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Summary

A method is described for the rapid separation of mitochondria (plus
other particulate components) from the soluble cytoplasm of isolated rat-liver
cells. The cells were incubated briefly with a low concentration of digitonin.
After rapid centrifugation, the pellet contained more than 90% of the total
adenylate kinase and glutamate dehydrogenase activities and the supernatant
at least 80% of the lactate dehydrogenase activity. About 60% of total adenine
nucleotides in hepatocytes were found in the soluble cytoplasm. The ATP/ADP
ratio in the particulate fraction 80 s after exposure to digitonin of hepatocytes
metabolizing alanine was 2.0—2.4, and that in the soluble cytoplasm 6—19. In
the presence of atractyloside, these values were 3.5—4.4 and 1.3—2.2,
respectively.

The redox state and the phosphate potential in different cellular
compartments are major factors influencing the direction and flow of
metabolic processes in the cell [1]. The metabolite indicator method [2—4]
has been developed to estimate both the redox state [1—4] and the
phosphorylation state [1, 5] in the mitochondrial and cytosolic compartments
(see also refs 6—8). In order to apply this method, it is essential to know the
concentration of metabolites in the two compartments.

However, the time required to separate the compartments by
conventional methods is too long to be sure that no reactions or redistribution
of metabolites have taken place [9]. Chamalaun [10] attempted to isolate

Abbreviation: MOPS, morpholinopropane sulphonic acid.
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TABLE I

LEAKAGE OF LACTATE DEHYDROGENASE FROM RAT-LIVER CELLS AFTER INCUBATION
WITH DIGITONIN

A suspension (1.5 ml) of rat-liver cells (8.1 mg dry weight of cells; 0 °C) was added to 5 ml of ice-cold
medium containing 0.25 M sucrose, 20 mM MOPS buffer (pH 7.0), 3 mM EDTA and digitonin as
indicated. After 10, 20 or 40 s, the suspension was rapidly centrifuged as described in the text. The
lactate dehydrogenase activity in the supernatant is the percentage of the activity in supernatant plus
pellet. The recovery of activities in supernatant plus pellet was 90—115% as compared with the stock
suspension of cells.

Digitonin (mg} Lactate dehydrogenase in supernatant
(% of total) after incubation for

10s 20s 40s N
0 3 5 5
2.5 11 48 75
5 76 70 85

mitochondria from freeze-clamped liver at a low temperature in dimethyl
sulphoxide containing media, but was unable to obtain intact mitochondria
consistently. A more promising approach is that of Elbers et al. [11], who
have isolated mitochondria from freeze-clamped liver with the aid of organic
solvents. However, the method is laborious.

In the past two years, increasing use has been made of preparations of
isolated liver cells to study hepatic metabolism [12—16], the cells usually
being isolated by the method of Berry and Friend [12].

In this paper we describe a method for the rapid separation of
mitochondria and soluble cytoplasm of isolated rat-liver cells, based on the
fact that the cholesterol content of the plasma membrane is greater than that
of the mitochondrial membranes [17] and that digitonin reacts specifically
with cholesterol. The cells are incubated with digitonin at a concentration
such that the plasma membrane is damaged whereas the mitochondrial
membranes remain intact. This principle has been successfully applied to
separate the inner and outer mitochondrial membranes [18, 19] and to
deplete rat-liver mitochondrial preparations of lysosomes [20].

The procedure used was as follows. Rat-liver cells were isolated according
to the collagenase—hyaluronidase method of Berry and Friend [12] with the
following modification®: the perfusion medium was Krebs—Ringer
bicarbonate buffer in which the phosphate concentration was 2.38 mM and
Ca’* was omitted. The cells were washed twice and taken up finally in Krebs—
Ringer bicarbonate buffer containing 2.5% dialysed bovine serum albumin
(Fraction V, Sigma Chemical Co.). The cells were either stored at O °C or
incubated at 37 °C as indicated. A 1.5-ml sample of the cell suspension was
rapidly mixed with 5 ml of an ice-cold medium (pH 7.0) containing 0.25 M
sucrose, 20 mM potassium morpholinopropane sulphonate (MOPS), 3 mM
EDTA and 0.5 or 1.0 mg/m] digitonin (Calbiochem.). After 10, 20 or 40 s, the
suspension was centrifuged for a total time of approximately 20 s at 3000 x g
maximum in an M.S.E. Mistral 6 L centrifuge using a swing-out rotor

*This modification was suggested by Prof. Sir H.A. Krebs and Dr P. Lund.
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TABLE III
ATP/ADP RATIO IN PARTICULATE AND SOLUBLE FRACTIONS OF RAT-LIVER HEPATOCYTES
Data taken from Table II. Abbreviation: Atract., atractyloside,

Digitonin Incubation time ATP/ADP in ATP/ADP in
(mg) (s) particulate fraction soluble fraction
— Atract. + Atract. — Atract. + Atract.
2.5 20 2.3 4.4 19 1.3
5 20 2.4 3.5 10 1.4
2.5 40 2.0 3.7 6 1.5
5 40 2.1 4.0 6 2.2

(No. 59550). The temperature in the centrifuge was 0 °C.

For measuring the enzyme activities the pellets in one set of samples
were suspended in sucrose—MOPS—EDTA medium to which Lubrol WX
(I.C.1.; 0.3 mg per mg dry weight of cells) had been added. The super-
natants were untreated. For determining adenine nucleotides, both pellets
and supernatants in another set of samples were acidified with HCIO, (6% final
concentration). After removal of protein by centrifugation the extracts were
neutralized with 2 M KOH—0.2 M phosphate. The total time taken for mixing
the cell suspension with the digitonin medium, incubating for 40 s,
centrifuging, and acidifying the media was approximately 80 s. Lactate
dehydrogenase, adenylate kinase (more than 90% of the total adenylate
kinase of the cell is found in the particulate fraction; see below) and glutamate
dehydrogenase, which were used as markers for the cytosol [21], inter-
membrane space [ 22, 23] and mitochondrial matrix [24], respectively, were
assayed by methods described in ref. 25. Adenine nucleotides were determined
enzymically [25] at 350—375 nm using an Aminco—Chance Dual Wavelength
spectrophotometer.

In Table I, the release of lactate dehydrogenase from rat-liver cells after
incubation with digitonin is shown. Without digitonin little lactate dehydro-
genase was released. At the lower level of digitonin the release of lactate
dehydrogenase increased as the time of incubation was increased. As the level
of digitonin was increased, more lactate dehydrogenase was found in the super
natant. At still higher levels of digitonin the percentage of lactate dehydro-
genase that leaked into the supernatant was maximally 90% (not shown). In
the experiment of Table I, less than 2% of the total adenylate kinase and less
than 1.5% of the total glutamate dehydrogenase appeared in the supernatant
under the conditions tested.

These results show that brief incubation of the cells with low levels of
digitonin, followed by centrifugation, leads to separation of cytosolic and
mitochondrial components. The addition of EDTA was essential in order to
obtain a satisfactory fractionation. In the absence of EDTA, longer incubation
times were necessary in order to cause release of lactate dehydrogenase (not
shown). Prolonged incubation led to damage of the outer mitochondrial
membrane, as indicated by the fact the adenylate kinase appeared in the super-
natant (not shown).
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The digitonin-treated cells could be spun down using the same centrifugal
force as for intact cells. Furthermore, electron microscopic examination of the
precipitate revealed that it consisted of cells with a heavily damaged plasma
membrane and with the other cell constituents embedded in endoplasmic
reticulum (P.J. Weijers, unpublished observations). It is concluded that only
the plasma membrane was damaged by the digitonin treatment and that the
particulate constituents were spun down as a “‘leaky’’ cell.

Table II shows the distribution of adenine nucleotides between the
particulate and soluble fractions of cells metabolizing alanine. With increasing
amounts of digitonin and increasing incubation times, the total content of
adenine nucleotides in the pellet reached a minimum (40% of total) and that
in the supernatant a maximum (60% of total). The total adenine nucleotide
content was similar to that found by Quistorff et al. [26] but somewhat lower
than the value reported by Hommes et al. [27] for cells isolated by a different
method.

In freeze-clamped whole livers, total adenine nucleotide contents of
2.7—38.7 umoles/g wet weight have been reported [5, 28—31]. Since the
adenine nucleotide content of isolated rat-liver mitochondria is 17 nmoles/mg
protein {32] and since 1 g wet weight of liver contains 60 mg mitochondrial
protein [33], it may be calculated that 28—38% of the total adenine
nucleotides in whole liver is present in the mitochondrial fraction. The
difference between this calculated value and that of 40% found by direct
measurement (Table II) may be due in part to the fact that the isolated cell
preparation consists of hepatocytes whereas whole liver contains a mixture of
cell types, and in part to uncertainties in the calculation factors used. In
addition, approximately 7% of the total adenine nucleotides in the cell is
present in the nuclei [34].

Table II also shows that only 8% of the adenylate kinase is recovered in
the supernatant after the digitonin treatment. The finding that adenylate
kinase is predominantly a mitochondrial enzyme in rat-liver hepatocytes is
supported by the observation of Pette [22] that adenylate kinase is extracted
with difficulty from rat liver.

The ATP/ADP ratio in the particulate fraction was 2.0—2.4 and that in
the soluble fraction 6—19 (Table III). Similar results have been obtained by
Elbers et al. [11] in freeze-clamped liver fractionated with organic solvents.
This difference in ATP/ADP ratio in the two compartments is much less than
that predicted by results obtained with isolated mitochondria (see ref. 32 and
35).

When atractyloside was present, the ATP/ADP ratio in the particulate
fraction increased to 3.5—4.4, whereas that in the soluble fraction decreased
to 1.3—2.2 (Table III). This result is to be expected, since the adenine
nucleotide translocator is inhibited, and cytosolic ATP would be rapidly used
up in synthetic processes.

In the presence of atractyloside, the AMP content of the soluble fraction
was greatly increased (Table II). The loss of total adenine nucleotides observed
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in the soluble fraction in the presence of atractyloside (Table II) may be due
to AMP deaminase (cf. ref. 14).

Since EDTA is present in the medium when the cells are exposed to
digitonin, adenine nucleotide-dependent reactions in the cytosol will be
inhibited as soon as the plasma membrane is damaged. Thus the ATP/ADP
ratios found in the cytoplasm are probably very similar to those existing in the
intact cell. On the other hand, the values observed in the particulate fraction
are a less reliable measure of the situation in vivo, since changes may occur
after addition of digitonin even at the low temperature used. It should be
stressed that the measurements of adenine nucleotides give information on the
mass—action ratio, which may not necessarily relate to the thermodynamic
phosphate potential (see ref. 5).

We hope to obtain information about the distribution of other
metabolites by carrying out the incubation with digitonin in the presence of
inhibitors of mitochondrial substrate ion translocators. In addition,
experiments are in progress aimed at reducing the time needed for separation
still further.

We wish to thank Mr D.J. Reijngoud for many helpful discussions,

Dr P.J. Weijers for his electron microscopic studies of the preparations and
Professor Sir H.A. Krebs and Dr P. Lund for allowing us to visit Oxford in
order to obtain more experience in the isolation of liver cells. This study was
supported by a grant from the Netherlands Foundation for Chemical Research
(S.0.N.) with financial support from the Netherlands Organization for Pure
Scientific Research (Z.W.0O.).
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