
enzyme. It is not my belief that the cell is “the
best possible cell, with a place for everything
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and everything in its place.” Rather, the cell as we
now know it represents a solution by evolution of a
number of problems some of which cannot be ideally
solved simultaneously. The more important con-
clusion to be drawn from studies on isolated cell
components is that few instances of apparent
exclusive localization exist, and even with these the
total absence of activity in any particular fraction
is difficult to demonstrate. One can only set an
upper limit for the activity; i.e., the activity is not
greater than about 1 to 5 per cent of that found in
another fraction.

Additional evidence for the occurrence of the
same building blocks—but in different ratios—in
all cytoplasmic fractions is provided by serological
studies that uniformly show that extensive cross-
reactions occur (Arnesen, Goldsmith, and Dulaney,
1949; Dulaney et al., 1949; Malmgren et al., 1951;
Schechtman and Nishihara, 1955; Horn, 1956).

Exclusive localization of substances such as
proteins (i.e., a nonequilibrium system) could occur
only if the cell were completely panmeristic in the
sense that Hertwig used the term, ie., if every
persistent part of the cell is self-perpetuating by the
process of growth and division. This is obviously
not true, and any model of the cell must allow for
the migration, on the basis of the available data, of
most large molecules in the cell away from the
sites of their synthesis. Some mechanism must
therefore exist for moving them and assembling
them into various cytoplasmic structures. Although
a system can be postulated in which each sub-
stance synthesized undergoes a complex series of
enzyme-mediated changes resulting in the forma-
tion of structure, such a system would not so
easily exhibit the salient characteristics of the cell,
viz., growth, responsiveness, and extreme lability.

The importance of lability lies in (1) the ability
of labile structures to grow or diminish when the
supply of their constituents in solution changes;
(2) the control or ‘“feed back” inherent in an
equilibrium system, which dispenses with any
separate mechanism for transmitting “informa-
tion” about structure to synthetic sites; (3) the
ability of new complex-forming molecules to find
their way into existing structures altering their
form, size, or function (i.e., differentiation can
occur); and (4) most important for the present
discussion, the possibility that many of the con-
stituents of several cell structures are identical.

It is unnecessary to postulate any new Inter-
molecular specificities to account for the condensa-
tion of soluble or solubilized molecules into
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structure. Serology has demonstrated a variety of
these ranging from exquisite selectivity, which
often leads to the formation of complexes that are
difficult to dissociate without denaturing the pro-
teins involved, to other complexes that can be
demonstrated in solution only by biophysical
methods. The cytoplasm appears to be a collection
of aggregates formed by the interaction of specific
surface configurations—a jigsaw puzzle that solves
itself by thermal agitation.

The problem of cellular evolution involves not
only the evolution of catalytic specificities (en-
zymes) but of structure-forming specificities as
well. Nature appears to have lavished most of her
interest and originality on the latter, since most
organisms use very nearly the same fundamental
enzyme systems but possess wide structural varia-
tions throughout the approximately two million
species of animals on the surface of the earth. Since
the formation of cell structure, as presented here,
involves the formation of numerous complementary
molecules, it is interesting that antibody forma-
tion, far from being a unique activity, may be
merely an adaptation of one of the cell’s most
characteristic functions.

Many different possibilities arise from the find-
ing of Najjar and Fisher (1956) that not only
antigen-specific antibodies may exist, but also anti-
bodies specific for the antibody complex, and
further antibodies may exist against this secondary
complex, others against the tertiary complex, and
so on. In theory, the antigen and the antibodies
specific for the secondary and all higher complexes
could exist together in solution. Only when the
original antigen-specific antibody was added would
the complex series of reactions leading to the for-
mation of a definite structure take place. The
addition of one molecular species could therefore
cause a number of other types to condense with it.

Another point of interest in connection with
the formation of structure by specific macromolecu-
lar interactants is the effect of an imbalance of
interactants. If an ‘“antigen’ is present in excess,
for example, not only will the antigen fail to
precipitate (except in certain horse antisera), but
the precipitate (structure) already formed will go
into solution.

If a structure is in equilibrium with its dissolved
constituents, it is evident that a small change in the
dissolved material or the appearance of new substances
that aggregate with it can bring about the dissolution
of the original structure. This appears to be true of
the assembly of the entire mitotic system. The
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soluble, structure-forming molecules are drained
off to form a new structure. As a result, part of the
previous structure is dissolved. A second solution
to the jigsaw puzzle may exist either where several
new pieces are added or when a small change is
made of the pieces. One solution of the puzzle may
be the resting cell, the other the dividing cell.

The interrelationship of structures such as the
mitochondria and the cell cortex and the mitotic
apparatus has been stressed. The dissolved phases
of all of these are probably in equilibrium with
their synthetic sites, which are thought to be on the
microsomes. The microsomes appear to be much
less labile than other cytoplasmic structures and
are relatively more stable in solution. They may be
considered to have a lability of a different order
from that of other cytoplasmic constituents and
may be in a very slowly formed equilibrium with
the genetic mechanism of the nucleus. We might
be tempted to consider the latter as having a
lability (or conversely, stability) of still a third
order whose gradual approach to equilibrium with
the rest of the cell sets a time limit on its life span
and inevitably results in degenerative changes
(aging) unless reorganization with intercomparison
of code systems (as discussed in Anderson, 1956),
and the elimination of defects together with
restoration of losses can be carried out, as it may
be during cell division.

In some instances where the approach to equilib-
rium is too slow, the process may be accelerated
enzymically.

THE FORMATION OF THE ASTERS

In the present view the formation of the astral
ray system as a result of the release of a substance
produced by the centers is postulated. This sub-
stance is thought to be either a polycation or to
produce a change similar in effect to that of a
polycation. The cytoplasmic changes observed are
here interpreted in terms of the gradual production
of organized fibrils by the interlinking of soluble
proteins or protein clusters.

The reality of astral rays and spindle fibers in
the living, dividing cell appears to have been
firmly established (Inoué and Dan, 1951; Inoué,
1951; Schrader, 1953; Mazia, 1956). Besides pro-
tein, they contain RNA (Pollister and Ris, 1947;
Stich, 1951b) and polysaccharide (Monné and
Slautterback, 1950; Stich, 1951a). The central role
of the mitotic center in the formation of the asters
has been postulated almost since their discovery.
However, little has been said about how they are
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produced. As shown in the previous discussion on
the formation of protein fibrils, the release of basic
substances or of substrates that alter the change
ratios on the cytoplasmic proteins in favor of
polycations could initiate a formation of fibrils.
The radiating configuration of fibrils is easily ex-
plained on the basis of a point source of the factor
shifting the charge ratios and on the basis of the
theory of Rees (1951). As the first fibril elements
are formed in the neighborhood of the centers, they
are no longer able to have a free sphere of rotation
when a certain average length has been reached. As
more of the cytoplasmic and centriole fibril-forming
constituents diffuse into this area, the concentra-
tion of fibrils continues to increase. The problem of
fibril packing is solved as in a tactoid by quasiparal-
lel orientation. Since the aggregate surrounds the
centers, the preferred lines of organization would
be radial rather than tangential. The diffusion of
more polycation or polycation producer from the
centers would produce further linear condensation
on the distal ends of the radially oriented fibrils,
continuing until the astral rays are fully formed.
Condensation is not considered as being always in
terms of one monomer (protein molecule) condens-
ing on the end of a beaded chain. Rather, a large
number of dimers, trimers, and so on, would first
be formed. The aggregation of these into long
chains would occur in the manner suggested by
Rees, since the principles apply equally well to the
linking of short chains.

The formation of aster-like structures in solution
has been beautifully demonstrated by Waugh
(1946). In acid solution, insulin forms highly
asymmetric fibrils. These aggregate in solution
under certain conditions to form spherites in which
the fibrils are radially oriented. The rate of forma-
tion of these spherites could be changed by varying
the protein concentration. It was demonstrated
that fibril formation in solution precedes the forma-
tion of spherites. The appearance of the latter was
favored by a high concentration of skort fibrils. No
spherites were formed under those conditions that
lead, initially, to low concentrations of very long
fibrils. Waugh (1941) has suggested that this
phenomenon is related to the reversible formation
of the spindle and asters in living cells. He suggests
that “there is a fundamental similarity between
the forces which maintain the directional molecular
aggregation in the insulin gel and the forces which
maintain many reversible and non-reversible
directional aggregates n vivo, although the proc-
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esses by which the aggregations are brought about
may be expected to be different.”

The gross cytoplasmic viscosity changes ob-
served in such a system would be, first, an increase
in over-all viscosity with the formation of low
polymers (e.g., dimers, trimers), and then by a
general viscosity drop as the chains are organized
into astral rays. The reason is simply that the
chains in the latter stage are concentrated in a
rather small percentage of the cell volume. Experi-
mentally, this is precisely what is observed (Heil-
brunn and Wilson, 1948). In the Chaetopierus egg,
for example, the viscosity rises after early prophase
begins. Then there is a sharp drop as the asters and
spindle form. Somewhat similar results were re-
ported by Carlson (1946). Mazia (1956) has taken
a somewhat different view and considers that gela-
tion and then liquefaction occur throughout the
cell as the mitotic apparatus forms. It should be
noted that the idea presented here is a restatement
in more modern terms of part of the older theory of
the “archoplasm’ propounded by Boveri.

Material responsible for the changes in cytoplas-
mic viscosity may be derived in part from the cell
cortex, which decreases in viscosity during division
(Heilbrunn and Wilson, 1955).

The bonds holding the fibril components together
have been stressed as being largely ionic, with the
reservation that other forces may also be involved.
Molecules held together by ionic forces should tend
to be dissociated by high hydrostatic pressure,
since Ht and OH™ occupy a smaller volume when
associated with charged groups on a protein than
when combined as water. According to LeChate-
lier’s principle, this electrostrictive effect should
cause structures such as a spindle formed by
aligned globular molecules held together by salt
linkages to solate. Experimentally, this has been
shown in a large number of cell types (Brown, 1934;
Pease, 1941, 1946; Marsland, 1939, 1942, 1951;
Marsland and Brown, 1936, 1942; Marsland and
Landau, 1954). The spindle and asters solated
reversibly, the cortical gel decreased in viscosity
under pressure, and amoeboid movement ceased.

These effects have been interpreted in terms of
the reversible folding and unfolding of protein
molecules (Johnson, Eyring, and Polissar, 1954).
However, as these authors point out, “. . . we know
of no unequivocal evidence that proteins after
synthesis ever reversibly unfold, even partially,
into a one-dimensional chain or two-dimensional
network” (p. 31). The effects of pressure may be
explained equally well on the basis of a disaggrega-
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Fic. 3. FIBRIL FORMATION BETWEEN ISOLATED NUCLEI TREATED WITH PROTAMINE SULFATE AT PH 7.1

Nuclei were slightly flattened to allow fibrils that appear to originate from nuclear envelope material to be seen.
Note double coiled structures extruding from upper nucleus (Anderson, 1951).

tion of beaded chains as on the basis of the refolding
of extended or unfolded protein chains. For reasons
previously mentioned, the former view is adopted
here.

Tt should be pointed out that the classical ex-
ample of specific interaction between large mole-
cules, the antigen-antibody reaction, has been
shown in serum albumin to be dependent on the
presence of one positively charged group on the
antibovine serum albumin antibody and one nega-
tively charged group on the reaction site of the
antigen (Singer, 1955). This reaction may, there-
fore, be considered as being of the general type

postulated here. When either of the two ionizing
groups was masked, no reaction occurred.

Experimentally, basic dyes or basic proteins
added to rat liver breis produced numerous fine,
microscopically visible fibrils (Anderson, 1949,
1951). Fig. 3 shows the effect of added protamine
sulfate in neutral solution to rat liver nuclei. The
chromatin material condenses into fine threads, and
the nuclear envelope becomes a series of fine fibrils,
many of which are at the limits of resolution of the
phase contrast microscope. The substance of the
nuclear envelope appears, therefore, to be available
for fibril formation and may function in this
manner during division.
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The actual isolation of the mitotic apparatus by
Mazia and Dan (1952) and the partial characteri-
zation of the major protein component constitute
an important advance in the understanding of the
mechanism of cell division. In the sea urchin egg,
this apparatus contains about 11.6 per cent of the
total protein of the cell (Mazia and Roslansky,
1956). Since calculations showed that the nucleus
could contain at the most only about 2 per cent of
the material found in the mitotic apparatus, the
substance of the apparatus cannot be stored in the
nucleus of the cell during interphase. This lends
direct support to the concept that the building
blocks for the mitotic apparatus—the asters and
the spindle—form part of other structures in the
resting cell and may also be partly in solution
either as single molecules or in the form of soluble
complexes. Chévremont and Fréderic (1951),
studying mitosis in muscle cells and fibroblasts
from chick embryos and using phase contrast, ob-
served a reduction in size of mitochondria during
prophase and metaphase. Certain of the mitochon-
dria were seen to dissolve partially. After mitosis,
the mitochondria increased both in size and num-
ber. Agrell (1955) observed a sharp drop in the
number of mitochondria after the breakdown of the
nuclear envelope. Actual counts showed that the
mitochondria were dissolved from prophase to
metaphase, with a consistent increase in number
from metaphase up to the next prophase.

THE SPINDLE

The spindle is here considered to be produced
by linear aggregates of structural proteins held
together by predominantly ionic forces. The
changes in surface properties of these substances
necessary to produce linear arrays are thought to
be caused by the presence of a polycation or sub-
stances capable of producing charge reversal on a
part of the surface of the molecule. Possible mech-
anisms for movement in such systems will be
discussed.

The first problem concerns the forces or struc-
tures that allow the spindle to exist as a distinct
entity. The simplest mechanism would be that of
an enclosing membrane, impermeable to the sub-
stance of the spindle. The persistence of the nuclear
envelope during division has been suggested in
the Tradescantia stamen hair cells (Wada, 1950).
However, certain obvious difficulties arise if such
a membrane is to be impermeable to proteins or
other colloids. Chief of these is that it cannot per-
sist as an impermeable barrier in the form of the
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nuclear membrane from generation to generation
(Anderson, 1953a). At best, it would provide a
mechanism for keeping the spindle material in
position but would not explain how it got there in
the first place.

Descriptions of the spindle in terms of a gel
structure do little better because they generally do
not specify the changes in intermolecular bonding
necessary to form a gel. The author is reluctant to
accept the concept of the spindle as a simple liquid
crystal, in view of the multiplicity of compounds
known to make up this structure, predominantly
proteins, which according to Pfeiffer (1954) include
those of the histone or basic type, and RNA and
polysaccharide (Monné and Slauterback, 1950;
Pollister and Ris, 1947; Stich, 1951b). Adenosine
triphosphatase has also been demonstrated on the
spindle (Biesele, 1949).

The most plausible description appears to be
based on the concept of a separation of colloid
phases (Wada, 1955). If this is true, then many of
the same molecular species should be found in the
interastral ray cytoplasm, in the asters, and in the
spindle, but in different proportions. The finding
by Mazia and Dan (1952) that the mitotic appa-
ratus consists mostly of a single substance provides
strong support for this idea. The test is, of course,
the isolation of the same substance for the cyto-
plasm outside the mitotic apparatus.

The mechanisms described in a previous section
as producing the astral rays may serve equally
well for the spindle. Such anisodiametric micelles
or microfibrils as do not form part of the astral
system, either for reasons of length or microcharge
distribution, would, if present in sufficient concen-
tration, give rise to ordering of the type described
by Oster (1950) as occurring in virus suspensions.
The longer fibrils may be found in the spindle
since, as was shown by Waugh (1946) with insulin,
only the short fibrils tend to form spherites.

If the quasiparallel ordering of the fibrils is due
to interaction between fibrils, as was shown with
tobacco mosaic virus (Oster, 1950), then the
““tactoid” would be expected to fall to the bottom,
like virus tactoids. The confinement of these fibrils
to the spindle region may be controlled by the
presence of a few fibers extending from pole to pole.
Free fibrils in the immediate neighborhood of these
would tend to be ordered in the same way that
particles approaching the edge of a tactoid are
ordered. As ordering occurs around a fiber, the
concentration of random fibrils in the immediate
vicinity is decreased, and other fibrils would tend
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to diffuse in. This would continue until the con-
centration of fibrils in the cytoplasm is lowered to
the point where each has approximately a free
sphere of rotation. The formation of the original
fibers is thought to be caused by the diffusion of
polycationic substances from the poles and the
kinetochores. The idea that such a substance exists
is not new. For example, Wada (1950, 1955), on
the basis of cytological studies, has suggested that
a secretion from the kinetochore serves to hold or
cement the particles of the chromosomal fibers
together. If both the kinetochore and the centers
elaborate the charge-shifting substances, the for-
mation of fibrils connecting the two is not difficult
to explain.

The fundamental mechanism, an association of
macromolecules because of changes in the surface
charges, would appear to be subject to experi-
mental alteration by both chemical and physical
agents. If the masking of acidic groups on the
surface of proteins by polycations so as to produce
a reversal of charge or the interlinking of such
proteins by polycations is essential for spindle
formation, then substances capable of interfering
with these changes should have profound effects.
Specifically, the interfering substance should (1)
bear a negative charge, (2) be a fairly large mole-
cule, and (3) bear groups that contribute to its
water solubility without markedly altering its
charge. Such a substance would be able to occupy
sites that would normally bind polycations and
effectively prevent the formation of complex
structures such as the spindle. The polycation
binding area would then be essentially uncharged.
As shown in fig. 4, the best spindle poisons, col-
chicine and N-methyl colchicamide fulfill these
requirements. No activity is observed in the ab-
sence of the basic group (Lettré, 1952). Another
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series of active compounds has been built around
a,B-diphenylethylamine  (stilbylamine), which
also contains a basic group. This compound is not
active in itself, but addition of various side-chains
produces activity. The 4’-ethoxy derivative is the
most active of the series.

The specificity of these spindle poisons suggests
that the spindle aggregates may be formed through
the mechanism described but that specific comple-
mentary surfaces are also involved. Colchicine
may be specific by virtue of a stereochemical con-
figuration that is more specific for one of the sur-
faces of the spindle-forming protein than for the
components of the chromosome. The net result of
the action of colchicine would be that fewer con-
stituents would be available for forming the spindle
(i.e., the spindle would be smaller), and polycati-
onic material otherwise used in spindle construc-
tion would be free to condense other systems. This
would explain why colchicine causes over conden-
sation of the chromosomes (Coleman, 1947;
Suomalainen, 1954) in addition to its better-known
effects on the spindle. This suggests again that cell
division in its entirety may be derived essentially
from one basic mechanism.

The spindle is reversibly solated by high hydro-
static pressure. As noted by Pease (1946), the
spindle may re-form after pressure solation first
around the centers and the kinetochores. This
observation again suggests that these organelles
serve as centers for organizing spindle miceles.

One of the most formidable difficulties that con-
fronts us when we attempt to treat mitotic mech-
anisms arises from impressions gained from ob-
serving time-lapse motion pictures. The chromo-
somes on the metaphase plate dance about in an
irregular manner and then suddenly move to the
poles. The seemingly autonomous movements are

H3CO N H
H3CO W
H300 CHx
NH o
|
CH3

N-METHYLCOLCHICAMIDE
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The latter is four times as active as colchicine.
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most puzzling. Similar anomalous behavior has
been described by Seifriz (1953). Granules in the
streaming protoplasm of plant cells were observed
to reverse direction occasionally and move against
the stream. Again, parts of the cell appeared to
exhibit autonomous behavior.

Much has been said about the extension and
contraction of thread-like particles. These do not
behave like flexible steel rules—either straight or
neatly coiled up. Rather, the same molecular agi-
tations that give rise to the now commonplace
Brownian movement would be seen to produce
similar effects on molecular chains if we could
observe small enough segments. A bundle of molec-
ular strands would then appear more like a group
of freshly caught eels. Still more violent thrashing
about may be expected when the concentration of
the contraction-producing substance (ATP?) ap-
proaches its critical concentration. Even before it
is reached throughout the whole system, the critical
value will be exceeded locally in certain segments
of the contractile system because of purely statis-
tical fluctuations. Convulsive movements caused
by a combination of thermal agitation and local-
ized contractions (which are also ultimately caused
by thermal agitation) would be expected to occur.
If the chromosomes are attached to such strands,
the observed irregular movements should be
expected.

Part of the difficulty is that no model of such a
system is available, whereas ordinary Brownian
movement is easily demonstrated in inanimate
particles. The attempt to make a suitable model
with very dilute nucleoprotein gels containing
visible particles did yield interesting results, how-
ever. When the preparation was forced through
a capillary tube on a microscope stage, we observed
irregular flow, first down the center, then along
the edge, and not infrequently in two directions at
once! Occasionally a particle would move with the
stream, stop, and then reverse direction. The
observations are a demonstration of the elastic
properties of a relatively few molecules. They
illustrate that an anomalous movement of cell
structures may find an explanation in the proper-
ties of long-chain contractile molecules whose
properties are rarely observed outside the cell at
the microscopic level. The molecules or molecular
strands need not be attached to visible structures
at both ends. The movement of a particle by a
strand may occur when the other end of the strand
is attached to a weak ‘“gel island” that may serve
as an effective “‘sea anchor.”
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The picture of the spindle that emerges is one of
a few long fibrils formed by interlinking protein
molecules with polycationic materials produced
by the mitotic centers and the kinetochores. These
orient fibrillar material occurring in the cytoplasm
and produce tactoid areas between the fibrils. (The
word “tactoid” is used in the descriptive sense and
does not imply the presence of long-range forces.)
Such a structure would have the extreme lability
characteristic of spindles in living cells, viz., sensi-
tivity to hydrostatic pressure and chemical agents
and to agitation with a microneedle. Although
disulfide bonds might be important in producing
the fibrils that become oriented around the fibers,
the lability of the spindle indicates that these
bonds are not involved in maintaining the structure
as a whole.

THE BREAKDOWN OF THE NUCLEAR ENVELOPE

Very little experimental information is available
on the mechanism of the breakdown or dissolution
of the nuclear envelope during cell division or in
regard to its reformation at the end of division. It
has been proposed by Heilbrunn and Wilbur (1937)
and more recently by Goldstein (1952) that cal-
cium, released from the cortex of Nereis or Chae-
topterus eggs, activates a proteolytic enzyme of a
type described by Gross (1952). Nuclear envelopes
of isolated rat liver nuclei are indeed easily digested
by proteolytic enzymes (Anderson, 1953a and b),
but such enzymes have even more drastic effect
on nucleoproteins.

Observations by Monné (1946) and by Baud
(1948) suggest the possibility that surface-active
substances may be involved. From studies on the
stability of nuclei in breis, I prefer to conclude that
the structural component of the envelope is not
digested in the usual sense, but becomes part of the
mitotic apparatus, returning to its former position
at the nuclear-cytoplasmic interface at the end of
division. In this connection, Schrader (1953) has
stressed the probable role of envelope material in
mitotic events.

A simple explanation for the dissolution of the
nuclear envelope is to be found in precisely those
changes that may result in the dissolution of parf
of the mitochondrial system. If the substance ot
this structure is in equilibrium with its dissolved
constituents, then a migration of the latter into the
structure of the mitotic apparatus should result
in a gradual dissolving of the envelope. Further-
more, if the substance causing the dissolved mole-
cules to link together at dimers and trimers origi-
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nated in the nucleus, the disappearance of the
nuclear membrane would be expected to be a very
early event, which indeed it generally is.

CHROMOSOMAL MOVEMENTS

Chromosomal movements have been reviewed
in detail by Schrader (1953). This discussion will be
largely limited to a consideration of molecular
changes that could account for the movements
observed.

Energy is required to keep fibrils such as those
that compose spindle fibers and astral rays in an
extended condition. In muscle, the extending force
is thought by many to be an electrostatic one.
Contraction occurs when the electrostatic forces
are diminished and allow an “entropic” contrac-
tion to occur. The muscle fibrils could be positively
charged in the extended state and be discharged by
the highly anionic ATP molecule. Whether binding
and contraction go together or the splitting of
ATP is crucial to the contraction process cannot
be decided as yet. Considerable evidence supports
the conclusion that the spindle fibers do respond
to ATP (Weber, 1955).

The formation of astral and spindle fibrils has
been postulated here as being caused by substances
that alter the surface charge on the normally nega-
tive or anionic cellular proteins, so as to make them
at least partially cationic. The result could well
be a beaded chain system which is held in an ex-
tended state by positive charges, and similar to
that proposed by Morales, Botts, Blum, and Hill
(1955). Contraction of such a system should occur
when the surface charges are neutralized by ad-
sorption of ATP or some similar substance.

The source of the substance producing the posi-
tive electrostatic charge on the fibrils has been
postulated as being in the centers and the kineto-
chores. It is interesting that, whereas calcium and
magnesium have been implicated in charge rever-
sal in muscle proteins, the organic bases such as
spermine, which are widely distributed and which
could also serve as a ready and controllable source
of positive charges, have been largely overlooked.
Fujii’s report (1954) that zinc moves from the
nucleolus to the spindle during division is of
interest, since several organic bases react with the
reagent used.

If the contractile model proposed by Flory (1957)
is adopted, then the spindle may be considered to
be partially crystalline and to be stabilized by the
forces holding crystalline segments together. The
release of any charged substance such as ATP
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would, when adsorbed on the fibrils, disrupt the
crystalline segments and result in contraction as
the fibrils return to an amorphous state. The
crystallization could also help to account for the
movement of the chromosomes to the spindle plate.

If the fiber-forming substances are produced at
the centers and the kinetochores, why are not the
kinetochores of sister chromosomes merely bound
tightly together? Why should they instead be
pulled apart? The answer may indeed be that a
considerable amount of fiber-forming material is
condensed between them. If this material were
somewhat over-condensed (contracted), it might
indeed revert to an extended shape at some later
time, and thereby cause such an expansion of the
spindle area between the chromosomes as occurs
in many cells. An alternative, and not necessarily
counter-possibility, may lie in the effect of RNA
that the chromosomes shed between them (Jacob-
son and Webb, 1952; Ris and Kleinfeld, 1952).
Since RNA is a polyanion, it would have a solating
effect on at least part of the spindle between the
separating chromosomes. This solated material is
in admirable position to diffuse to the cell cortex
and creat a band of extra cortical material at the
edge of the space occupied by the metaphase plate.
Here it is not necessary to postulate a mechanism
for reforming this material into a contracting gel-
work, since calcium from the surrounding medium
could serve to cross-link it and keep it in a constant
state of tension.

It may be asked how the mitotic system forms,
remains in a state of quasi-stability for a consider-
able time (metaphase), and then in a very short
period goes through anaphase and into telophase.
As we know, from observing time-lapse motion
pictures of dividing cells, the chromosomes at the
metaphase plate move and jostle about. The state
of the chromosome fibers at this point may be
similar to that described in a theoretical model of
a myosin system contraction by adsorbing ATP
(Morales et al.,, 1955). Here very little change
occurs as ATP is adsorbed, until a critical point is
reached where almost maximal contraction occurs.
Addition of more ATP causes little further change.
In the metaphase cell, the adsorption and break-
down of ATP on the chromosomal fiber would
proceed at a rate dependent on the rate of ATP
synthesis maintained by the cell. If no special
additional ATP synthesis occurs during division,
as appears to be the case experimentally, much
time might elapse before the critical concentration
is reached on the fibers. All fibers could be very
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close to this concentration at the same time. Pro-
duction of ATP by the kinetochore in rather
small amounts could produce contraction near the
chromosomes. Alternatively, additional polyca-
tions produced by the kinetochores might be
necessary to produce fibrils that can contract. The
metaphase pause and the rapid anaphase move-
ment do not necessarily require a sudden burst of
synthetic activity or a special signaling substance
or stimulus.

A similarity between the kinetochore and the
mitotic center has been suggested on theoretical
(Darlington, 1936; Schrader, 1936) and structural
grounds (Schrader, 1936). It was pointed out that
they possess similar staining reactions and similar
functions during mitosis. In meiosis in atypical
spermatogenesis in viviparid molluscs, Pollister
(1939) found that kinetochores’ detached from de-
generating chromosomes, became associated with
the centriole and mimicked its behavior and ap-
pearance accurately. If this similarity holds true
biochemically, it may be postulated that both
function by producing low-molecular-weight poly-
cations. The movements of the centrioles during
spermatogenesis and their close association with
the nucleus during its period of condensation sug-
gest that the centrioles may function here to pro-
duce the basic subprotein protamine, which, as
discussed by Anderson (1956), may serve both for
efficient DNA packing and as the cause of sperm
aster formation in the fertilized egg. The centrioles
are also associated with the formation of fibrils
incorporated in the sperm tail. The structural
agent proposed by Swann (1951a,b, 1952a,b, 1954)
may be either additional polycationic material or
ATP. In connection with the assumption that a
substance is produced at a site because a physical
effect is observed at increasing distances, it is
evident that the site may just as well be a destruc-
tive center (a ‘“sink’), and that the effect seen
may be due to a decrease instead of an increase in
the concentration of an agent.

CYTOKINESIS

As stressed by Mazia (1956), the mechanisms by
which the cell body divides vary so markedly be-
tween plant cells, egg cells, and cells of irregular
shape that it is difficult to detect any basic unity;
in fact, little may exist. Studies in which hydro-
static pressure was used support the contracting
ring theory (Lewis, 1951; Marsland, 1951), which
assumes that cleavage occurs as a result of the
contraction of an equatorial ring in the furrow, a
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concept supported by work with cell models (Hofi-
mann-Berling, 1954b,c, 1955). Mitchison and
Swann (Mitchison, 1952; Mitchison and Swann,
1954a,b; Roberts, 1955) have presented evidence
for an expanding membrane, produced by the
release of a “structural agent,” that pushes inward
at the equator and causes division. Dan (1948)
believes the driving force to be the elongation of the
spindle, which, by pushing the asters apart, causes
a constriction to appear in the cleavage plane. It is
not unlikely that all three mechanisms actually
occur, and no decision in favor of any one theory
can be made on the basis of the considerations pre-
sented here.

However, certain relations between these mecha-
nisms and the general scheme presented here de-
serve comment. The contracting ring theory has
been discussed in a preceding section in which it
was proposed that material solated in the presence
of RNA shed by the chromosomes diffused to the
cortex. If all cortical material is maintained in a
state of contraction, then constriction should occur
where an excess is present. The elongation of the
spindle, necessary in the theory of Dan, could be
produced by subtile changes in the packing of the
spindle fibrils, due to changes in the average fibril
length or in surface charge. The expanding mem-
brane evident in the work of Mitchison and Swann
would require an increased tendency for soluble
cell constituents to form such membranes. It is of
considerable interest that several basic substances,
including the basic dye Victoria blue, tend to
cause bleb formation (an increase in surface area)
in living cells (Lettré, 1951). These mechanisms
may therefore ultimately depend on the one pro-
posed here.

THE RECONSTRUCTION OF THE RESTING CELL

Cell division has been considered here as being
set in motion by the release of a polycationic
material that, adsorbed on cellular colloids, could
alter the ratio of positive and negative charges, or
by the production of a substance capable of pro-
ducing an equivalent effect, as discussed in a
previous section. The problem of telophase is to
return the cell to its original state.

If the mitotic apparatus is in equilibrium with
soluble constituents, which are also in equilibrium
with the formed elements including the cell cortex,
the mitochondria, and the nuclear envelope, then
an increase in those molecular species that are
characteristic of the latter structures but do not
participate in the formation of the mitotic appa-
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ratus should shift the balance at least partially
back in favor of the resting state.

The synthesis of substances competing with the
mitotic apparatus for structural proteins requires
that material stimulating the production of pro-
tein in the cytoplasm be released from the nuclear
apparatus at precisely the right moment. Since
a variety of lines of evidence now favor the idea
that such a substance would most likely be a
nucleoprotein particle (Borsook et al., 1950;
Hultin, 1950; Keller, 1951; Allfrey, Daly, and
Mirsky 1953), this role may be assigned to the
RNA shed by the chromosomes as they leave the
equatorial plate. The movement of the chromo-
somes to the poles should allow enough time for the
RNA to become incorporated into a protein-
synthesizing particle and for protein synthesis to

AB == A+8B

b {c
A+B+CD <-=— A+BC
p 0
F16. 5. FORMATION OF STRUCTURE AND OF FIBRILS BY

ALTERNATE PRrODUCTION OF PorvcaTioN C AND
PorvanioNn D

The cell structure, AB, is in equilibrium with dis-
solved A and B. On the addition of C, the dimer
unit BC is formed, which polymerizes to form fibrils.
Addition of D, which competes for C, results in the
formation of the strongly bound complex CD, which
essentially removes C from the system. A and B are
then free to re-form cell structure AB. A similar sys-
tem may exist where A is absent and structure is formed
by the cross-linking of B, as shown in Fig. 6.

start. Since the dissolution of the apparatus be-
tween the poles would then occur first, structural
elements sufficient to form increasing amounts of
cortex should be available in the plane perpendic-
ular to the spindle axis. This material could form
a constricting band that would pinch off the cell.

In the simplest case, the formation of a cell
structure may be considered as being caused by
the formation of a complex between two molecular
species, A and B, which are in equilibirum with a
solution containing the same molecules. If a
second structure can be formed from B and C, then
the following can be expected:

AB +Cs A+ B+ C= BC 4 A

If we assume that the over-all equilibrium is
shifted to the right, then the addition of C to the
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mixture of A and B should result in the dissocia-
tion of part of AB and the formation of BC. To
reverse this reaction, the further addition of a
molecule that will compete with B for C will result
in the re-formation of AB. The complete scheme
is shown in Fig. 5. CD is considered to be more
stable than AB or BC. If AB is the interphase
structure, BC would be the division structure. The
entire cycle may proceed, in a system where all
constituents are constantly being synthesized and
destroyed, when the synthetic rates of all reactants
(A, B, C, and D) vary appropriately.

In this discussion C may be considered to be a
polycationic material, and the role of D could be
filled by an acid polysaccharide. Experimentally,
acid polysaccharides such as heparin will cause
rapid swelling of nuclear gels (Anderson and Wil-
bur, 1951; Roberts and Anderson, 1951), solation
of amoeba cytoplasm, and the disaggregation of
microsomes (Hoster et al., 1950), thus demon-
strating its ability to alter cell structures. A cyclical
variation in polycation and polyanion concentra-
tion could therefore underlie the whole division
mechanism.

Such macromolecular- displacements probably
play a very important role in cell function. For
example, acid polysaccharides could well displace
finished protein molecules from synthetic sites.
Mucus, which is so widely and easily produced,
may well be synthesized in such a process. The
protein moiety would be synthesized on a tem-
plate, whereas the acid polysaccharide may be
formed in solution. The polysaccharide would
compete with the template for the protein molecule
and combine with it to complete the synthesis. In
an analogous manner, D could displace C off BC
and effectively remove it from the reaction.

The mechanism for reversibly forming fibrils
from molecules that also form three-dimensional
structures in the cell is shown in Fig. 6. The forma-
tion of membrane-like structure is shown as being
caused by interaction of oppositely charged areas
on the same molecule. The structure is in equilib-
rium with free molecules that may be also solubil-
ized by complex formation with other molecules
indicated for convenience in Fig. 6 as being smaller
than the structure-forming molecules. In the
presence of polycationic molecules (shown as
oblong bodies), the structure-forming molecules
are condensed into chains. Schematic drawings of
the same structures are shown on the right in
Fig. 6.
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Fic. 6. ForMATION OF Two TYPES OF STRUCTURE BY STRUCTURE-FORMING PROTEINS
In A, protein condenses to form a sheet that is in equilibrium with protein in solution (B) and with solubilized
protein molecules (C). Addition of a polycation (shown as an oblong molecule) results in fibril formation (D). The
solubilizing molecules at C are shown, for convenience, as small spheres. The distribution of charges is shown

schematically along the right margin.
THE CHARGE OF CYTOPLASMIC COLLOIDS

As has been pointed out (Anderson, 1956), the
sign of the predominant charge on cell colloids is
fundamental to considerations of the nature of
gelation in cells generally and to the primitive cell
division mechanism here proposed specifically.
This mechanism depends on the production of
positively charged groups on otherwise negatively
charged particles, causing either condensation or
fibril formation. Since there has been considerable
disagreement as to whether the predominant
charge on cytoplasmic colloids is negative or posi-
tive, a somewhat detailed discussion of the subject
is necessary. The term “cytoplasmic colloids”

includes a variety of colloidal particles and is not
properly a generic entity.

Heilbrunn (1928; Heilbrunn and Daugherty,
1939) has summarized the evidence for a predom-
inant positive charge, whereas Chambers and Kao
(1952) have presented some of the data supporting
the concept that the charge is predominantly
negative. The former concept received support
initially from elemental analyses of whole Arbacia
eggs, which demonstrated a high ratio of divalent
to monovalent cations. These results are somewhat
misleading since the jelly coat contains acid poly-
saccharides that may be expected to bind calcium
as does also the nucleus (Williamson and Gulick,
1942). If the presumed positive charge on cell col-
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loids is due to adsorbed calcium ions, substances
that bind calcium; e.g., citrate and versene, would
be expected to have a precipitating effect. Experi-
mentally,. the opposite is true, and the injection of
calcium results in coagulation (Chambers and Kao,
1952).

Since the amount of calcium is too small to ac-
count for a positive charge by charge reversal, one
is at a loss to find suitable groups to which a posi-
tive charge may be ascribed. Actually, the great
majority of inorganic cations are monovalent, and
the inorganic anions such as phosphate and sulfate
exist for the most part in the form of polyanions
such as ATP, nucleic acids, and acid polysac-
charides. No polycation of comparable strength is
found in the cytoplasm of the interphase cell. The
only organic base strong enough to be at all com-
parable with phosphate or sulfate is choline, which
is not known to exist as the recurring base in any
basic cytoplasmic polymer. Furthermore, the
majority of tissue proteins have an isoelectric
point in the acid region, indicating an excess of
available carboxyl groups over available amino
groups in neutral solution. Since the charge on the
colloidal constituents is negative, the typical mam-
malian cell, for example, contains very little mono-
valent anion (HCO;~, Cl7), whereas the great
preponderance of the cationic charge is monovalent
(K*, Nat) (see Gamble, 1952, Chart 2-A).

It may be argued that, since the charge on a
colloidal particle is determined only by the prop-
erties of its surface, a small number of multi-
cationic molecules coating these particles might
result in an over-all positive charge excess in spite
of the evidence to the contrary already cited.
Experimental studies on the surface properties of
isolated rat liver mitochondria suggest that some
RNA may be located on the surface (Schneider,
1946; Anderson and Wilbur, 1950). Addition of a
polycation such as protamine flocculates brei
constituents (Weil et al., 1952), as does the basic
dye Janus green B (Anderson, 1949). It is difficult
to escape the conclusion that the predominant
charge is negative.

A similar conclusion may be drawn from the
observation of cells broken in various solutions
(Heilbrunn, 1928, 1952; Costello, 1933). Citrate,
a trivalent anion, prevents gelation or flocculation
of the extruding cytoplasm, whereas calcium
(which in low concentration would be expected to
cross-link and precipitate a solution of anionic col-
loids) produces the familiar surface precipitation
reaction. Furthermore, as is well known, anionic
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colloids tend to flocculate as the pH is lowered
toward their isoelectric points, whereas cationic
colloids tend to become more soluble. The vis-
cosity-increasing effect of lowering cell pH has been
repeatedly demonstrated (Loeb and Blanchard,
1922; M. R. Lewis, 1923; Barth, 1929; Minshall
and Scarth, 1952) and is consistent with the con-
cept that the colloids are moving closer to their
isoelectric point; i.e., they are negatively charged.
Above pH 7 solation tends to occur as would be
expected (M. R. Lewis, 1923; Barth, 1929). Under
very alkaline condition, where highly viscous DNA
is dissociated from the proteins of the nucleus, the
viscosity increases. It is interesting that nuclear
constituents have usually been thought to be
negatively charged (Churney and Xlein, 1937;
Heilbrunn, 1952).

Perhaps the best evidence on cytoplasmic
charge comes from the early microinjection studies
of Chambers and others (Chambers, 1924), who
found that only the basic dyes caused a local
coagulation. No pH changes appear to be involved.
Protamine, when injected, causes a similar sudden
coagulation (N. G. Anderson, 1952, unpublished
data), whereas heparin produces liquifaction. If
the colloids were positively charged, the opposite
results would have been produced.

The assumption that the predominant charge on
protoplasmic colloids is positive has introduced a
number of difficulties into the colloid-chemical
theory of Heilbrunn. Thus immersion of cells in
CaCl; solutions is shown to cause first a solation
and then a gelation. The solation is presumed to be
due to the effect of adding divalent cations to a
polycationic system, although Heilbrunn later
noted that the problem of determining the effect
of various cations on the internal protoplasm of
cells is rather complicated since in cells immersed
in solutions of sodium or potassium salts, the
sodium or potassium ions may release calcium from
the outer cortical protoplasm (Heilbrunn, 1952,
page 97). However, in invoking the participation
of calcium in stimulation and other cellular re-
sponses, Heilbrunn states, “Typically, when cal-
cium in small amounts is released to the interior of
a cell, a gelation occurs . . .” In the surface precipi-
tation reaction, calcium is shown to cause a pre-
cipitation of cytoplasmic constituents. Clearly,
calcium should promote the outflow of the cyto-
plasm if it is positively charged. Since the actual
findings are in such marked opposition to the
original assumption, the dilemma was solved by
postulating the existence of a process similar to
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blood clotting. This was done by assuming that
here calcium plays a role, not in the stabilization
or destabilization of colloids, but in activating
thromboplastic substances. The roles of citrate
and oxalate, which sould have profound effects on
a polycationic system (especially one whose charge
is due to adsorbed calcium), are attributed to their
effects on a clotting mechanism. Heparin, the
physiological polyanion par excellence, which again
should wreak havoc in a polycationic system, pre-
vents cytoplasmic gelation. Again, the effect is
ascribed to a clotting mechanism similar to that
found in vertebrate blood (Heilbrunn, 1952).
Lastly, in breis, calcium is not released by a va-
riety of experimental procedures, but is actually
taken up as would be expected in a system bearing
a predominantly negative charge. In order to
demonstrate calcium “release” as the colloid-
chemical theory would predict, one must add more
calcium and consider a diminished binding of the
added calcium as “calcium release” (Weimar,
1953). As is evident, the anomalous aspects of this
theory largely disappear if one assumes instead
that the predominant charge is negative. The elec-
trophoretic studies that have been cited as con-
clusive (Heilbrunn and Daugherty, 1939) have
not been successfully repeated (Tobias and Solo-
mon, 1950).

The data indicating that calcium decreases and
potassium and sodium increase cytoplasmic vis-
cosity, with opposite effects on the cortex, have
been summarized by Heilbrunn (1952, page 96)
and deserve comment here. The precipitation of
negatively charged colloids by cations of higher
valence, prompted him to interpret these findings
as indicating that the dispersed particles of the
protoplasmic colloids bear a positive charge.
(Certain qualifying statements are added to the
effect that this is true only when the ions enter
slowly since gelation occurs when free calcium
enters rapidly.) The experimental observations
are reinterpreted here on the assumption that:
(1) the cell cortex is largely composed of a calcium
complex, (2) the constituents of the cortex com-
plex (protein, acid polysaccharide, etc.) are normal
constituents of the cytoplasm, (3) an equilibrium
exists between these substances in the cortex and
in the cytoplasm, and (4) the complex-forming
substances in the cytoplasm are generally in the
form of their potassium or sodium salts. The first
assumption is borne out by a number of experi-
ments cited by Heilbrunn. The second assumption
is borne out by the many observations of the forma-
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tion of a surface precipitation in outflowing proto-
plasm in the presence of calcium, where the pre-
cipitated material is considered to be identical with
that of the normal cortex. In a cell existing in a
calcium-containing medium (as is generally the
case), the cortex is thought to represent only part
of the complex-forming material, the rest being
distributed throughout the cytoplasm. When the
calcium content of the surrounding medium is
increased, it penetrates the cell slowly and pre-
cipitates more of the complex-forming material,
decreasing its concentration in the cytoplasm and
also the viscosity of the cytoplasm. The cortical
viscosity, therefore, increases and that of the
cytoplasm decreases as is observed. The result is,
therefore, very different from that seen when
calcium is injected into the cell, where it precipi-
tates at once all cortex-forming materials.

When an excess of sodium or potassium is added,
calcium may be expected to be displaced from the
cortex and from the cell much as calcium may be
eluted from an ion-exchange resin. The result is a
softening and dispersion of the cortex-forming
materials throughout the cell, resulting in a large
decrease in cortical viscosity and a small increase
in the viscosity of the rest of the cytoplasm as is
observed. This interpretation, which harmonizes
the results obtained with both injection and im-
mersion studies, may bring some respite in the long
argument that has resulted from these seemingly
conflicting findings.

DISCUSSION

Cell division in its entirety—with the erection
of the mitotic machinery, with its precise func-
tioning and subsequent disappearance, and with
the reorganization of one cell into two complete
daughter cells—would seem to lie in the province
of the arts rather than the sciences. The special
cases, such as spermatogenesis, oogenesis, and the
variations and exceptional instances so treasured
and emphasized by the cytologist, appear to far
exceed the capabilities of any mere molecular
assemblages, to say nothing of the shear impos-
sibility of packing the entire mechanism into tiny
cells to produce others in their image, complete,
with no missing piece, not once, but through long
spans of time.

It would seem logical to assume that the division
mechanism, which originated in a single primeval
particle and which has had at least the possibility
of as much experimentation expended on its devel-
opment as any other product of evolution, would
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be characterized by two things: (1) economy of
materials, and (2) economy of methods. This is
especially true since the same mechanism appears
throughout the whole animal kingdom. Put some-
what more naively, if it could be done more simply,
sooner or later it ought to be. Operationally, a
mechanism drawing materials from those readily
available in several cell structures and that is
triggered by variations in the rate of synthesis of
substances normally present is more amenable to
attack than one involving a whole complex of
special substances synthesized by other suitably
controlled mechanisms, to be destroyed when no
longer needed by still other special enzymes. This
latter idea, as partially stated, assumes that,
“ . ..during mitosis there must be a need for
special enzymes involved in functions such as
dissolving and regenerating the nuclear membrane,
and synthesizing and dissolving the special protein
of the mitotic apparatus” (Monty et al., 1956).
Enzymes to destroy G, H, and I, to synthesize J;
enzymes to destroy J and resynthesize G, H, and
I; enzymes to destroy the enzymes destroying G,
H, and I; templates to make the enzymes at a
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particular time; mechanisms to inhibit template
utilization at other times; a sequential timer that
senses when each task is complete and signals the
next—such complexity, even if it did exist, should
not confront the investigator at the outset. Fur-
ther, some of the peculiar division patterns often
reviewed may be based on erroneous observations,
unusual fixation artifacts, or incorrect interpreta-
tion of stained figures. These ‘“‘exceptions” should
not be treasured, they should be repeated, using
living cells if possible.

In the first two papers of this series, the author
attempts to coordinate certain facts about cell
division in such a manner as to suggest unifying
relations and critical experiments to test the
validity of these relations. The need for extensive
physical and chemical characterization of as many
molecular species as can be isolated from cells
becomes self-evident from these considerations.
It is in terms of the properties of these that the
story of cell division must eventually be rewritten.

Other papers in this series will deal with experi-
mental findings that bear on the material discussed
here.
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