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Cytologists have appreciated for many years
that the cell is not a homogeneous mass of proto-
plasm but that it contains several discrete struc-
tures that can be seen and identified in all cells of
the plant and animal kingdom. The function and
the chemical composition of these structures have
been the source of considerable speculation and the
. inspiration for much experimental work, mainly
of an indirect nature. In the present review, an at-
tempt will be made to examine critically one of the
methods that have been devised to determine di-
rectly the chemical composition and the function,
in terms of enzymatic activity, of the structural
components of the cell. This method involves the
mechanical rupture of tissue cells in a suitable
medium followed by the isolation of the cell com-
ponents by means of differential centrifugation.

The method of differential centrifugation of
broken cell suspensions was introduced in 1934 by
Bensley and Hoerr (11), who described the isola-
tion of mitochondria from guinea pig liver. Since
the paper of Bensley and Hoerr, numerous publi-
cations have appeared dealing with the isolation of
individual cellular components. Many have dealt
with the isolation of nuclei (9, 384). Others have
described improvements in the procedures for the

* For the sake of brevity and convenience the following
abbreviations will be employed in this paper: DNA =desoxy-
pentosenucleic acid; PNA=pentosenucleic acid; AMP=
adenosine-5-phosphate; AMP-ase = AMP phosphatase; ATP =
adenosinetriphosphate; ATP-ase =adenosinetriphosphatase;
DPN =diphosphopyridine nucleotide; TPN =triphosphopyri-
dine nucleotide; and DAB =4-dimethylaminoazobenzene.
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isolation of mitochondria (19-21, 28-25, 60), while
still others have dealt with the isolation of chromo-
somes (28, 90-92) and submicroscopic particles
(19-21, 2325, 60, 77), including glycogen particles
(24, 76, 77) in a submicroscopic form. More recent
papers have described procedures for the complete
fractionation of a tissue into nuclei, mitochondria,
submicroscopic particles, and soluble material
(60, 122, 125, 129).

The fact that particulate components of the cell
can be isolated from broken cell suspensions in
almost unlimited yields makes it apparent that
this technic is capable of utilizing to the fullest
extent modern biochemical methods for the study
of cell composition and function. In this respect,
the procedure of cell fractionation is more versatile
than either of two other methods at present avail-
able in the field of cytochemistry; namely, the
histochemical technics (44) and the submicro
technics of Linderstrom-Lang, Holter, and their
associates (82). The former, aside from the
possible artifacts introduced by the necessary
procedures of freezing or fixation, are severely
limited by their dependence on microscopic visual-
ization for the localization of an enzymatic re-
action or a chemical compound and as a result
usually employ indirect methods of analysis which
cannot readily be quantitated and generally entail
the possibility of still further artifacts. The latter
technic, which most nearly approaches the ideal
cytochemical tool in that it is aimed at the study
of single cells and portions thereof, is apparently
not as yet sufficiently sensitive to be applied to
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single mammalian cells. Although it is hoped that
the results obtained with the cell fractionation
technic will be checked by some other method, it
will be extremely difficult for other methods to keep
pace, owing to the versatility and wide applicabil-
ity of the former. Accordingly, it is necessary to
understand clearly the limitations of the cell frac-
tionation technic and to define the criteria that
identify an adequate isolation procedure.

Some investigators (14, 16, 33) have taken the
view that the procedure of cell fractionation can be
dismissed a priori on the grounds that the very act
of cell rupture necessarily produces artifacts such
as redistribution, adsorption, morphological altera-
tions, etc. Although such artifacts are obvious
problems, the dismissal of the procedure as an
experimental tool, without concrete evidence of
its uselessness and without the submission of an
adequate alternative, constitutes a negative ap-
proach that is difficult to defend. The reviewers
prefer to adhere to the positive approach of con-
ducting cell fractionation experiments in such a
way that possible artifacts may be tested experi-
mentally.

In a consideration of artifacts likely to be en-
countered in the procedure of cell fractionation,
it must first be realized that when the cell is dis-
rupted, its structural components are released into
distinctly abnormal surroundings. Since cyto-
logical studies have demonstrated that at least two
cellular components, nuclei (141) and mito-
chondria (26, 32, 66, 95, 148, 144), possess well
defined membranes, it appears entirely possible
that these membranes may be so damaged in the
process of cell disruption as to allow the escape of
soluble substances. Although experiments provid-
ing direct evidence for the integrity of the mem-
branes have not as yet been devised, strong in-
direct evidence can be offered by certain lines of
approach. Thus, it seems likely that the isolation
of a cell component, in morphological and cyto-
logically unaltered form, will maintain the integ-
rity of the membrane. In this respect, it has been
shown (60) that the cytological and morphological
properties of liver mitochondria are profoundly
affected by the composition of the medium in
which the liver cells are disintegrated. Only when
the cells were disrupted in hypertonic solutions of
nonelectrolytes was the morphology and cytology
of the mitochondria maintained. Additional and
more direct evidence for the integrity of the mito-
chondrial membranes has also been provided by
the recent demonstration that the mitochondria
contain large amounts of soluble proteins that can
be released only by disruption of the mitochondrial
membranes (57, 59). Another method that might

be suggested to test the integrity of the membranes
of particulate structures is that of equilibrating
the isolated structure with a solution of the isotopi-
cally labeled material in question. Labeled ma-
terial should appear within the structure if its
membrane is permeable. A method peculiar to cer-
tain enzymes can also be used to test the integrity
of particulate structures. Thus, in the case of cyto-
chrome c it was found (128) that liver mitochon-
dria isolated from water homogenates contained
high concentrations of cytochrome ¢ but that it
was biologically inactive in the succinoxidase sys-
tem present in the mitochondria. On the other
hand, cytochrome ¢ present in mitochondria iso-
lated from isotonic saline or sucrose or hypertonic
sucrose (128, 129) was highly active in the oxida-
tion of succinate by the mitochondria.

A second important problem, namely, the pos-
sibility of adsorption of soluble material on cellular
particles, can perhaps best be approached experi-
mentally by washing the isolated particulate struc-
ture in various media. If the material is tightly
bound to the structure and not adsorbed, repeated
washing should fail to reduce either its total
amount or its concentration. This has been shown
to be the case for certain of the respiratory en-
zymes associated with liver mitochondria and
microsomes (55, 56, 125). On the other hand,
cytochrome ¢ has been shown to be adsorbed on
liver microsomes when these were isolated from
water homogenates but not when the microsomes
were isolated from saline or sucrose homogenates
(128, 129). Furthermore, the cytochrome adsorbed
on the microsomes was completely removed when
the particles were washed with isotonic saline
(128).

A consideration of the quantitative aspects of
the intracellular distribution of the substance in
question also has a decided bearing on the question
of adsorption. Thus, if a large percentage of the
substance present in the whole tissue can be shown
to be localized in a single fraction, then the prob-
ability of adsorption would appear to be minimal.
Some of the enzymes referred to in the preceding
paragraph fulfill this condition. On the other hand,
the finding of a small percentage of a substance in
a fraction must be seriously considered as an ad-
sorption phenomenon. In the case of isocitric de-
hydrogenase, for example, about 82 per cent of the
enzyme activity was recovered in the soluble frac-
tion and 12 per cent in the mitochondria (61). The
significance of the latter seems rather doubtful
and can probably be considered as the result of
adsorption. Dounce (86) has argued that, for re-
sults to be significant, the proportion of the total
enzyme in a particulate structure need not be
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greater than the proportion of the total cell vol-
ume occupied by the particulate structure. Al-
though this may be true, the actual proof that it
is the case can come only from measurements on
single cells.

The need for establishing balance sheets in

which the summation of the activities of the tissue
fractions is compared with that of the whole tissue
has been emphasized repeatedly (56, 62, 122, 127).
Such balance sheets serve several purposes, one of
which has already been mentioned in the preceding
paragraph. In addition, tabulations of this type
test the validity of the analytical methods and of
the assay procedures employed, and in the case
of enzymes indicate whether inhibitors or activa-
tors are present. By judicious recombination of
fractions it is possible to determine which fraction
contains the inhibitor or activator and thus to
learn how the activities of the various cell fractions
are integrated to reproduce the activity of the cell
as a whole.
METHODS FOR THE ISOLATION OF PARTICULATE
CELL STRUCTURES

An adequate method for the preparation of a
particulate component of the cell should provide
that component in pure form, morphologically and
cytologically unaltered, and in high yield. Because
of the possibility of heterogeneity of cells and of
cell fractions and because many of the present ap-
plications of the cell fractionation technic involve
comparative studies on different tissues, the need
for large yields is immediately obvious.

One of the factors affecting yield in cell frac-
tionation studies is the method used for cell dis-
ruption. This was discussed in a previous publica-
tion (127), and it was concluded that the best
available method involved the use of the Potter-
Elvehjem homogenizer (107), because it produced
maximum degrees of cell rupture without causing
breakage of subcellular elements. In the experience
of the reviewers, the Waring Blendor is entirely
unsatisfactory for the preparation of homogenates
suitable for cell fractionation studies. The subjec-
tion of liver, for example, to the action of the War-
ing Blendor for periods sufficient to disrupt most
of the cells results in the breakage of many nuclei
and apparently even of some mitochondria. Ex-
cessive frothing occurs, and the temperature is
controlled with difficulty. A recent report (75) also
indicates that the Waring Blendor is capable of in-
activating some enzymes and related compounds.

Another factor affecting the yield is that of ag-
gregation of particles. Thus, in the case of liver
homogenates it was demonstrated that electrolytes
caused pronounced aggregation of mitochondria
and that this aggregation was largely prevented by

the use of nonelectrolytes (60). More recently, it
has been reported that agglutination of cytoplas-
mic particles in electrolyte solutions can be pre-
vented by the use of heparin (63).

Another point to be considered is the tissue
chosen for cell fractionation studies. The ideal tis-
sue would contain only one cell type. In practice,
however, very few tissues can even approach this
ideal. Among those that might be mentioned are
liver, epidermis, and certain tumors. It is to be
hoped that the technics of tissue culture may
some day provide cells of all types in amounts suffi-
cient for fractionation studies.

Isolation of nuclei.—Several methods have been
employed for the isolation of mammalian nuclei.
The first method involves the use of citrie acid,
and, in the procedure of Dounce (34) for the isola-
tion of liver nuclei, only enough citric acid is added
to attain a pH of 6. The yield of nuclei with this
method has not been established, but, judging
from the description of the procedure, the yield is
probably low. A photomicrograph of nuclei iso-
lated by this procedure shows quite clearly that
the nuclei are altered morphologically, as shown
by the presence of precipitated chromatin as well
as well as by deviations of some of the nuclei from
a characteristic spherical form. Unaltered nuclei
are completely homogeneous under the microscope
and, in the case of liver, are generally spherical in
shape (78, 118, 187). It should be mentioned that
nuclei of liver homogenates in either isotonic or
hypertonic sucrose fulfill these cytological criteria
(60, 73, 101, 102, 118, 187). The isolation of nuclei
from homogenates of spleen in isotonic sucrose con-
taining citric acid (4) has been described, but pho-
tomicrographs of the isolated nuclei, by means of
which the morphological properties might be
judged, were not presented. The addition of citric
acid was stated to be necessary to prevent the loss
of nucleoprotein from the nuclei during the isola-
tion. However, the experiment which was stated
to prove that DNA was lost from nuclei in sucrose
proved that DNA could be extracted with molar
NaCl from nuclei in sucrose but not from nuclei in
sucrose containing citric acid. The latter is at vari-
ance with the findings of Dounce (34, 35).

Another method, devised by Behrens (9), con-
sisted of lyophilization of the tissue, grinding of
the dry tissue to disrupt the cells, suspension of
the powder in an organic solvent mixture of suit-
able density, and centrifugation of the resulting
suspension at a suitable speed. Dounce and his as-
sociates (37) have recently applied this method
to the study of amino acid distribution in nuclei
and have published the first photomicrograph of
such nuclei. These nuclei show morphological al-
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terations similar to those obtained with citric
acid. The adequacy of the Behrens’ method for
enzyme investigations might also be questioned,
since it is well known that some enzyme systems
are inactivated by freezing and drying. However,
the method does possess the important advantage
that artifacts produced by the redistribution of
materials should be absent. From the latter stand-
point, the Behrens’ method may prove valuable
for testing the results of fractionations conducted
in aqueous solutions.

Another preparation that has proved to be of
considerable use in comparative studies is the nu-
clear fraction obtained as a first step in the com-
plete fractionation of tissues (60, 122). This frac-
tion contains all the nuclei of the tissue, in addi-
tion to some unbroken cells and mitochondria. De-
spite these impurities, however, much useful infor-
mation has been supplied by a study of this frac-
tion. Barnum ef al. (8) have recently subjected the
nuclear fraction to further treatment with citric
acid in order to obtain nuclei sufficiently pure for
studies on uptake of radioactive phosphorus. Nu-
clei so treated appear to have lost a large amount
of their original protein, however.

Recent cytological studies by Pollister and
Leuchtenberger (105) have far-reaching implica-
tions in regard to methods for the isolation of nu-
clei and perhaps for the isolation of other particu-
late components of the cell as well. These authors
have found that the ratio of protein to DNA in
nuclei in tissue sections was several-fold greater
than the ratios reported by various authors for
nuclei isolated with citric acid. It is not clear at
present, however, whether the cytologically de-
termined ratios are correct, because of the diffi-
culties involved in assigning absolute values to
the extinction values determined on the nuclei in
tissue sections (119, 137). However, these authors
performed an experiment which would appear to
be independent of the above objection. They in-
cubated rat liver slices in isotonic saline prior to
fixation and noted a marked loss of nonhistone-
type protein from the nuclei. This experiment
raises several important questions, e.g., whether
protein is lost from nuclei at the moment of cell
rupture or whether a medium can be devised to
prevent loss of protein from nuclei. Recent experi-
ments by Dounce et al. (87), with the technic of
Behrens for the isolation of nuclei, appear to con-
firm the cytological results. Nuclei isolated by this
method had much higher protein-DNA ratios than
did those isolated in dilute citric acid (although the
ratio in the latter instance was also much higher
than that for nuclei isolated by citric acid technics
at a lower pH than that employed by Dounce).

However, the nuclei isolated by the Behrens’
method were peculiar in that their PNA content
was greater than their DNA content. If correct,
this finding would mean that about one-third of

, the PNA present in liver is localized in the nucleus
and would imply that isolation of nuclei in aqueous
media results in loss of not only protein from nu-
clei but also considerable amounts of PNA. It
should be possible to check the latter findings
cytologically.

In regard to improved media for the isolation of
nuclei, it might be mentioned that several lines of
evidence indicate that hypertonic solutions of non-
electrolytes may be necessary. The fact that nu-
clei appear normal morphologically in such media
has already been mentioned above. In addition, it
should be noted that the isolation of liver mito-
chondria in a morphologically and cytologically
unaltered form was accomplished in such solutions
(60). Furthermore, Opie (100) has found that tis-
sue slices take up water when immersed in isotonic
solutions but not when immersed in hypertonic
solutions. There is thus apparently an increasing
body of evidence that the osmotic pressure inside
the liver cell is considerably greater than in blood
serum.

Isolation of chromosomes.—Chromatin threads
were isolated independently by Claude and Potter
(28) and by Mirsky and Pollister (90). Subse-
quently, Mirsky and Ris (91) presented evidence
that the chromatin threads possessed the mor-
phological characteristics of chromosomes.

The isolation of chromosomes is accomplished
by means of differential centrifugation after rup-
ture of nuclear membranes by one of the following
methods: grinding with sand, prolonged mixing in
a Waring Blendor, or passage through a colloid
mill. The yield of chromosomes has not been re-
ported, although this can be estimated from the
amount of DNA recovered in the chromosomes as
compared to the DNA content of the whole tissue.
The purity of the chromosomes was tested by ap-
plying immunological tests for serum proteins as
well as cytological tests for cytoplasmic proteins.
According to Mirsky (89), these tests were essen-
tially negative. Ris and Mirsky (118) also point
out that isolated chromosomes are derived from
resting nuclei, in which the chromosome struc-
tures cannot be seen. They consider the isolation of
structures possessing the morphological charac-
teristics of chromosomes as evidence for the pre-
existence within the nuclei of chromosomal struc-
tures, even though invisible in the living cell. How-
ever, the possibility that chromosomes are not
present as discrete structures within resting nuclei
but are formed from submicroscopic or soluble ma-
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terial at the moment of nuclear rupture must also
be considered, inasmuch as Ris and Mirsky (118)
have demonstrated that the nuclei from which the
chromosomes were isolated had been altered mor-
phologically by the electrolyte medium in which
they were suspended.!

In experiments with isolated chromosomes, it
must also be remembered that the chromosome
preparation contains nucleoli, some of which ap-
parently stick to the chromosomes and cannot be
removed (28, 91). It is not clear whether all nucleo-
li are so trapped or whether only a few are. In any
event, any property ascribed to chromosome prep-
arations must be considered in the light of nucleo-
lar contamination.

In regard to the method of isolation, Mirsky
(89) dismisses the isolation of nuclei as a desirable
step preliminary to rupture of nuclear membranes
because of the undesirable properties of nuclei
prepared in citric acid. It would appear desirable,
however, to wash the minced tissue as completely
as possible or to isolate the washed nuclear frac-
tion in order to remove as much cytoplasm as pos-
sible prior to the rupture of the nuclear mem-
branes.

Isolation of mitochondria.2—The isolation of mi-
tochondria was first reported by Bensley and
Hoerr (11). The details of their procedure, how-
ever, were not reported until a few years ago (54,

1 Experiments in progress at this writing have demonstrated
conclusively that the distribution of DNA and of structures
resembling chromosomes in liver nuclei was much different in
sucrose solution than in isotonic saline solution. In sucrose, the
nuclei were homogeneous in appearance under the microscope,
while in saline the nuclei showed the typical pattern of precipi-
tated chromatin (c¢f. 118). When the nuclei in sucrose were
disrupted, chromosome-like structures were not visible, and
over 60 per cent of the DNA of the nuclei was soluble; i.e.,
nonsedimentable at 60,000 g. In saline, however, structures
similar to the chromosomes described by Mirsky and Ris (91)
were released from the nuclei, and 92 per cent of the DNA
was sedimented at the low speed (5,000 g) required to segregate
these structures. These experiments would appear to indicate
that DNA is not associated with structures comparable to
chromosomes but is colloidally dispersed within the resting
nucleus.

2 Chantrenne (18) has reported experiments which indi-
cated that the cytoplasm of the liver cell was a heterogeneous
collection of particles of varying size, enzymatic activity, and
chemical composition, and he concluded that the separation of
liver particles into large granules (mitochondria) and micro-
some fractions was a partly arbitrary procedure. Since these
liver homogenates were made in electrolyte solutions, how-
ever, it seems probable that a large proportion of the large
granules were lost during the initial centrifugation used to pre-
pare the nuclei and cell-free extracts employed in the experi-
ments (Chantrenne, personal communication). The fact that
microsomes are also aggregated by electrolytes (61, 66) would
also have a bearing on these experiments, and it would appear
that the question of heterogeneity of cytoplasmic particles
requires reinvestigation.

77). Meanwhile, Claude (19, 20) described the iso-
lation from various tissues of large granules, which
were at first considered to be secretory granules
(19, 20). Subsequently, however, Claude stated
that the large granule preparations were either
mitochondria or mixtures of mitochondria and
secretory granules, depending upon the tissue
from which they were obtained (23, 24). Thus, in
the case of liver and pancreas the large granules
were considered to be mixtures, because of the se-
cretory function of these tissues, while in the case
of a lymphosarcoma the large granule preparation
was considered to consist of mitochondria. Hoge-
boom, Schneider, and Palade (60) found, however,
that the large granule fraction isolated from
homogenates of rat liver in 0.88 M sucrose con-
sisted entirely of morphologically and cytologi-
cally unaltered mitochondria. This was shown by
the fact that many of the isolated granules were
elongated in form, a characteristic of intracellular
mitochondria, and also by the fact that all the
granules in the preparation were stained vitally
by Janus Green B, the generally accepted stain
for intracellular mitochondria. Furthermore, none
of the isolated granules was stained with neutral
red, a stain widely used for the demonstration of
secretory granules, although the latter could
readily be demonstrated in unbroken liver cells
present in the homogenate.

The procedure for the isolation of mitochondria
consists of the following steps: (a) disruption of
cell membranes (Potter-Elvehjem homogenizer
[107]) in a large volume of a suitable medium, (b)
sedimentation of nuclei and unbroken cells at low
speed, and (c) sedimentation of mitochondria at
higher speed. The medium in which the homogeni-
zation is made has a profound effect on the mor-
phological, cytological, and biochemical properties
of the isolated mitochondria, as well as on their
yield. If distilled water is used, the mitochondria
swell to enormous size and eventually burst if
maintained in water for a sufficient length of time
(21, 24). The latter finding is not of great impor-
tance to the isolation of mitochondria, however,
because the isolation can be completed long be-
fore appreciable lysis occurs. Of more importance
is the fact that the biochemical properties of the
mitochondria have been altered. Thus, liver mito-
chondria isolated from water homogenates con-
tain high concentrations of cytochrome ¢, but the
cytochrome c is unable to function in the oxidation
of succinic acid by the mitochondria (128). Mito-
chondria isolated from water homogenates are
also unable to oxidize octanoic acid (71). In iso-
tonic solutions, both intracellular mitochondria
and mitochondria released from ruptured cells are
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morphologically altered, as shown by the fact that
the mitochondria are predominantly spherical in
shape (60). In addition, in isotonic salt solutions,
the mitochondria do not stain vitally with low
concentrations of Janus Green B and are agglu-
tinated to an extent sufficient to prevent their ade-
quate separation from the nuclei (60). Thus, losses
of mitochondria as great as 80 per cent have been
reported when isotonic saline solutions were used
(112, 122). In addition, the contamination of the
mitochondria by aggregated microsomes has also
been reported (66). The agglutination caused by
electrolytes is largely avoided by the use of either
hypertonic or isotonic sucrose solutions (60). In
addition, the mitochondria isolated in hypertonic
sucrose retain their ability to stain vitally with
Janus Green B and possess the morphological char-
acteristic of intracellular mitochondria—namely,
an elongated shape (60). The use of hypertonic
sucrose has the disadvantage, however, of causing
inhibition of the activity of several enzyme sys-
tems (72, 78, 125). Comparative studies of the dis-
tribution of enzymes in rat liver fractions obtained
from both hypertonic and isotonic sucrose homoge-
nates have failed to demonstrate any substantial
differences between the two sucrose concentra-
tions (129), and it has been concluded that for
biochemical studies the use of isotonic sucrose is
preferable at the present time (61, 127, 129). The
use of the latter has the added technical advantage
that the fractionations can be completed in much
less time and at much lower centrifugal forces
than are required by the greater viscosity and
density of the hypertonic sucrose homogenates.

Several modifications have been proposed for
the isolation of mitochondria from hypertonic su-
crose homogenates. Kennedy and Lehninger (71)
have suggested the addition of KCI to the nuclei
and cell-free liver extract to agglutinate the mito-
chondria and thus to permit their isolation at a
much lower centrifugal force. The permissibility
of such a procedure is questionable, since, in our
experience, electrolytes produce agglutination of
submicroscopic particles as well as of mitochondria
(61, 66). Evidence that this procedure does not
yield a mixture of the two types of particles would
require data on the total nitrogen and PNA con-
tent of this fraction. Thus, the ratio of PNA to to-
tal nitrogen would permit a decision as to whether
this fraction was contaminated with submicro-
scopic particles, since this ratio is much higher for
liver submicroscopic particles than for liver mito-
chondria.

Similar criticisms might be made of the modifi-
cations employed by Leuthardt and Miiller (80).
In their procedure, the homogenate is made in iso-

tonic KCl and centrifuged at 1,500-2,000 g. The
sediment is then resuspended in isotonic mannitol
and recentrifuged. The mitochondria remain in
the supernatant and are removed. It would appear
that some submicroscopic material may also be
present in the supernatant fluid.

Cunningham et al. (31) have fractionated frozen
liver in a solution containing 0.88 M sucrose, 0.14 M
NaCl, and 0.01 m phosphate buffer. They state
that the use of unfrozen tissue or the omission of
salt from the medium did not affect the amount of
nitrogen or nucleic acid in the mitochondrial frac-
tion. An examination of their data, however, re-
vealed several facts that appear to disagree with
this statement, e.g., the large amounts of nitrogen
in the nuclear fraction and of PNA in the mito-
chondrial fraction, the low amounts of nitrogen
and PNA in the microsome fraction, and the large
amount of PNA in the supernatant or soluble frac-
tion. The fact that Kennedy and Lehninger (71)
were able to add salt to 0.88 M sucrose extracts of
liver to cause aggregation of mitochondria would
also appear to disagree with the findings of Cun-
ningham et al.

As discussed later in this review, the yield of
mitochondrial material with the sucrose method
represents about 25 per cent of the total nitrogen
of the whole liver tissue (60, 125, 180). The yield
has not been determined in terms of number of
mitochondria, although this would appear to be a
project of considerable importance in view of the
fact that the amount of mitochondrial material
may increase or decrease in various physiological
and pathological conditions (116, 140). The yield
of mitochondria can also be expressed in another
manner, namely, in terms of enzymatic activity
that appears to be associated exclusively with the
mitochondria. Thus, in the case of cytochrome
oxidase, which appears to be localized exclusively
in the mitochondria, the yield would appear to be
as high as 80 per cent (122, 130). In regard to the
purity of the fraction, both chemical studies and
studies with the light, dark field, phase, and elec-
tron microscopes have indicated that the fraction
is free from contamination (26, 32, 60).

One point in the procedure for the isolation of
mitochondria that has not been described suffi-
ciently is the removal of submicroscopic material
that sediments along with the mitochondria.
Muntwyler et al. (97) have recently called atten-
tion to difficulties in the preparation of the mito-
chondrial fraction occasioned by the presence of
incompletely sedimentated material above the
mitochondrial pellet. These authors reached the
conclusion that this material belonged to subse-
quent fractions, since microscopic examination re-
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vealed the presence of relatively few mitochondria.
The reviewers have also observed the presence of
this partially sedimented material and have al-
ways removed it from mitochondria, since it was
found to be submicroscopic in nature on the basis
of both microscopic examination and biochemical
properties. On only one occasion (127), however,
have the reviewers mentioned the importance of
separating it from mitochondria. The appearance
of this material is considerably different from that
of the mitochondrial pellet, since it is pink-white
in color, in contrast to the tan color of the mito-
chondria. This difference in color, coupled with the
fact that it is not firmly packed, makes its removal
from the mitochondria quite simple. The separa-
tion is most easily made after the second sedimen-
tation of mitochondria, since the differences be-
tween the mitochondria and the submicroscopic
particles are best seen at this stage. Failure to re-
move this submicroscopic material from the mito-
chondrial fraction results in rather obvious re-
distributions, such as the presence of too much
nitrogen and PNA in the mitochondria and too
little nitrogen and PNA in the submicroscopic
particles, and may account for the high concentra-
tions of PNA in the mitochondrial fraction re-
ported by other workers (31, 111-116).

Secretory granules.—The isolation of secretory
granules from liver and pancreas was reported by
Claude (19-21). However, Lazarow (77) and
Hoerr (54) argued that the secretory granules of
Claude were actually mitochondria. Furthermore,
Hogeboom et al. (60) have found that this fraction
in rat liver was composed entirely of mitochondria
and that a large proportion of the secretory gran-
ules apparently disintegrated when the cells were
broken. In more recent publications, Claude (23—
25) states that the secretory granules or large gran-
ule fraction consists mainly of mitochondria
mixed with unknown proportions of secretory
granules. According to the experiments of Palade
and Claude (101, 102), granules that apparently
correspond to secretory granules are present in
homogenates of liver in water, saline, or hypertonic
sucrose. When homogenates in the latter medium
are fractionated, these granules migrate centrip-
etally and collect in a lipid layer at the top of the
centrifuge tube. In addition to the secretory gran-
ules, this lipid layer also contains neutral fat drop-
lets in large numbers. It is not clear whether the
secretory granules present in the lipid layer con-
stitute the entire complement of secretory gran-
ules present in the whole tissue. In the case of the
homogenates of liver in water and in saline, the
secretory granules did not appear in this lipid
ayer, and the fate of the granules in these media

remains to be clarified. From this discussion it
would appear that adequate methods for the isola-
tion of secretory granules remain to be developed,
and, in future studies, the question of the stability
of the secretory granules would appear to be a pri-
mary concern. However, the use of hypertonic su-
crose would appear to provide a point of departure
for further experiments. Isolation of the lipid layer
from sucrose homogenates, followed by its transfer
to other media of lower density, might be sug-
gested as a means of testing both the stability of
the granules and also of separating them from the
fat droplets with which they are contaminated.

Isolation of melanin granules.—Melanin gran-
ules have been isolated from amphiuma liver (25),
from the ciliary processes of beef eyes (52), from
mouse and rat melanomas (25, 142), and from frog
eggs (117) by procedures similar to those em-
ployed for the isolation of mitochondria. The size
and density of the melanin granules are, in fact,
similar enough to those of mitochondria to raise
the question of mitochondrial contamination. Such
contamination has apparently been ruled out in
the case of the melanin granules isolated from am-
phiuma liver, since photomicrographs and elec-
tron micrographs of these particles fail to show
the presence of other particulate material (25).
That the mitochondria of frog eggs can be sepa-
rated from melanin granules was clearly shown by
Recknagel (117).

In the experiments with the other tissues, how-
ever, this had not been demonstrated as con-
vincingly, and in the case of the melanomas con-
flicting reports have appeared on the question of
the simultaneous presence of mitochondria and
melanin granules in the cells of this tissue. Thus,
evidence has been presented to show that the
melanin granules possess the staining characteris-
tics usually considered specific for mitochondria
and that these melanin granules were the only gran-
ules with the cytological properties of mitochon-
dria in the melanoma cells (142). On the other
hand, particulate structures present in melanoma
cells have been idéntified provisionally as mito-
chondria (32). These bodies are morphologically
different from the melanin granules, are unpig-
mented, and are so small that some of them can-
not be resolved in the light microscope.

Isolation of particulate glycogen.—Glycogen is
present in liver homogenates in submicroscopic
form and sediments at centrifugal forces interme-
diate between those required for mitochondria and
submicroscopic particles. Particulate glycogen has
been isolated by Lazarow (76, 77) and by Claude
(24).

Isolation of submicroscopic particles (micro-
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somes).—Microsomes were first recognized and
isolated by Claude (19). These particles were at
first considered to be mitochondria but were sub-
sequently renamed microsomes, in view of the
facts that they were submicroscopic in size and
that the larger, microscopically visible particles
had been identified as mitochondria. The isolation
of microsomes is accomplished by the high speed
centrifugation of extracts that have been cleared
of nuclei, cells, mitochondria, and glycogen in pre-
vious centrifugations.

There has been considerable discussion whether
the microsomes exist as such within the intact cell
or whether they are produced during or after cell
rupture. This question is difficult to answer, since
these particles are too small to be seen in living
cells. Claude (21), however, has presented evi-
dence to show that the microsomes possess the
same staining characteristics as the so-called
ground substance of the cytoplasm. On the other
hand, Lagerstedt (74), in an extensive study of
livers of normal and starved animals, reached the
conclusion that the microsomes obtained by cell
fractionation are probably breakdown products
of the basophilic inclusions present in the cyto-
plasm of fixed liver cells. It seems possible, how-
ever, that these inclusions may themselves be ag-
gregates produced by the cytological procedures.
Although the exact derivation of microsomes is
thus not clearly established, studies with the elec-
tron microscope (27, 106) have revealed the pres-
ence of cytoplasmic structures too small to be
visible in the optical microscope. The size of these
structures is of the same order as that of micro-
somes, as estimated for the latter by their behavior
in the centrifuge.

Procedure for the complete fractionation of tissues.
—In the past, the tendency has been to concentrate
on the isolation of a single tissue fraction and to dis-
card the remainder of the tissue and ignore it en-
tirely or to estimate the properties of the remain-
der by difference. Although such a policy may be of
value in gaining an idea of the properties of a given
cell fraction, from the standpoint of the cell as a
whole the procedure may lead to an entirely er-
roneous impression of the role played by a given
portion of the cell. To obtain information on the
contributions made by each portion of the cell,
comprehensive fractionation procedures have been
devised and applied to various normal and tumor
tissues (55, 58, 60, 61, 103, 122-125, 129-132).
These methods permit the separation of the tissue
into four fractions: a nuclear fraction, a mito-
chondrial fraction, a submicroscopic particulate
or microsome fraction, and a supernatant or
soluble fraction. The preparation and properties

of the first three fractions have been already de-
scribed in previous paragraphs. The soluble frac-
tion is merely the supernatant fluid remaining
after removal of nuclei, mitochondria, and micro-
somes and contains, in addition to soluble mate-
rial, lipid droplets that have migrated cen-
tripetally.

Tae ResurTs or STuDIESs OF IsoLaTED TissuE FracCTIONS

Nuclet—No adequate determinations have
been made of the proportions of the tissue mass
that is represented by the nuclei. This is largely
due to the fact that most studies on nuclei have
dealt with their isolation in a “purified” state with-
out attention to yield. On the other hand, studies
in which the nuclei have been isolated quanti-
tatively from the tissue have failed to yield a
cytologically pure fraction. However, investiga-
tions of the latter fraction do permit an estimate
of the nuclear content of tissues. Thus, present re-
sults indicate that less than 15 per cent of the total
nitrogen of rat (129) and mouse (180) liver ho-
mogenates and 23 per cent of rabbit liver (79), rat
kidney (132), or mouse hepatoma (130) nitrogen
is present in this fraction. Values as low as 5 per
cent of the total protein of mouse liver have been
reported for nuclei isolated with citric acid (8) but
from the low protein-DNA ratio reported for
these nuclei, it seems clear that they had lost a
considerable amount of their original protein
(105). Marshak (83) has reported that the nucleus
of the mouse liver cell occupies only 6 per cent of
the cell volume, on the basis of cytological meas-
urements. However, the ratio of cytoplasmic vol-
ume to nuclear volume on sections of rat liver in-
dicated that the nuclear volume was about 15 per
cent of the total cell volume (121). More recently,
Mirsky and Ris (93) stated that nuclear volumes
in their liver preparations ranged from 10 to 18 per
cent. It would appear that the total nitrogen con-
tent of the nuclear fraction approximates that ex-
pected from the latter two groups of cytological
determinations.

The distribution of DNA has been studied in
rat (60, 112, 122, 125, 129), rabbit (79), and mouse
liver (181); rat kidney (122, 182); normal and
leukemic mouse spleen (103); primary rat liver
tumors (115, 123); and mouse hepatomas (131).
The results of these studies have demonstrated
that essentially all the DNA present in the tissues
is recovered in the nuclear fraction. These findings
provide confirmation of cytological studies which
have indicated that DNA is exclusively a nuclear
constituent. Cases (115, 131) in which the entire
tissue DNA was not recovered in the nuclear frac-
tion can probably be explained on other grounds,
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e.g., fragmentation of nuclei during the isolation
procedure or the presence in the original whole
tissue of nuclear fragments resulting from the dis-
integration of nuclei.

Although the nuclear fraction obtained by the
systematic fractionation of tissues is admittedly a
mixture of nuclei with some mitochondria and un-
broken cells, the results that have been obtained
with this fraction in certain comparative studies
have been sufficiently striking to eliminate non-
nuclear contaminants as a source of great error.
Thus, it was observed several years ago that the
nuclear fraction of primary rat liver tumors in-
duced with 4-dimethylaminoazobenzene (DAB)
contained much larger amounts of DNA and of dry
material than did the nuclear fraction of normal
liver (128). The data therefore implied that the liv-
er tumor contained more nuclei per volume of tis-
sue than did normal liver, since the increase in
DNA in the liver tumor was paralleled by an in-
crease in dry weight. This view was supported by
determinations of the ratio of eytoplasmic volume
to nuclear volume in sections of the two tissues
(121). The latter studies indicated that this ratio
was much greater for normal liver than for liver
tumor, and the magnitude of the difference was
approximately sufficient to account for the in-
creased amounts of DNA and dry weight in the
nuclear fraction of the tumor. These findings were
confirmed and extended by Price et al. (113-116),
who were able to show that the DNA and protein
content of the nuclear fraction obtained from the
livers of rats fed carcinogenic azo dyes increased
after only short periods of feeding and long before
tumors appeared. They were also able to show that
the number of nuclei increased in proportion to the
increase in DNA, with the result that the amount
of DNA per nucleus remained approximately
constant (116). Thus, it appeared from these
studies that the carcinogenic process in liver and
increased cellularity were intimately related.
More recent work, however, indicates that this
increased cellularity is apparently much greater
in azo dye than in other types of carcinogenesis,
because in the case of liver tumors induced with
acetylaminofluorene (48) and of a transplantable
mouse hepatoma (131) the DNA content (and
presumably the degree of cellularity) was only
slightly increased above that of control livers.
Furthermore, in the case of normal and leukemic
spleens (103), the DNA content of the leukemic
spleen was somewhat lower than that of the nor-
mal spleen. A possible explanation for the findings
in azo dye carcinogenesis is extensive proliferation
of bile duct epithelium.

The presence of PNA in the liver nucleus ap-

pears to be definitely established, but its exact
concentration remains to be determined. The
strongest evidence for the presence of PNA in
the nucleus comes from studies with radioactive
phosphorus, which have demonstrated that the
PNA present in isolated nuclei has a much higher
turnover rate than the PNA associated with other
fractions of the liver cell (68, 84). Recent analyses
by Dounce et al. (37) on nuclei isolated from rat
liver by means of the Behrens’ procedure (9) in-
dicate that the PNA concentration in nuclei may
be much greater than was previously supposed.
PNA concentrations 1.27 and 1.78 times as great
as the DNA concentrations were obtained in two
separate experiments. On the assumption that all
the DNA was present in the nuclei and that the
DNA and PNA contents of the liver were 250 and
1,000 mg. per cent, respectively (121), this finding
would mean that 32-45 per cent of the total PNA
was present in the nucleus. This would appear to
be much too high in view of other studies in
which it was found that about 80-90 per cent of
the total liver PNA was present in the mitochon-
drial, submicroscopic particulate and supernatant
fractions (60, 125, 131, 132). The possibility that
the nuclei isolated by the Behrens’ procedure could
be contaminated by submicroscopic material was
considered to be improbable by these authors (37)
in view of the method used for the isolation of the
nuclei. However, another possibility that should
be considered is that the submicroscopic particles
or the PNA they contain are actually localized in
the liver nucleus and are released during the isola-
tion procedures in aqueous media. If such is the
case, it is certainly remarkable that the presence
of such large amounts of PNA in the nucleus has
escaped the attention of the cytologist.

The lipid content of rat liver nuclei has been
studied by Dounce (35), who found that the
amount of lipid present depended upon the pH at
which the nuclei were prepared. Thus, at pH 6 the
nuclei contained as much as 10.8 per cent lipid,
while at pH 4 they contained only 3.2 per cent.
The low values were considered to be more nearly
correct, because, according to Dounce (35), nuclei
prepared at this pH do not lose either DNA, lipid,
or protein. The data do not entirely support this
statement, however, because in several instances
the DNA contents of nuclei prepared at the two
pH’s did not differ markedly. Further work will
be required to clarify this point. In regard to the
nature of the lipid associated with nuclei, it would
appear that phospholipid was absent, because
Dounce et al. (87) have reported that all the phos-
phorus of isolated nuclei was accounted for by
acid-soluble and nucleic acid phosphorus.
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The occurrence of free amino acids in nuclei
1solated by the Behrens’ technic was studied by
the use of paper chromatographic procedures (37).
The distribution of amino acids in isolated nuclei
was similar to that obtained with whole liver cells.

The association of enzymes with isolated nuclei
has been studied by Dounce and his associates and
reviewed previously (36). Most of these studies
have been made with nuclei isolated in dilute citric
acid, although some have employed the nuclei iso-
lated with the Behrens’ technic. Interestingly
enough, the enzymatic activity of the latter nuclei
was as great as that of the former, in the case of
two enzymes studied (87). The enzymes that have
been found to be associated with nuclei include
aldolase, p-amino acid oxidase, arginase, catalase,
cytochrome oxidase, enolase, esterase, acid and
alkaline phosphatases, phosphorylase, lactic de-
hydrogenase, and uricase. With the exception of
alkaline phosphatase, the concentration of the en-
zymes in the isolated nuclei was the same as or
lower than the concentration in the whole tissue.
The concentration of alkaline phosphatase in the
isolated nuclei was about twice as great as in the
whole tissue. It is not clear what significance can
be attached to the association of these enzymes
with nuclel, inasmuch as the total enzymatic ac-
tivity present in the nuclei usually represented
only a small fraction of the total tissue activity.
Thus, in the case of cytochrome oxidase, studies
with the nuclear fraction have shown that as
little as 5 per cent of the total liver activity is
present in this fraction (122). In view of the fact
that 75-80 per cent of the total liver activity has
been found to be associated with the mitochondria
and that the latter are contaminants of the nuclear
fraction (122, 130), it would appear that the total
activity of the nucleus may well be much less.
Thus, as has been pointed out in earlier para-
graphs, the possibility that enzymes were adsorbed
on the nuclei or that the nuclei were contami-
nated must be considered in view of the small
amount of enzymatic activity present in the nu-
clei and the fact that the enzyme concentrations
in the nuclei were less than, or the same as, those
in the whole tissue.

Studies on other enzymatic properties of the
nuclear fraction have indicated that nuclei may
contain high concentrations of certain phospha-
tases. Thus, high concentrations of ATP-ase and
AMP-ase have been reported for the nuclear frac-
tion isolated from rat liver (98, 122), rat liver
tumor (123), mouse liver, and mouse hepatomas
(131). In the case of AMP-ase, the nuclear fraction
accounted for as much as 45 per cent of the total
activity of rat liver (98), while, in the case of ATP-

ase, somewhat lower percentages were present in
the nuclear fraction.

Chromosomes.—Chromosomes have been iso-
lated from a number of tissues, including thymus
(91-93), a rat lymphosarcoma (28), normal and
leukemic mouse spleen (104), normal and hyper-
plastic epidermis, and a squamous-cell carcinoma
(43). One of the major constituents of the chromo-
somes is DNA. In the case of the first four tissues
mentioned, the DNA content of the chromosomes
was 37 per cent (28, 92, 104). On the other hand,
the DNA content of the chromosomes obtained
from normal and hyperplastic epidermis was only
about 12 per cent, while that of the squamous-cell
carcinoma was approximately 21 per cent (45). No
data have been reported which permit an estimate
of the proportion of the total tissue DNA that is as-
sociated with the chromosomes. Thus, although it
is apparently established that the entire DNA of
the tissue is present in the nuclei, it is not clear
whether DNA can exist in the nucleus apart from
the chromosomes.! The latter problem would ap-
pear to be of considerable importance from the
standpoint of the postulated genic properties of
DNA.

PNA has also been found to be present in iso-
lated chromosomes but in considerably lower con-
centrations than DNA (104). The association of
PNA with isolated chromosomes must be con-
sidered in light of the fact that the chromosomes
contain adhering nucleoli which are known to
contain high concentrations of PNA. The amount
of PNA accounted for by the nucleoli remains to
be established, and the low concentrations of
PNA in the chromosomes also need to be as-
sessed in regard to the high concentration of
PNA found by Dounce et al. (87) in nuclei isolated
by the Behrens’ procedure.

Proteins represent another major component of
isolated chromosomes and are of two types in the
case of mammalian chromosomes (85, 92). The
main protein is of the histone type, although a
smaller amount of an acidic protein is also present.
Little is known concerning possible enzymatic
functions of chromosomal proteins.

Chromosomes have been fractionated by means
of 1 M NaCl into a soluble portion and a residue
possessing the morphological properties of the
original chromosomes (91-98). The soluble frac-
tion contains most of the DNA and histone, while
the residual chromosome contains PNA, some
DNA, and the nonhistone protein. In the case of
the residual chromosomes obtained from leukemic
spleen, the PNA content was about twice as great
as that of the residual chromosomes of normal
spleen (104). It has also been stated that the entire
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alkaline phosphatase activity of thymus chromo-
somes is localized in the residual chromosome (89).

Mitochondria.—The use of data obtained by the
cell fractionation technic in estimating the pro-
portion of the cell mass represented by mitochon-
dria is somewhat complicated by the fact that none
of the procedures used in the homogenization of
tissues allows disruption of all cells. A variable
proportion of the mitochondria is thus present
in the intact cells of the nuclear fraction. Another
factor influencing the yield of mitochondria is that
complete separation of free mitochondria from
nuclei is not readily obtained. The data obtained
from cell fractionations involving cell disruption
with the Potter-Elvehjem homogenizer and car-
ried out in solutions of nonelectrolytes (to avoid
aggregation of particles) probably provide a basis
for the most reliable estimates of the mitochon-
drial content of tissues.

In experiments carried out with sucrose solu-
tions (either 0.25 M or 0.88 M) as media, the mito-
chondrial fraction isolated from rat liver ac-
counted for 28-26 per cent of the total nitrogen
(60, 125, 180, 182) and 80-33 per cent of the total
protein (112, 115) of the original homogenate.
The mitochondria of C3H mouse liver contained
24 per cent of the original total nitrogen (130). A
much lower value (11 per cent of the total nitro-
gen) was obtained with rabbit liver (79). Some-
what lower values have also been obtained with
such media as water (122, 123, 128) and isotonic
NaCl (6, 66, 99, 128).

In view of evidence that mitochondria probably
contain all the succinoxidase activity of the liver
cell (60), it is possible to determine roughly the
amount of mitochondrial material in the nuclear
fraction from the succinoxidase activity of the lat-
ter. On this basis it can be estimated that mito-
chondria account for 80-85 per cent of the total
nitrogen of rat or mouse liver.

A finding of interest is-that rat and mouse hepa-
tomas contain considerably less mitochondrial
material than does normal liver (115, 123, 130).
In this respect, Price ef al. have noted a decline
in the mitochondrial protein of livers of rats fed
4-dimethylaminoazobenzene (DAB) and a number
of derivatives of DAB for periods insufficient to
produce tumors (114, 116). Furthermore, the ex-
tent of this decline was roughly proportional to the
carcinogenicity of the compound fed. A toxic but
noncarcinogenie derivative, 2-methyl-4-dimethyl-
aminoazobenzene (2-MeDAB) had the remarkable
effect of producing a considerable rise in the pro-
tein of the mitochondrial fraction (109, 116).

Relatively few data are available showing the
mitochondrial content of other tissues. Kidney

mitochondria accounted for 17 per cent of the dry
weight and 20 per cent of the total nitrogen of the
whole tissue (122, 182). The mitochondria of the
Flexner-Jobling rat carcinoma contained 8 per
cent of the total nitrogen of the tumor (79). Values
of 2.5 and 2.2 per cent were found by Petermann
et al. (3, 103) for the mitochondrial nitrogen of
normal and leukemic mouse spleen. These ex-
tremely low values are probably a reflection of the
small number of mitochondria in the cells of
lymphoid tissue and of the fact that a consider-
able proportion of the cells were not disrupted by
homogenization (3, 103).

The PNA content of isolated mitochondria has
been determined by a number of investigators.
Most of the results obtained with rat and mouse
liver indicate that the concentration of PNA in
mitochondria is somewhat lower than in whole
liver and much lower than in submicroscopic par-
ticles. It has been shown that the PNA content
of mitochondria declines on repeated sedimenta-
tion, as a result of the removal of submicroscopic
particles, and eventually reaches a constant level
after three or four sedimentations (60). Thus, the
PNA content of mitochondria can be used as an
index of the degree of contamination of this frac-
tion with submicroscopic particles.

A number of determinations (55, 60, 97, 122,
125, 182) have yielded an average value of 11
(range: 7 to 18) ug. of PNA phosphorus per milli-
gram of total nitrogen for rat liver mitochondria
isolated in sucrose solutions, as compared with a
value of 27 (range: 23 to 30) for the original whole
tissue and 63 (range: 46 to 77) for submicroscopic
particles. The proportion of the total PNA of
whole rat liver present in mitochondria appears to
be approximately 15 per cent.

Results obtained with the mitochondria of
mouse liver (131), rabbit liver (79), and rat kidney
(122, 132) for the most part indicate a concentra-
tion of PNA in the same general range as that
obtained with rat liver. Barnum and Huseby (6)
found a somewhat high value for mouse liver mito-
chondria; later, however, these investigators
pointed out that considerable amounts of sub-
microscopic particulate material contaminated
their mitochondrial preparation, presumably be-
cause of the use of 0.85 per cent NaCl as the me-
dium for fractionation (66). Ada (2) reported a
very high value for rabbit liver mitochondria and
did not confirm the unequal PNA distribution be-
tween mitochondria and submicroscopic particles
previously noted by others. Ada’s results are open
to question, however, because they were not ob-
tained by direct PNA determinations but on the
assumption that only PNA phosphorus remained
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after extraction of the preparations with ethanol-
ether and ether.

The concentration of PNA in the mitochondria
of tumors derived from the livers of rats and mice
is, in general, higher than the concentration of
PNA in normal liver mitochondria (115, 123, 131).
The proportion of the PNA of whole tissue re-
covered in the mitochondrial fraction is, however,
less in hepatomas than in normal liver because of
the great decrease in the amount of mitochondrial
material in the tumors. In this respect, Price et al.
(114, 116) found that the decline in the total
amount of PNA recovered in the mitochondrial
fraction obtained from rats fed DAB and related
compounds generally followed the decline in the
total protein of the fraction. Of additional interest
in these experiments was the finding that 2-
MeDAB, which caused an increase in mitochon-
drial protein, produced & considerable decrease in
mitochondrial PNA. The PNA content of mito-
chondria isolated from leukemic spleen was not
greatly different from that of normal spleen mito-
chondria (8, 108).

It should be pointed out that the relatively low
PNA concentration in mitochondria brings up the
question whether the PNA found in the fraction
may be due entirely to submicroscopic particles
not completely removed by repeated sedimenta-
tion of mitochondria. This is a difficult question to
answer in view of the established principle that
the presence of a substance in a cell fraction in a
lower concentration than in the original whole tis-
sue should be interpreted with caution. Certain
other observations, however, including electron
microscopical evidence for the homogeneity of the
mitochondrial fraction (60), the effect of ribonu-
clease on mitochondria (144), and their staining
properties (60), indicate that mitochondria con-
tain PNA.

A few studies have been made of the lipides of
mitochondria (2, 6, 24, 122, 123). In general, the
results indicate that 25-30 per cent of the dry
weight of liver mitochondria consists of lipides, of
which approximately two-thirds is present in the
form of phospholipide. It may be mentioned that
the concentration of lipide, like that of PNA, is
considerably lower in mitochondria than in sub-
microscopic particles.

The association of enzyme activity with mito-
chondria has been the subject of extensive investi-
gationsin the last few years. Asindicated in a previ-
ous review (126), many of the earlier data were ob-
tained from experiments involving the isolation of
a mixture of mitochondria and submicroscopic
particles (13, 17, 46, 135). In addition, both these
and many later results are open to the serious ob-

jection that not all fractions of the tissue were
analyzed, and it is therefore not possible to draw
up balance sheets or to compare the enzymatic
activity of mitochondria with that of the original
whole tissue. In short, so many enzymatic func-
tions have been ascribed to the mitochondrion that
the remainder of the cell would almost seem to be
excess baggage.

The most striking and the earliest discovered
enzymatic property of mitochondria is their con-
tent of cytochrome oxidase and certain related re-
spiratory enzyme systems. It has been clearly
demonstrated, for example, that by far the ma-
jority of the cytochrome oxidase and suceinoxi-
dase of rat (56, 60, 122, 123, 128) and mouse (130)
liver and of rat kidney (122) is recovered in the
mitochondrialfraction (cf. 15), and it seems entirely
likely that the small amount of activity shown by
other fractions is the result of contamination with
mitochondria (60). Other respiratory enzyme sys-
tems concentrated in liver mitochondria are oc-
tanoic acid oxidase (70, 71, 125) and oxalacetic
acid oxidase (132). In both of these systems, how-
ever, the activity of mitochondria is enhanced by
the addition of other fractions which alone have
little or no activity. The enhancement is slight in
the case of octanoic acid oxidase and pronounced
in the case of oxalacetic oxidase, both submicro-
scopic particles and final supernatant having the
effect. The fact that mitochondria are capable of
oxidizing oxalacetate is of particular interest, since
it is an indication, in addition to their content of
cytochrome oxidase and succinoxidase, of their
participation in the Krebs cycle reactions. The role
played by other cell fractions in the oxidation of
oxalacetate, together with recent data on the oxi-
dation of d-isocitrate (61), makes it clear, however,
that mitochondria are not solely responsible for
the Krebs cycle reactions.

Additional enzyme systems associated with
liver mitochondria are DPN-cytochrome c re-
ductase (55, 58) and TPN-cytochrome ¢ reduc-
tase (61). It may be noted that both these systems
are also present in submicroscopic particles, DPN-
cytochrome ¢ reductase being concentrated to a
greater extent in the latter fraction than in mito-
chondria. The other system is more concentrated
in mitochondria. Several phosphatases are also
concentrated in the mitochondrial fraction of
liver; these include acid phosphatase (98), AMP-
ase (98), and ATP-ase (98, 122, 131). A large pro-
portion of the uricase activity of whole liver was
also recovered in the mitochondria (120).

The system capable of synthesizing p-amino-
hippuric acid (PAH) was recovered almost in its
entirety in the mitochondrial fraction (72). In
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these and other experiments (110) it was also
found that mitochondria effectively maintained
high levels of ATP under conditions optimal for
the synthesis of PAH. More recently, it has been
shown that the particles, in the presence of an oxi-
dizable substrate such as glutamate or a-ketoglu-
tarate, are capable of synthesizing ATP from AMP
at a rapid rate.? The presence of respiratory en-
zymes in mitochondria and their ability to carry
out aerobic phosphorylation are, of course, indica-
tive of an enzyme organization capable of supply-
ing energy for other synthetic reactions, including
the synthesis of peptides and proteins. Although
recent work has indicated that mitochondria can
incorporate glycine and lysine into proteins (12),
the significance of such findings with respect to the
participation of mitochondria in the synthesis of
proteins is not as yet clear.

Cytochrome ¢ (128, 129), vitamin B, (118), and
riboflavin (112) are concentrated in mitochondria
to a considerable extent, the latter finding indicat-
ing the probable presence of flavoproteins not as
yet studied. Catalase was found in mitochondria
but not in appreciably greater concentration than
in whole liver (42). Most of the catalase activity
was recovered in a supernatant containing sub-
microscopic particles and soluble material.

A number of other enzymes and related com-
pounds have been detected in suspensions of liver
mitochondria. Further work will be necessary to
clarify the situation with respect to these findings,
however, because complete recovery data are not
available. Among the enzymes found are p-amino
acid oxidase (22), a-glycerophosphate dehydro-
genase (22), ribonuclease (22), citrullin synthesis
(96), “myokinase,”? and the oxidation of citrate
(71), a-ketoglutarate (71), and glutamate (72).
Recently, Hird and Rowsell (58) have reported
that the insoluble particle fraction of rat liver
homogenates contained all the glutamate-pheny!-
pyruvate transaminase activity of the whole tissue
and was also able to catalyze the formation of tyro-
sine, alanine, and aspartate from the correspond-
ing keto-acids. The supernatant catalyzed trans-
amination between glutamate, aspartate, and ala-
nine only. According to these investigators (53),
mitochondria isolated in 0.88 M sucrose were found
to be active in promoting the reactions found in
the insoluble particle fraction. Other workers have
also detected vitamin A in preparations of mito-
chondria (41, 48).

The enzyme content of the mitochondria of
liver tumors is markedly different in several re-
spects from that of normal liver mitochondria.

3R. K. Kielley and W. W. Kielley, unpublished experi-
ments.

Thus, the specific succinoxidase, cytochrome oxi-
dase, and ATP-ase activities of rat liver tumor
mitochondria were 3-5 times lower than the cor-
responding specific activities of normal rat liver
mitochondria (128). A similar picture for these
three enzyme systems has been obtained in
studies of C3H mouse liver and C3H mouse hepa-
toma 98/15 (130, 131). DPN-cytochrome ¢ re-
ductase, on the other hand, was found in the lat-
ter studies to be present in much higher concentra-
tion in hepatoma mitochondria than in liver mito-
chondria (58). The synthesis of PAH, a function
of normal liver mitochondria, is carried out by
hepatoma 98/15 homogenates and mitochondria
at a negligible rate (72). Whether the latter finding
is a reflection of the absence of the PAH-synthesiz-
ing enzyme itself or the result of the inability of
the tumor mitochondria to maintain ATP levels
(a condition necessary for PAH synthesis) is an
interesting question. The extremely low activity
of tumors in the oxidation of oxalacetate (108)
and octanoate (5) is probably also a reflection, at
least in part, of a defect in the mitochondria. Re-
cent studies of the amino acid composition of the
mitochondria of a number of tissues, including
several tumors, revealed no qualitative dif-
ferences (81). The amino acid composition of the
total proteins of the nuclear, mitochondrial, micro-
somal, and supernatant fractions has been studied
by Schweigert et al. (188). These workers observed
several differences in the amino acid composition
of the proteins obtained from the fractions of nor-
mal liver, the livers of animals fed the carcinogen,
DAB, and the liver tumors induced by DAB.

Green et al. (47) have described an enzyme
suspension made by preparing homogenates (by
means of the Waring Blendor) of various tissues
(e.g., liver, kidney, heart) in isotonic XCl, cen-
trifuging the preparation at 2,000 g, and washing
the sediment several times in the same medium.
This sediment (cf. the washed liver residue of
Lehninger and Kennedy [78] and Cohen and
McGilvery [29]) has been shown to catalyze the
complete oxidation of pyruvic acid, fatty acids,
and amino acids to CO; and H;O through the
citric acid cycle, and has been given the name
“‘cyclophorase” to indicate that it is an integrated
enzyme complex and thus, presumably, a cellular
entity. The mode of preparation of cyclophorase
is such as to indicate the presence of whole cells,
nuclei, nuclear fragments, mitochondria, mito-
chondrial fragments, and submicroscopic particles,
the latter probably being present as a result of
aggregation in the presence of KCl (61, 66). Har-
man (49) has recently reported experiments de-
signed to prove that cyclophorase is associated
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with the mitochondria present in the sediment,
and the terms cyclophorase and mitochondria are
now used interchangeably (50, 64, 1386). Since
this conclusion by Harman has important cyto-
chemical implications, it is felt that the evidence
supporting it should be discussed in some detail.

A correlation of cyclophorase activity with
mitochondria (49) was based on the following
findings: (@) When nuclear fragments were sepa-
rated from cell-free cyclophorase preparations, a
portion of the activity (21-61 per cent), as indi-
cated by oxygen uptake in the presence of a-keto-
glutarate, remained. (b) It was stated that nuclear
and “microsomal” elements of cyclophorase were
incapable of oxidizing a-ketoglutarate. (¢) Pro-
longed subjection of cyclophorase to the action
of the Waring Blendor and of certain ‘““transform-
ing agents’ resulted in disintegration of or damage
to mitochondria and at the same time inactivated
a-ketoglutarate oxidation. (d) An association of
oxidative phosphorylation with the mitochondria
of cyclophorase was demonstrated.

In the opinion of the reviewers, these findings
do not constitute decisive proof that the cyclo-
phorase activity of cyclophorase is associated with
the mitochondria of the preparation. As mentioned
previously, both a-ketoglutarate oxidation and
oxidative phosphorylation have been demonstrat-
ed to occur in suspensions of mitochondria that
have been freed from other cell constituents by
differential centrifugation of liver homogenates
(71, 72). These reactions can therefore be con-
sidered tests for mitochondria; they are not neces-
sarily tests for cyclophorase, as originally defined,
since complete oxidation of pyruvate to CO; and
H,O was not shown to occur. Thus, their use as
tests for cyclophorase only leads to confusion con-
cerning the definition of the term cyclophorase.

Another and perhaps more decisive indication
of the association of cyclophorase activity with
mitochondria would be the demonstration that
the majority of the cyclophorase activity of whole
tissue is recovered and concentrated in the mito-
chondrial fraction and that other cell fractions do
not contribute to the activity of the whole tissue.
That such is probably not the case has already
been shown, however, by experiments involving
the oxidation of the citric acid cycle substrates,
oxalacetate (132) and d-isocitrate (61). An impor-
tant point, which was demonstrated in the latter
experiments with d-isocitrate (61) and which may
have some bearing on the interpretation of the
finding of a large number of oxidases (64) in cyclo-
phorase, is based on the fact that cytochrome oxi-
dase is localized, probably exclusively, in mito-
chondria (56, 122, 130). Thus, in the study of the

intracellular distribution of any system ultimately
dependent on cytochrome oxidase for oxygen up-
take, the only fractions that could be expected
to take up oxygen would be the mitochondria and
the nuclei, the latter because of contamination by
mitochondria. If the mitochondrial fraction con-
tained only a small proportion of the total activity
of a given dehydrogenase of the whole tissue (e.g.,
the isocitric dehydrogenase of liver [61]), the addi-
tion of the appropriate substrate would result in
oxygen uptake, provided a large enough quantity
of mitochondria was used. Results of this type
can be very misleading from the cytochemical
standpoint unless all fractions of the tissue are
analyzed, a complete balance sheet drawn up, and
unless the method of enzyme assay is a direct
measure of the activity of the enzyme in question.

The finding that some enzymes (e.g., ‘lactic
oxidase™) are very readily removed from cyclo-
phorase or occur largely in the supernatant after
the first sedimentation of cyclophorase has been
explained by Still and Kaplan (186) as the result
of damage to mitochondria. It is further suggested
that methods have not been devised for isolating
mitochondria in their original state. In the re-
viewers’ opinion, these findings can also be in-
terpreted in another way, namely, that the en-
zymes in question are not associated with mito-
chondria, either within or outside the cell.

The gel-like consistency of cyclophorase has
been considered a striking property of the prepa-
ration (64, 65, 136). In this respect, the reviewers
have never observed gel-formation by mitochon-
dria that have been washed numerous times with
a variety of media. On the other hand, repeated
homogenization and sedimentation of the nuclear
fraction cause this pellet to swell and to assume a
gel-like consistency. Thus, it seems possible that
the gel-like properties of cyclophorase are due to
the presence of nuclei and nuclear fragments
rather than to mitochondria.

Recently, Harman (50) has questioned the evi-
dence offered by a number of investigators for the
existence of a mitochondrial membrane. Utilizing
cyclophorase as a source of material, Harman has
concluded that the behavior of mitochondria is
compatible with a gel-like structure and does not
require the presence of a semipermeable mem-
brane. This conclusion is mainly based on an ap-
parent lack of lysis of mitochondria in deionized
water and a nonselective penetration of sodium
and potassium ions. It may be pointed out that
Harman’s observations with respect to the lysis of
mitochondria are directly contradictory to the
observations of a number of other investigators
(23, 24, 32, 56, 101). In addition, it appears doubt-
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ful that a study of selective penetration of sodium
and potassium ions is a crucial test for the presence
of a membrane other than that of the erythrocyte.
Finally, no explanation is offered for the fact that
a structure having the morphological characteris-
tics of a membrane has been seen repeatedly (26,
32, 66, 95) in electron micrographs of isolated mi-
tochondria. Available evidence would seem, there-
fore, to be in favor of the existence of a mitochon-
drial membrane. Itshould be pointed out, however,
that the mitochondrial membrane, if existent, is
certainly unusual in its elasticity, for the particles
will increase greatly in volume before lysing in hy-
potonic media (28, 24).

The probable existence of a mitochondrial mem-
brane has brought up the question whether this
membrane remains sufficiently intact after isola-
tion of the particles to retain soluble compounds.
Evidence for the integrity of the membrane was
first indicated by the experiments of Claude (24),
who found that after prolonged contact with dis-
tilled water the large granules of guinea pig liver
underwent lysis, yielding particulate material of
small size and a soluble fraction that included
proteins and dialyzable compounds. More recent-
ly, it has been found that the disruption by means
of sonic vibrations of the membranes of isolated
rat liver mitochondria results in the release into
solution of approximately 60 per cent of the total
nitrogen (57). Furthermore, most of the nitrogen
represents proteins that can be characterized on
the basis of sedimentation constantsin the analyti-
cal centrifuge. Similar results (59) have been ob-
tained by disintegration of mouse liver mitochon-
dria in an apparatus similar to that described by
Milner et al. (88). Studies with the analytical cen-
trifuge (59) also showed that three components of
the mixture of proteins obtained from the mito-
chondria of C8H mouse hepatoma 98/15 corre-
sponded in sedimentation constants to the proteins
of normal liver mitochondria. A fourth component,
present in the latter preparation, could not be de-
tected in the hepatoma preparation.

In these experiments it was found that disinte-
gration of mitochondria was accompanied by par-
tial to complete inactivation of several complex
enzyme systems (e.g., succinoxidase, octanoic acid
oxidase) (57). Less complex enzymes were affected
only slightly (57). These findings suggest that the
functioning of a complicated enzyme system is de-
pendent on a definite, spatial arrangement of its
individual components and thus on the structural
integrity of the mitochondrion.

Melanin granules.—The biochemical properties
of melanin granules isolated from mammalian tis-
sues have been the object of several studies. Her-

mann and Boss (52), utilizing the ciliary body as
a source of material, found dopa (8,4-dihydroxy-
phenylalanine) oxidase, cytochrome oxidase, and
succinoxidase activity in preparations of isolated
pigment granules. No tyrosinase activity was de-
tected. DuBuy et al. (38) made similar studies of
the granules isolated from both melanotic and
“amelanotic” melanomas of the mouse. Pigment-
producing enzymes, both dopa oxidase and tyro-
sinase in one case and only dopa oxidase in an-
other, were associated with the granules isolated
from two pigmented melanomas. The colorless
granules obtained from an amelanotic tumor did
not possess dopa oxidase or tyrosinase activity. All
preparations, however, contained cytochrome oxi-
dase and succinoxidase.

The results of these two studies bring up the in-
teresting question of a possible relationship be-
tween mitochondria and melanin granules (cf. the
relationship between mitochondria and plastids
[39]), since preparations of the latter showed re-
spiratory enzyme activity characteristic of mito-
chondria. The possibility that the respiratory en-
zZymes were present in the suspensions of melanin
granules as a result of contamination by mito-
chondria was considered by duBuy et al. (38) and
apparently ruled out by microscopic studies of
the preparations obtained from the highly pig-
mented Harding-Passey melanoma. It was con-
cluded that the data were consistent with the view
that the melanoma granules represent a modified
form of mitochondria. The possible presence of
mitochondria too small to be seen in the optical
microscope, however, arises from the results of
studies by Dalton et al. (32).

The recent studies of Recknagel (117) may have
some bearing on the problem. Utilizing mature
eggs of the frog as a source of material, Recknagel
was able to separate mitochondria from melanin
granules and demonstrated that the cytochrome
oxidase of the whole cells was associated with the
former type of particle. Since these results were
obtained from amphibian rather than mammalian
tissue, however, they are not strictly comparable
to the results reported by duBuy et al. (38).

Glycogen.—Particulate glycogen has been iso-
lated from guinea pig livers by Lazarow (76, 77) and
Claude (24). The actual yield of glycogen was 6.5
per cent of the total dry weight of the liver, but it
was estimated that the probable concentration of
particulate glycogen in the liver was 10-15 per
cent (24). Particulate glycogen contains 92-93.5
per cent glycogen and 1 per cent protein according
to Lazarow (76, 77). The nitrogen values reported
by Claude (24) for particulate glycogen are in
agreement with the latter. Claude also reported
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that particulate glycogen contained sulfur in the
same concentration as nitrogen. The significance
of the presence of protein and sulfur in particu-
late glycogen is not known, but Lazarow (77) sug-
gests that the protein may serve as a framework
for maintaining glycogen in particulate form, be-
cause agents which disperse the glycogen markedly
- alter proteins.

Submicroscopic particles.—1It is of interest that
the submicroscopic particle (or microsome) con-
tent of several tissues approaches the mitochon-
drial content. In studies of rat liver fractions (60,
125, 182), 18-20 per cent of the total nitrogen was
accounted for by submicroscopic particulate ma-
terial. The microsomes of mouse liver accounted
for 28 per cent of the total nitrogen (180), and the
corresponding fraction from rabbit liver contained
15 per cent (79). A lower recovery of submicro-
scopic particles from mouse liver, reported by Bar-
num and Huseby (6), was later explained (66) on
the basis of the use of isotonic NaCl as the medi-
um, the electrolyte apparently having caused ag-
gregation of the particles and difficulty in sepa-
rating them from mitochondria (cf. (61]). The mi-
crosome content of rat kidney (132), on the basis
of total nitrogen, was 16 per cent. The amount of
nitrogen recovered in the submicroscopic particles
of C3H mouse hepatoma 98/15 (130) was some-
what lower than the corresponding value obtained
with normal C3H mouse liver. This finding is of
some interest, since the mitochondrial content of
the tumor was much lower than that of normal
liver (130). Low,and approximately equal,amounts
of nitrogen were recovered, however, in the mit-
ochondria and microsomes of the Flexner-Jobling
rat carcinoma (79).

One of the most striking properties of submicro-
scopic particles, first suggested by the experiments
of Claude (23, 24), is a high concentration of PNA.
In later studies (60, 125, 131, 182), it has been
shown that approximately 50 per cent of the PNA
of whole rat or mouse liver is present in this frac-
tion. Furthermore, as indicated earlier in this re-
view, microsomes comprise the only liver fraction
in which PNA is concentrated in terms of total
nitrogen (6, 55, 60, 66, 125, 131, 132), the aver-
age PNA/N ratio (micrograms PNA phosphorus
per milligram nitrogen) being 63 (55, 60, 125, 132),
and 64 (115, 131) for rat and mouse liver micro-
somes, as compared to 27 and 28 for the corre-
sponding whole tissues. Although PNA was also
found to be concentrated in the microsomes of rat
kidney (182), the recovery of the nucleic acid in
this fraction of kidney was considerably lower than
that in the microsomes of liver. A high concentra-
tion of PNA was noted in the microsomes of hepa-

tomas (115, 131) and a rat carcinoma (79) and to
a lesser extent in the microsomes of both normal
and leukemic spleen (3, 103). A decrease in the
PNA content of liver microsomes of rats fed DAB
and related compounds was noted by Price et al.
(114, 116). Barnum and Huseby (7) have recently
studied the relationship between the mammary
tumor agent and the microsomes obtained from
lactating mammary gland. It was found that a
large percentage of microsome PNA could be re-
moved without loss of mammary tumor agent
activity. It was concluded that supposedly puri-
fied preparations of the agent consisted largely of
microsomes.

Several studies have been made of the lipide
content of liver submicroscopic particles (2, 6,
24, 66). The results are generally in agreement, in
that a relatively high concentration of lipide,
mostly in the form of phospholipide, is present in
this fraction. The data indicate that about 40 per
cent of the dry weight of the particles is composed
of lipide, a value considerably higher than that
reported for mitochondria. Some further informa-
tion on the eémposition of the microsome fraction
was presented by Barnum and Huseby (6), who
separated the fraction by means of differential
centrifugation into two components. The faster
sedimenting microsomes were rich in both lipide
and PNA, whereas the slower sedimenting par-
ticles were relatively poor in lipide but rich in
PNA.

Another striking characteristic of the micro-
some fraction is the pronounced red color of the
particles when packed by centrifugation. Bensley
(10) succeeded in extracting this pigment and
studied some of its properties. The conclusion was
reached that the pigment represented products of
the oxidation of unsaturated fats and particularly
of phospholipides.

As mentioned previously, Lagerstedt (74) con-
cluded that isolated microsomes are probably
breakdown products of cytoplasmic basophilic in-
clusions. In a cytological study of the effect of
fasting and protein depletion, Lagerstedt reported
that under these conditions the basophilic inclu-
sions completely disappeared. Some doubt as to
the correctness of Lagerstedt’s conclusion regard-
ing the relation of microsomes and the inclusion
bodies arises from the experiments of Muntwyler
et al. (97). The latter investigators found that
severe protein depletion resulted in some decline
in the amount of submicroscopic particulate ma-
terial but that the fraction by no means dis-
appeared.

Relatively little is known concerning the en-
zymatic properties of the microsomes. The only
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enzymes that have been shown thus far to occur
in the fraction in a concentration exceeding that
in whole tissue are an esterase (methyl butyrase)
studied by Omachi et al. (99), DPN-cytochrome ¢
reductase (55, 58), and TPN-cytochrome reduc-
tase (61). Heller and Bargoni (51) also studied
the distribution of esterase in liver fractions and
recovered most of the activity in a supernatant
containing microsomes and soluble material. This
supernatant was not further.fractionated. The
specific enzyme activities reported by the latter
investigators were considerably lower than those
reported by Omachi ¢t al. (99). In this respect,in a
recent study of the determination of esterase in
homogenates, Copenhaver ¢t al. (30) obtained
specific activities similar to those reported by
Omachi et al.

It may be noted that all three of the above en-
zymes are also present in the other particulate
fractions of liver. Both esterase and DPN-cyto-
chrome c¢ reductase are concentrated to a much
greater extent in the microsomes than in any other
fraction; TPN-cytochrome ¢ reductase, however,
is slightly more concentrated in mitochondria
than in microsomes. A relatively small proportion
of the total ATP-ase activity of normal mouse
liver is recovered in the submicroscopic particles
(181). In the case of a mouse hepatoma, however,
much more ATP-ase is recovered in this fraction
(181). DPN-cytochrome ¢ reductase is also more
concentrated in hepatoma microsomes than in
normal liver microsomes (58).

Submicroscopic particles also play a role in cer-
tain other enzyme reactions, such as anaerobic
glycolysis (79), the oxidation of oxalacetate (132),
and the reductive cleavage of DAB (94). In the
case of the latter reaction, TPN was reduced by
the final supernatant in the presence of glucose-6-
phosphate, and the reduced TPN was utilized by
the particulate fractions in cleaving DAB, the
microsome fraction being more active than either
nuclei or mitochondria. Tagnon and associates
(188, 139) found that microsomes isolated from
lung activated serum proplasmin. Claude (24) has
stated that submicroscopic particles contain
thromboplastic activity.

As mentioned previously, the question of the
origin of the microsomes is at present unsettled.
Recently (49, 50, 64), use has been made of the
term microsomes, indicating that they may be
products of disintegrated mitochondria. In this
respect, although it has been shown that disinte-
gration of mitochondria does yield particles of
smaller size, it has also been clearly shown that the
latter particles, in their content of respiratory
enzymes (57), are qualitatively different from the

microsomes isolated from liver homogenates by
differential centrifugation.

Soluble or supernatant fraction.—This fraction
contains the nonsedimentable or soluble material
present in the cell, as well as any material, such
as lipide droplets, which. would migrate centripe-
tally because of its low density. It is to be noted,
however, that the preparation of this fraction is
usually an arbitrary one dependent upon the
limiting centrifugal force available to the in-
vestigator. The conditions that we have employed
for the isolating of microsomes (129) were chosen
to sediment particles as small as 50 mp in diame-
ter. Thus, the supernatant fluid or soluble fraction
would contain all particles smaller than 50 mp or, in
terms of molecular weight, all particles having mo-
lecular weights less than about 100,000,000.

The soluble fraction comprises a considerable
proportion of the tissue in terms of total nitrogen
or protein. Thus, 2942 per cent of the total nitro-
gen of mouse liver has been recovered in this frac-
tion (6, 66, 130), while values of 32—44 per cent
have been reported for rat liver (55, 60, 118, 125,
129, 132) and 49 per cent for rabbit liver (79).
The proportions recovered in the supernatant
fraction of rat kidney (182), primary rat liver
tumors (115), mouse hepatoma (130), and Flexner-
Jobling carcinoma (79) were 47, 46, and 50 per
cent, respectively, while in the case of normal and
leukemic mouse spleen considerably lower propor-
tions were recovered in this fraction (27 and 23
per cent [103]).

PNA is also present in the soluble fraction, al-
though in most tissues its concentration in this
fraction is lower than in the whole tissue. How-
ever, in the case of normal and leukemic mouse
spleen (103) and of rat kidney (132), the concen-
tration of PNA in the supernatant is greater than
in the whole tissue. Furthermore, the total amount
of PNA in the soluble fraction of leukemic spleen
is much greater than that in the same fraction ob-
tained from normal spleen (103). Similar increases
in the PNA content of the soluble fraction have
been reported for primary rat liver tumors (115),
mouse hepatoma (130), the livers of rats fed the
carcinogen 3’-methyl-DAB (116), and regenerat-
ing rat liver (111). These findings, together with
the observations of Brachet and Jeener (13, 67) on
the high PNA content of the soluble fraction of
rapidly growing cells suggest that the PNA as-
sociated with this fraction may be involved in the
carcinogenic process or at least the process of
growth.

The main component of the soluble fraction ap-
pears to be protein in nature. Thus, Price et al.
(112) reported that 39 per cent of the total protein
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of rat liver was recovered in the soluble fraction. A
preliminary report of the electrophoretic proper-
ties of the soluble fraction of rabbit liver has been
made by Sorof and Cohen (134), who found that
four components were present. However, electro-
phoretic studies with calf thymus and human
lymphoid tissue (1) indicate that the soluble frac-
tions of these tissues were considerably more com-
plex. Considering the enzymatie complexity of the
supernatant it would appear unlikely that there
could be as few as four components, unless the
components were inhomogeneous or the enzy-
matic activities were bound to other proteins.
Thus, in the case of rabbit liver and Flexner-Job-
ling carcinoma (79), all the enzymes involved in
the glycolysis of glucose to lactic acid were found
to be present in the soluble fraction, and the total
activity of this fraction was sufficient to account
for over 50 per cent of the total activity of the
whole tissue. The mitochondria and microsomes
of these tissues possessed essentially no glycolytic
activity by themselves but produced pronounced
stimulation of the supernatant, indicating that
these fractions were deficient in some of the en-
zymes of the glycolytic cycle or that they con-
tained necessary enzymes or cofactors required
by the supernatant.

Other enzymes and related substances that oc-
cur in the supernatant of rat and mouse liver in-
clude cytochrome c (128, 129), isocitric dehydro-
genase (61), and acid and alkaline phosphatase
(98). The amount of cytochrome ¢ present in the
rat liver supernatant accounts for 3540 per cent
of the total liver cytochrome ¢, while in the case
of isocitric dehydrogenase 82 per cent of the total
liver activity was recovered in the supernatant.
The distribution of acid and alkaline phosphatase
in rat liver was considerably different from that of
other phosphatases, such as ATP-ase (cf. above).
Thus, in the case of the latter, most of the total
liver activity was recovered in the nuclei and mi-
tochondria, while 85-50 per cent of the total acid
phosphatase and 55-70 per cent of the total alka-
line phosphatase was recovered in the soluble
fraction (98).

Miller and Miller (86) recently discovered that
feeding azo dyes to rats resulted in the formation
in the liver of dye-protein complexes in which
the dye was tightly bound to the protein. The dye-
protein complex was not found in other tissues of
the rat, in the primary liver tumors produced by
the dye, or in the tissues of other species in which
these dyes are noncarcinogenic. The rate of forma-
tion of the dye-protein complexes in rat liver was
found to be proportional to the carcinogenicity of
the dye fed (87). In more recent studies (118-116),

the intracellular distribution of the dye-protein
has been studied, and it has been found that over
50 per cent of the protein-bound dye was always
recovered in the supernatant fraction. The sig-
nificance of this dye-protein complex and of its
presence in the soluble fraction will require fur-
ther study.

Julen, Snellman, and Sylven (69) have recently
reported the results of cytological and fractiona-
tion studies made with mast cells in an attempt to
determine the intracellular localization of heparin.
The cytological studies indicated that the hepa-
rin was not bound to microscopically visible par-
ticles but was localized in the intergranular spaces.
This was confirmed by fractionating mast cell ex-
tracts made by grinding ox liver capsules in a
mortar with isotonic phosphate buffer and cen-
trifuging at low speed to remove unbroken cells.
The extract so obtained was further fractionated
into large granules, microsomes, and a final super-
natant remaining after 5-6 hours at 60,000 g. The
latter contained 82 per cent of the heparin present
in the cell-free extract. Electron microscopic ex-
amination of the supernatant showed the presence
of particles with an estimated diameter less than
10 mu. Electrophoretic and ultracentrifugal stud-
ies indicated that the heparin was bound to these
particles in the form of a protein complex.
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