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The fixation of COZ by rat liver mitochondria
has been studied
in this laboratory
as an outgrowth
of investigations
into the
mode of action of the adrenocortical
hormones.
In the experiments reported here, mitochondria
were incubated
There was a rapid incorporation
of
with 14C02 and pyruvate.
1% into citrate, malate, and fumarate, and it was shown, for
malate and citrate, that the incorporation
of isotope was an indication of net synthesis.
The possible significance of these carboxylic acids as intermediates
in gluconeogenesis is considered,
especially in regard to the problem of enzyme compartmentalization in rat liver.
MATERIALS

AND

METHODS

Adult, male rats of the Sprague-Dawley
strain were used.
They were housed in a room at 70-80’ and were allowed free
access to food and water.
Rats were
The preparation
of mitochondria
was as follows.
killed by decapitation,
and the livers were removed and placed
in cold 0.9% sodium chloride solution.
Liver tissue, 5 g, was
minced with scissors and dropped into a Potter-Elvehjem
homogenizer (Teflon pestle type, obtained from A. H. Thomas
and used without modification)
containing 45 ml of the mannitolsucrose medium of Hagihari
(I)* with 1 mM EDTA.
The
milliosmolality
of this mixture was repeatedly found to be about
320, somewhat higher than the anticipated
value.
The homogenizer pestle was rotated at 400 rpm and slowly pressed down
until it reached the bottom of the homogenizer,
then the speed
was adjusted to 1,000 rpm and homogenization
was continued
for 1 min. The homogenate was centrifuged at 600 x g for 10
min and the precipitate
was discarded; the remaining
extract
was then centrifuged at 10,000 X g for 10 min. The resulting
precipitate, the mitochondria,
was washed twice in 15 ml of the
homogenizing medium and finally suspended in the same medium
to make a final volume of 15 ml.
The radioactive materials in the various samples were counted
in a Nuclear-Chicago
scintillation
spectrometer either as aqueous
solutions in the Bray scintillation
mixture (2) or as Hyamine
salts dissolved in toluene containing 0.4 y0 2,5-diphenyloxazole.
Samples with significant activity were counted for long enough
periods to ensure statistical errors of 5% or less; p = 0.05. Efficiency of counting was measured by the addition of internal
standards or by the channels-ratio
technique or both.
* This investigation was supported by Grant AM 01256-09 from
the National Institute of Arthritis and Metabolic Diseases of the
United States Public Health Service.
1 We are indebted to Dr. John Foster for calling our attention
to this medium.
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Osmolality was determined by the freezing point method with
an Advancedosmometer.
For the titration of fumaric acid, 0.01
N NaOH
was used with phenolphthalein
as end point indicator.
Citrate was determined in samples from chromatographic
fractionations by the method of Saffran and Denstedt (3). For the
estimation
of net citrate production,
the pentabromoacetone
technique of Natelson as described by Stern (4) was employed.
It was found ‘that the presence of mannitol and sucrose in concentrations similar to those used in these experiments did not
interfere with this method.
Separation of radioactive carboxylic acids on Dowex I-formate
resin was carried out as described by Busch, Hurlbert,
and
Potter (5), and the chromatography
on silica gel was done by the
procedure of Varner (6). Malate was assayed enzymatically
with malic dehydrogense by the technique of Hohorst (7), and
pyruvate was determined calorimetrically
by the dinitrophenylhydrazine technique as described by Lardy (8).
Tritiated malate was synthesized by the method of Lowenstein
(9).
The following
materials
were obtained from Calbiochem:
NaH14C03, fumarate, 2, 3-14C, and malic dehydrogenase.
The
malic enzyme prepared by Dr. M F. Utter was a generous gift
of Dr. J. R. Stern.
RESULTS

Ickntijkation of 14C-Labeled
Citrate, Malate, and FumarateMitochondria
prepared from rat liver were incubated with 14C02
and pyruvate as described in the legend to Fig. 1. After this
incubation a perchloric acid extract was made and subjected to
the following analytical procedures.
An aliquot of the extract
was acidified and allowed to stand 1 hour at room temperature
with aniline citrate (11). No release of 14C02 was detected under
these conditions, and it was assumed as a consequence that no
measurable quantity of oxaloacetate-4-14C was present.
Another
aliquot of the extract was acidified with HCl and passed over a
column of Dowex 50 (hydrogen form) to remove amino acids.
No radioactivity
was lost by this procedure, and as a consequence
it was concluded that no significant quantities
of 14C-labeled
amino acids were present.
Chromatographic
separations of aliquots of the extract were
carried out on an anion exchange resin and on a column of silica
gel. As indicated in Figs. 1 and 2, these procedures revealed the
presence of radioactive malate, fumarate, and citrate.
These
compounds accounted quantitatively
for all of the 14C present in
the extract.
As further confirmation
of identity, aliquots of t)he materials
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presumed to be malate and fumarate were distributed
between
water (pH 1.0) and ether. Distribution
coefficients (ether to
water) were malate, 0.027, and fumarate, 1.5. A sample of
fumaric acid-2, 3-14C obtained commerially gave a distribution
coefficient of 1.7; the reported value for malate is 0.017 (12).
In addition, the presumed malate and citrate were chromatographed separately on paper with authentic samples of these
compounds.
The presumed radioactive malate and authentic
malate both migrated 11 cm in 36 hours on a paper chromatogram
developed with ethanol-NHtOH-Ha0
(8 : 1: l), and the presumed
radioactive
citrate and authentic
citrate both displayed RF
values of 0.36 in a chromatogram
developed with water-saturated
1-butanol in the presence of formic acid.
Net Productionof Citrate and Malate-As
shown above, experiments with 14C02 indicated that 14C was incorporated
into malate,
fumarate, and citrate during mitochondrial
incubations.
Approximately
34 pmoles of COn were incorporated
into stable
compounds during the incubation described in Fig. 1, that is durI

TABLE

io
SAMPLE

NUMBER

1. The chromatography
on Dowex
1-formate
resin of extracts
prepared
from mitochondria
incubated
with WO2 and pyruvate.
Mitochondria
from 5 g of liver were incubated
for 10 min
at 37” under
air in a total volume
of 33 ml.
The initial
concentrations
of the various
constituents
of the incubation
mixture
were
as follows:
sucrose,
0.052 M; mannitol,
0.167 M; EDTA,
0.7 mu;
Tris, 3.7 mM; pot.assium
phosphate,
pH 7.4, 9 mM; MgC12,
8 mm;
NaHCOB,
4.6 mM; NAD,
0.04 mM; ATP, 0.45 mM; potassium
pyruvate, 9.1 mM; 14C, 3.64 PC as NaHWOa.
At the end of the incubation a perchloric
acid extract
was made, the proteins
removed
by
centrifugation,
and the perchlorate
removed
by neutralization
of
the supernatant
fluid
with KOH.
From
this extract,
a 2.0-ml
aliquot
together
with 10 mg of citric
acid and 10.4 pC of tritiumlabeled
malic acid was chromatographed
on a column
of Dowex
1-formate
with a 0 to 6 N formic
acid gradient
elution
(convex);
2-ml fractions
were collected.
Assays:
O-O,
14C; X---X,
tritium;
O- - -0,
citric
acid.
Above
the malate
and citrate
curves
are plotted
log functions
of the 14C to tritium
ratios
and
citrate
specific
activities
(10).
No significant
regression
of these
points was present,
indicating
radiochemical
purity
of these compounds.
FIG.

of malate and citrate; utilization
of pyruvate
Net pr@uction
Mitochondria
representing
2.8 g of rat liver were incubated
for
A similar
portion
of mito1 hour at 37” under
95% OZ-5% COZ.
chondria
prepared
from the same liver was added to the incubation medium
at 0” and fixed immediately
with perchloric
acid.
The incubation
medium
was that described
in Fig. 1 except
the
concentrations
of bicarbonate
and pyruvate
were doubled
and no
radioactive

bicarbonate was present.
Estimations
and citrate were made on perchloric

vate, malate,
of the incubation

mixture.
Zero time

60 min
p?wles/g

Pyruvate
Malate
Citrate.

140
0.4
0

..
.

Extramitochondrial

TABLE

II

of

tion

‘V-labeled

was

Tho radioactivity

terminated

with

was taken
as an indication
the mitochondria.
120

SAMPLE

160

200

-134
12.7
11.5

i

materials

of the samples whose incuba-

trichloroacetic

acid

represent the total 1% fixed; the radioactivity

60

liver

6
13.1
11.5

I

location

Difference

Eight
aliquots
of a mitochondrial
suspension,
each representing
167 mg of liver,
were incubated
under
the conditions
of Fig. 1
with appropriate
reduction
of volumes.
The incubation
of four
samples
was terminated
by adding
1 ml of 5yo trichloroacetic
acid.
At the same time, the remaining
four vessels were chilled
in ice
and the mitochondria
were rapidly
precipitated
by centrifuging
at 10,000 X g for 10 min.
Trichloroacetic
acid was then added to
an aliquot
of the supernatant
fluid.
After
proteins
were removed
from all samples
by centrifugation,
aliquots
of the resulting
supernatant
fluids were gassed with COZ for 10 min, and their radioac-

tivity measured.

40

of the pyruacid extracts

of the

acid-stable

240

was

taken

14C located

WOP

fixed

during

outside

incubation+

NUMBER

FIG.
2. Silica gel chromatography
of 1 ml of the extract
of Fig.
1. Added with this aliquot
were 0.5 PC of malate-3H
and 5 mg each
of citric
and fumaric
acids.
Development
was with chloroform
and 1-butanol
mixtures;
3-ml fractions
were collected.
Assays:
acid
(by titration);
X- - -X,
O-O,
14C; A- - -A, fumaric
tritium;
O- - -0,
citric
acid.

dm

Total.
Extramitochondrial
Extramitochondrial
* Mean

.

values

.
.
(%).
f

.
.. . .
.. ..

standard

..

deviation.

to

of the other samples

26.2 f
26.7 f
102 f

4.2
2.5
19

X lo3
X lo3
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ing a lo-min incubation of mitochondria
prepared from 5 g of
tissue. This incorporation
of W02 amounted to 0.8 PC or 22%
of the added radioactivity.
The estimate of micromoles of CO2
fixed is conservative because it is based only on the amount of
bicarbonate added and does not take into account any respiratory COz produced during the incubation
or COZ from the atmosphere dissolved in the reagents constituting
the incubation
medium.
Because the incorporation
of isotope into citrate, malate, and
fumarate might have resulted from exchange reactions as well as
from net synthesis, it was of importance to see if mitochondria
were able to perform a net synthesis of these compounds.
For
this purpose, mitochondria
were incubated for 1 hour as described
in Table I.
As can be seen from this table, there was a substantial accumulation of citrate and malate during the incubation.
No assays
were attempted for fumarate.
Location of 14C-Labeled Compounds Relative to MitochondriaSchneider, Striebich, and Hogeboom
(13) have reported that
endogenous citrate remains within mitochondria
prepared in
0.25 M sucrose. On the other hand, the studies of Amoore (14)
suggest the mitochondria
are somewhat permeable to citrate
TABLE
III
Release of 14C02 from malate by action of ma& enzyme
Malate-14C was incubated for 30 min at 30” with the following:
MgC&, 40 pmoles; NADP, 2 rmoles; Tris, pH 7.4,0.3 mmole; in a
volume of 1.1 ml. The reaction was terminated by the addition
of 1.0 ml of 5% trichloroacetic
acid, and carbon dioxide-W
was
collected in Hyamine for counting.
Flask

Amount of
malic enzyme

CO2

1

rJ
10

319

2
3

10

0
258

Total disintegrations
min in COz

Medium
am

per

%

346
554
332

48
0
44
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and other carboxylic acids. Experiments
were carried out as
described in Table II to determine whether the compounds labeled during the incubation of mitochondria
remained within the
mitochondria
or were released into the surrounding
medium.
From the data of Table II, it is evident that under these particular conditions the labeled materials were released from the
mitochondria.
The mitochondria
used for this experiment were
in good condition as demonstrated
by their respiratory control
(with glutamate as substrate, oxygen consumption of a sample of
the mitochondria
was increased Pfold by the addition of ADP).
Randomization
of Carbon Atoms in Malate-If
the labeled
malate isolated in these experiments had not equilibrated
with a
symmetrical 4 carbon acid such as fumarate, the label should be
localized to carbon atom 4 of malate and should be removed by
the action of the malic enzyme
*COOH
AH,

+ NADP+

-+ CH, + *COz + NADPH

H&OH

+ H’

Lo

AOOH

&OOH

If, on the other hand, equilibration
with a symmetrical acid
had occurred then one-half of the label would be in carbon 1 and
one-half in carbon 4. In this event, the action of the malic enzyme should release one-half the 14C present.
A sample of
malate isolated from the mitochondrial
incubation
described in
Fig. 1 was subjected to the action of a malic enzyme preparation
which was free of fumarase activity.
As can be seen in Table
III, approximately
one-half of the 14C was released.
Thus, it
would appear that there was a complete equilibration
of malate
with a symmetrical
4 carbon acid. The presence of labeled
fumarate is further evidence for such an equilibration.
Production of Malate and Citrate by Mitochondria
Prepared in
0.25 M Sucrose-The
possibility was considered that the production of labeled malate, citrate, and fumarate was a property
unique to mitochondria
prepared and incubated in the mannitolsucrose medium.
For this reason, an experiment
was carried
out with mitochondria
prepared and incubated in a 0.25 M sucrose
medium.
As can be seen in Fig. 3, when an extract of this incubation mixture was chromatographed,
there was a close resemblance to the results obtained by the usual procedure.
That is,
labeled malate and citrate constituted the bulk of the radioactive
materials formed.
There was, however, no indication
of the
presence of radioactive fumarate while a small component with
the elution properties of succinate was seen.
DISCUSSION

I

I

0

I

I

20

I

I

40

I
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SAMPLE

I

I

The initial steps in the synthesis of hexoses from pyruvate
have been elucidated by Utter and Kurahashi (15) and Utter and
Keech (16). These workers have shown that in avian liver the
initial reaction involved in gluconeogenesis is a carboxylation
of
pyruvate to form oxaloacetate, the reaction being mediated by
the enzyme, pyruvic carboxylase

I

80

I&

NUMBER

FIG. 3. Chromatographic
separation of the radioactive
rials formed
by mitochondria
prepared
in 0.25 M sucrose.
chondria
were prepared
in a medium
consisting
of sucrose,
Tris, pH 7.2, 0.01 M, and EDTA, 0.4 mu.
Incubation was

out as described in Fig. 1 except sucrose was substituted
nitol

and the incubation

A perchloric
tographed

acid extract

as described

was in an atmosphere

of 95%

was made, and an aliquot

in Fig.

1.

mateMito0.25 M,
carried
for man-

02-5%

COZ.

was chroma-

Pyruvate

+ CO2 + ATP + oxaloacetate

+ ADP + Pi

The oxaloacetate formed in this reaction is then converted to
phosphoenolpyruvate
by the action of the enzyme, phosphoenolpyruvate carboxykinase
Oxaloacetate

+

GTP

+

P-enolpyruvate

+ GDP

+

CO2
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In the case of the rat and some other species, a degree of complexity has been introduced by the finding that most, if not all,
the P-enolpyruvate
carboxykinase is located outside the mitochondria in the cell sap (17). While it may be that, in the rat,
oxaloacetate moves across the mitochondrial
membrane to the
cytoplasm of the cell where it can be converted to P-enolpyruvate,
most workers tend to reject this possibility because of the lability
of oxaloacetate.
The finding reported here, that isolated mitochondria
can
synthesize malate in good yield from pyruvate and COz, offers
an alternative to the transmembrane
movement of oxaloacetate.
Thus, malate could be formed within the mitochondria
by the
action of malic dehydrogenase
and NADH
on oxaloacetate.
The malate could pass through the mitochondrial
membrane
and then be re-oxidized to oxaloacetate by the malic dehydrogenase of the cell sap with subsequent conversion of this extramitochondrial oxaloacetate to P-enolpyruvate.
Fumarate could function in a similar manner, and it does not
appear feasible at the present time to devise experiments
to
choose between malate and fumarate as the compound which
moves across the membrane.
Thus, in the experiments reported
here, the mitochondria
were twice washed, but there might well
have been fumarase present outside the mitochondria
which
would have regenerated malate from fumarate, had only fumarate crossed the mitochondrial
membrane.
While citrate could conceivably perform an important
transport function in gluconeogenesis
by passing out of the mitochondria with subsequent cleavage to oxaloacetate and acetylCoA in the cell sap, there are two reasons why this is unlikely.
First is the finding of Kornacher and Lowenstein
(18) that the
activity of the citrate cleavage enzyme is diminished
during
starvation, a period in which there is a need for gluconeogenesis.
Conversely, these workers found that in refeeding where gluconeogenesis is presumably less necessary, there is an increase in
activity of this enzyme.
Second, Shrago and Young have found
that in soluble extracts of rat liver, in comparison to malate,
citrate is a poor precursor of P-enolpyruvate
(19).
During the prolonged incubation
experiment reported here,
malate accumulated at an over-all rate of 13 Hmoles per g of
intact tissue per hour.
During the short incubations with i4C02,
the rate of malate synthesis was approximately
18 Imoles per g
of liver per hour (assuming that 40% of the COz fixed was in
malate and that all incorporation
represented synthesis).
It has
been found in our experience that liver slices form glucose from
pyruvate at approximately
15 pmoles per g per hour, an amount
equivalent to 30 pmoles of malate per g per hour (20). Thus,
under the conditions of the present experiments, the rate of synthesis of malate was about one-half that needed to account for
glucose synthesis in tissue slices. Since it is unlikely that the
isolated mitochondria
were functioning
at maximum efficiency,
this rate of malate synthesis would appear to be a satisfactory
approximation
of the rate of glucose synthesis found in slices.
In further support of malate as an intermediate
in gluconeogenesis, it has recently been shown that malate is an efficient precursor
of P-enolpyruvate
in extracts of rat liver (19).
The fact that the malate formed in these experiments was
randomized
is consistent with the requirement
that there be a
symmetrical
4 carbon acid at some point in the pathway of
gluconeogenesis.
This is necessary for the fixation of isotope
from COz into hexose and also for the randomization
of pyruvate
carbon atoms in hexose.
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SUMMARY

1. When rat liver mitochondria
were incubated with 14C02
and pyruvate, acid-stable 14C was found only in malate, fumarate,
and citrate.
2. A net synthesis of malate and citrate was demonstrated
in
mitochondria
incubated under these conditions.
3. Essentially all of the radioactive compounds formed were
released from the mitochondria
during the incubation.
4. It is proposed that in rat liver the initial stages of gluconeogenesis from pyruvate
proceed as follows.
In the mitochondria, pyruvate is carboxylated to oxaloacetate.
The oxaloacetate, which does not react with acetyl coenzyme A to form
citrate, is reduced to malate.
Malate or fumarate or both cross
the mitochondrial
membrane into the cytoplasm of the cell.
There malate is oxidized to oxaloacetate which is in turn converted to phosphoenolpyruvate.
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