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Ernest Kun* and Pierre Volfin*¥
Departments of BiochemisTry and Pharmacology, Schoel of Medicine, Department of
Pharmaceutical Chemistry, School of Fharmacy, and the Cardiovascular Research
Institute, University of California, San Francisco Medical Center, S. F. 9412Z.

Received April 27, 1966

It is generally known that mitochondria of various differentiated animal
Tissues contain enzyme systems which under conventional experimental conditions
perform apparently the same metabolic reactions (e.g., citric acid, fatty acid
oxidizing, oxidative phosphorylation systems, cf. 1). Considerable difficulties
arise when, on the basis of customary experimental models (e.g., measuremeni of
overal | rates, metabolic balance studies, efc.), tissue specific metabolic patterns
are sought. That organ-specific metabolic responses exist is predictable fromr
physiological phenomena, which are in sharp confrast fo the apparent monotony of
analyTically oriented enzymology.>

In the course of search for more specific experimental designs capabie of
detecting specific control phenomena, i1t was found fthat various specific enzyme
inhibitors elicited different metabolic responses in multienzyme systems obtained
from different animal tissues (2,3,4,5), even though the same enzyme was inhioited
inall of these systems. We have expanded this experimental model in two ways.

First, Initial velocity of O, uptake of isolated mitochondria was determined in

2
the presence of cne subsfraT; and various substrate pairs. In addition, the

effect of monofluoro oxaloacetate (F1OAA), a potent inhibitor of mifochondrial
malate dehydrogenase (6,7), was fested in the presence of all selected substrates
and substrate pairs. The rate |imiting role of succinic dehydrogenase (with
malonate, cf. 8,9), NADH oxidase (with rotenone, 10), in Terminal electror transfer
and the kinetic contribution of glutamate oxaloacetate transaminase (with a com-
bination of mono- and difluocro oxaloacetates, cf. 6) were also determined. From
the configuration of observed inhibition patterns it is evident that large "metabol|
differences exist between mitochondria iscolated from various rat fissues. Recog-
nition of tissue specific control factors circumvents the conceptual difficulty whic
arises if metabolic regulation is fo be "explained" on the basis of monotonous

metabolic "cycles", presumably operating in the same fashion in all tissues.

*Recipient of the Research Career Award of the United States Public Health Service.
¥On leave from the Dept. of Biochemistry, Univ. of Paris, Orsay, France.
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EXPERIMENTAL METHODS. Isolation of mitochondria was carried out in 0.25 M

sucrose, containing 0,05% EDTA (pH adjusted to 7.4) as described earlier (cf.

refs. 2,3,4,5). Initial rates of O2 uptake were determined polarographically

by means of a Clark O2 electrode attached to a chart recorder (Gilson Oxygraph).
The reaction chamber of 5 ml volume was kept at 30° by thermostatic control
provided by circulating water in the double wall of the vessel. Continuous
stirring was achieved by a magnetic stirrer. Reaction time varied from 3 to 5
minutes. The reaction system contained: 0.15 M KCI, 0.01 M phosphate (pH 7.4),
0.002 M MgCI2 and 0.002 M ADP. All subsfrates were used at a final concentration
of 2 x 10_3M, and FTOAA at 2 x 10—4M. The reaction was started by addition of ADP,
since oxidizable substrates alone did not influence endogenous respiration of
mitochondria. The absolute dependence of respiration on ADP in presence of substrates
was taken as a measure of complefe respiratory control.

The evaluation of enzyme inhibitory studies critically depends on the
instantaneous penetration of monofluoro oxalcacetate (F1OAA) into mifochondria.
This has been previously determined (refs. 4,5) and recently reconfirmed by
direct spectrophotometry of mitochondria by the Chance double beam instrument.”
Since monofluoro oxaloacetate is a substrate of mitochondrial malate dehydrogenase
(Vma>< is 50 to 100 times smaller than with oxaloacetate, cf. 7), the recording of
the reoxidation of inftramifochondrial NADH by the highly sensitive double beam
instrument, after addition of F]OAA, is a precise index of penefration. This
reaction takes place instantaneously. The partial reduction of F1OAA To mono-
fluoromalate (which is, however, quantitatively negligible under our experimental
conditions) does not complicate the kinetic picture since monofluoromalate and
FlOAA have nearly the same Ki for malate dehydrogenase. On the other hand, mono-
fluoromalate itself penetrates mitochondria in an unpredictable fashion, thus

cannot be used as an enzyme reagent. Decomposition of F.O0AA to fluoropyruvate,

as studied previously (11), does not occur. Conversion ;f F1OAA to the non-
inhibitory isomer of fluorocitrate (cf. 2) is much too slow to alter the con-
centration of F1OAA during short term polarographic measurements.

RESULTS. Metabolic rates in the Table are expressed as pymoles of 02/1 g protein/30
minutes at 30°. These values are extrapolated from initial rates, measured in the

course of 2-4 minutes following initiation of the reaction (by ADP). This unit fo

define metabolic rate was chosen in order to compare values with other published

data obtained by the Warburg manometric procedure (defined previously as '"pseudo-
steady state" condition, in contrast to the polarographic method, called "initial
rate" condition, cf. 4). The numerical values obtained by the two methods are in

good agreement {cf. 4,5,12). Comparison of metabolic rates of mitochondria pre-

*We are grateful to Dr. Britton Chance for the recent use of one of his instruments
by one of us (E.K.).
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pared from rat liver, kidney, brain and heart reveals the following characteristic
patterns: a) Endogenous respiration is completely inhibited by F1OAA in atl
instances. b) While oxaloacetate in liver mitochondria is not oxidized, its
metabolism by kidney, brain and heart mitochondria is completely blocked by F]OAA.
Oxaloacetate augments the endogenous rate of kidney mitochondria 3-fold, that of
brain mitochondria 2-fold, and heart mifochondria close to 4-fold. <¢) Pyruvate
alone is not oxidized by kidney and brain mitochondria, but approximateiy doubles
The endogenous rate of both |iver and heart mitochondria. F1OAA in liver mitochondria
diminishes the augmentation of O2 uptake caused by pyruvate to the level of endogenous
rate, and completely inhibits respiration in heart sarcosomes. d) Combination of
oxaloacetate and pyruvate markedly increases respiration even in mitochondria where
one substrate alone had no effect. This respiration is completely insensitive to
F]OAA in liver, kidney and brain, but not in heart mitochondria. e) The rate of
oxidation of malate varies significantly depending on the mitochondria studied.
This rate is approximately proportional to malate dehydrogenase content of various
types of mitochondria (cf. 7). F1OAA completely blocks matate oxidation in all
mitochondria. f) Combination of malate with pyruvate results in large respiration
in all mitochondria. This respiration is partially sensitive to F1OAA in heart
sarcosomes, but is completely insensitive fo this inhibitor in kidney and brain and
only fto a small extent in [iver mitochondria. g) Metabolism of glutamate is
inhibited to varying degrees by F1OAA, depending on the fype of mitochondria
studied (cf. 4,5,12). In presence of glutamate, added oxaloacetate increased 02
uptake, even in mitochondria which do not oxidize oxaloacetate alone (e.g., liver).
F1OAA completely blocks this respiration. h) lsocitrate is almost completely inert
in kidney, brain and heart mifochondria, although there is high isocitrate dehydro-
genase activity of all mitochondrial extracts. Isocitrate oxidation by liver
mitochondria is completely inhibited by F,0AA. i) Fumarate oxidation is only

1

partially inhibited by F,OAA in liver mitochondria, but is completely blocked in

1
all other systems. J) Combination of isocifrate and fumarate increases 02 uptake

of ali types of mitochondria. This respiration is insensitive to F1OAA in liver
mitochondria, but is completely inhibited in brain mitochondria. Kidney and

heart mitochondria are only partially inhipited by F]OAA under the same conditions.
k) Among all substrates tested, succinate is oxidized at the highest rate in liver
and kidney mitochondria. This respiration is insensitive to F]OAA. Brain mito-
chondria do not exhibit maximal O2 uptake with succinate (compare with matate +
pyruvate) and are significantly inhibited by F1OAA. Heart mitochondria, which are
known to contain large amounts of succinate dehydrogenase, have surprisingly low O2
uptake in presence of succinate. This reaction is completely inhibited by F1OAA.
1) The magnitude of the oxidation of «X-ketoglutarate by different types of mito-

chondria and the degree of inhibition by F1OAA vary significantly. Oxidation of
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X ~ketoglutarate by brain mitochondria is insensitive to FloAA.
The rate {imiting contribution of NADH oxidase is clearly shown by the

observation that rotenone (4 ug/5 ml) completely blocks 02 uptake in presence of
all substrates except succinate. Succinate dehydrogenase appears 1o be rate |imit-
ing only in liver mitochondria when glutamate or succinate is the added substrate
(complete inhibition of O2 uptake occurs in presence of 4 x 10_3M malonate), while
50% inhibition is obtained at the same malonate concentration when glutamate-
pyruvate, oxaloacetate-pyruvate or malate-pyruvate substrate pairs are oxidized.
Oxidation of oxaloacetate by kidney mitochondria is uninfiuenced by malonate unless
glutamate-aspartate transaminase is inhibited simultanecusly (by difluoro oxalo-
acetate, cf. 6). This pattern indicates that transaminases have a hitherto unrecog-
nized metabolic significance, probably related to substrate transfer systems as
discussed elsewhere (cf. 5). Succinate oxidation in kidney mitochondria is not
inhibited when glutamate-aspartate fransaminase is completely blocked by 2 x 1O_BM
FZOAA.
DISCUSSION. Metabolic differences were idenfified experimentally by a comparison
of initial rates of OZ uptake by various types of mitochondria in the presence of
well-known substrates (or intermediates) of generally recognized metabolic "cycles."
Enzymes acting on all substrates tested have been isolated and characterized by
many biochemists. Based on this knowledge and on general properties of the electron
transport system, it might be expected that if a universal metabolic cycle operates
inall types of mitochondria, it should make nc difference which substrate initiates
the cycle, since all intermediate substances can be derived from the added substrate
provided an open system is created by unhindered electron flow (i.e., by ADP and
orthophosphate). The observed deviation from the simplest (i.e., cyclic) multi-
enzymatic pattern clearly shows that conditions within phosphorylating mitochondria
do not permit the realization of kinetic coupling of enzymatic reactions in the
most elementary thermodynamically predictable fashion. The major contributing
factor resulting in apparently "unreasonable" multienzymatic kinetics is oxidative
phosphorylation, which is known to cause "reversals" of electron transfers and
coupling of thermodynamically noct feasible oxidation reduction systems (e.g.,
succinate —> NADH reaction, cf. 13 a,b,c). A combination of the function of
energy fransducing mechanisms with primary kinetic regulation of enzyme systems
(e.g., In terms of variations in rate limiting steps) was shown to result in a
I'inear multienzymatic kinetic organization of the glutamate system in kidney and in
a distributive multienzymatic organization in liver (cf. 4,5). From the descriptive
data shown in the Table, it is not possible to formulate at this time an enzyme
chemical mechanism for each experimental observation. |t is predictablie, however,
that just as in the case of the glutamate system (4,5,12), detailed studies will

reveal unexpected multienzymatic patterns exhibiting to some extent varying degrees
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of tissue specificity. Metabolic "flexibility" of cerftain mitochondria is particula
ty noticeable by substrate dependent variations in the rate limiting role of malate
dehydrogenase. It is predictable that rapid and complex metabolic regulation can

be brought about by these mechanisms, without actual changes in enzyme content.

On the other hand, changes in the concentration of the same enzyme in various
tissues can result in different systematic responses. These problems require
further theoretical (14) and experimental approaches.
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