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ABSTRACT: The regulation of pyruvate oxidation in isolated
rabbit heart mitochondria was investigated. A comparison of
the effects of adding ATP, ADP, and AMP to uncoupled mito-
chondria oxidizing pyruvate plus L-malate indicated that
ADP addition nearly completely inhibited pyruvate oxidation
while ATP or AMP addition had little or no inhibitory effect.
It was demonstrated that the availability of both ATP formed
from the added ADP and intramitochondrial magnesium were
critical components for the inhibition of pyruvate oxidation
in this system. The inclusion of magnesium chelators in the
mitochondrial incubations containing uncoupler and ADP
resulted in prevention of the inhibition of pyruvate oxidation.
It is proposed that the effect of magnesium chelators was due
to a competition for free magnesium with the pyruvate de-
hydrogenase linked protein kinase which, in the presence of

Studies of the regulation of the pyruvate dehydrogenase
multienzyme complex have indicated two types of mecha-
nisms for controlling the conversion of pyruvate to acetyl-CoA.
Garland (1964) and Garland and Randle (1964) have shown
that two of the products of the pyruvate dehydrogenase re-
action, NADH and acetyl-CoA, may act as feedback inhibi-
tors of this enzyme. The more recent studies of Linn er al.
(1969a,b, 1972), Reed (1969), Wieland and Jagow-
Westerman (1969), and Wieland and Siess (1970) have sug-
gested that the regulation of the pyruvate dehydrogenase com-
plex may occur by covalent modification, e.g., phosphoryla-
tion, resulting in an inactivation of the enzyme. By this mech-
anism the flow of carbon from pyruvate to acetyl-CoA would
be controlled by an equilibrium established between a specific
protein kinase and a specific phosphatase which control the
degree of phosphorylation of the enzyme and hence, the
catalytic activity of the multienzyme complex.

In a recent communication (Schuster and Olson, 1972) it was
demonstrated that the rate of pyruvate oxidation in isolated
rabbit heart mitochondria depended upon the availability
of intramitochondrial ATP and free magnesium. It was pro-
posed that this relationship between the rate of pyruvate oxi-
dation and the availability of the ATP-magnesium complex
was a result of the action of the protein kinase on the pyruvate
dehydrogenase. This inhibitory effect was specific for the sub-
strate, pyruvate, was accentuated by exogenous magnesium,
and was neither due to an accumulation of NADH or acetyl-
CoA, both inhibitors of pyruvate dehydrogenase.

The studies reported in this communication are an attempt
to further elucidate the protein kinase mediated control of
pyruvate dehydrogenase in intact mitochondria. The emphasis
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sufficient ATP and magnesium, results in phosphorylation
and inactivation of the pyruvate oxidase complex of the mito-
chondrion. Nonchelating structural analogs of these chelator
compounds or compounds which chelate divalent metals
other than magnesium were found to be without effect for
preventing the inhibition of mitochondrial pyruvate oxida-
tion. The addition of magnesium to the mitochondrial incu-
bations reversed the effect of the chelators. A linear relation-
ship was obtained when the ability of a compound to prevent
the inhibition of pyruvate oxidation was plotted against the
logarithm of the stability constant of that compound for
magnesium. It is proposed that the intramitochondrial free/
bound magnesium ratio may be a potent regulator of the
pyruvate dehydrogenase linked protein kinase in isolated
mitochondrial systems.

of the present studies will be to more clearly define the mag-
nesium requirement of the proposed kinase-mediated regula-
tion of pyruvate oxidation in isolated cardiac mitochondria.

Materials and Methods

Rabbit heart mitochondria were prepared according to the
method of Von Korff (1965). The excised heart was homog-
enized in a media containing KCI, 0.18 M; EDTA, 5 mm; and
bovine serum albumin, fraction V, 0.5% w/v, which had been
defatted according to the method of Chen (1967). The iso-
Jated mitochondria were used in these experiments within 2
hr after their isolation, and were stored at 0-4° at 4 protein
concentration of approximately 20 mg/ml prior to use. Mito-
chondrial protein concentrations were estimated using a biuret
procedure (Layne 1957). Oxygen consumption was mea-
sured using a Clark-type oxygen electrode (Yellow Springs
5331) in 4 glass and Teflon reaction chamber. All experiments
were performed at a constant temperature at 28°. Absorption
measurements of the mitochondrial suspensions were made us-
ing a Hitachi-Perkin-Elmer Model 356 dual-beam spectropho-
tometer using the wavelength pair 340-374 nm to monitor
intramitochondrial pyridine nucleotides. The measurement
of ATP was accomplished on neutralized perchloric acid ex-
tracts of samples taken during various incubations using the
procedures of Williamson and Corkey (1968). Labeled citric
acid cycle intermediates and related amino acids were sepa-
rated and identified using anion-exchange column chromatog-
raphy as described by Von Korff (1968). The uncoupler
p-trifluoromethoxyphenylhydrazone of carbony] cyanide
(FCCP) was the generous gift of Dr. P. G. Heytler of Du
Pont. The following compounds were obtained from the
indicated sources: 1,10-phenanthroline (o-phenanthroline),
Sigma Chemical Co.; m-phenanthroline, Dr. Cyrle Parkanyi,
Department of Chemistry, University of Texas at El Paso;
2,2-dipyridyl (a,a-dipyridyl), Fisher Scientific Co.; 4,4-di-
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pyridyl (y,y-dipyridyl), Aldrich Chemical Co.; ammonium
purpurate (murexide), K and K Laboratories, Inc. L-Aspara-
gine-U-1*C was obtained from New England Nuclear Corp.
All other substrates and reagents were of reagent grade and
were purchased from common suppliers.

The stability constants of the chelator metal complexes were
taken from O’Sullivan (1969). For the reaction between the
metal (M) and the ligand (L), M + L = ML, the stability
constant is defined as X = [ML]/[MI][L]. The values of K,
the metal-ligand stability constant, were determined at 25-
30°, an ionic strength in the range of 0.01-0.5 and approx-
imately neutral pH.

The reaction mixture used in these experiments contained
KCl, 0.18 M; and potassium phosphate, 2 mMm; pH 7.2. The
exact reaction conditions of each experiment are detailed
in the figure legends. Magnesium was added as the chloride
unless otherwise noted. All chelators were added to the mito-
chondrial incubations as neutralized potassium salts.

Results

Previous studies have established that regulation of pyr-
uvate oxidation in isolated cardiac mitochondria may be ac-
complished through alterations of the intramitochondrial
concentrations of the ATP-magnesium complex (Schuster
and Olson, 1972). It was proposed that the ATP-magnesium
complex served as a substrate for the pyruvate dehydrogenase
kinase which catalyzed the phosphorylation and subsequent
inactivation of the pyruvate dehydrogenase multienzyme
complex (Linn er al., 1969a,b).

The data presented in Figure 1 illustrate the effect of var-
ious adenine nucleotides on the rate of oxidation of pyruvate
in isolated rabbit heart mitochondria. Rapid, linear rates of
pyruvate oxidation were observed in uncoupled mitochondria
(Figure 1, curve A) or in coupled mitochondria (not shown,
see Figure 3, Schuster and Olson, 1972). As can be seen in
Figure 1, curve B-ADP, the inclusion of ADP (4 mm) in the
mitochondrial incubation in the presence of uncoupler caused
a strong inhibition of pyruvate oxidation. It was previously
shown (Schuster and Olson, 1972) that this inhibition was
due both to the accumulation of ATP synthesized in the ade-
nylate kinase reaction and to the mobilization of intramito-
chondrial magnesium. Furthermore, it was demonstrated that
this inhibitory effect was prevented by atractyloside, was ac-
centuated by exogenous magnesium, was specific for pyruvate
oxidation, and was not due to the accumulation of either
inhibitory product of the pyruvate dehydrogenase reaction,
i.e.,, NADH or acetyl-CoA. The oxygen electrode trace
designated B-ATP in Figure 1 indicated that the addition of
ATP (4 mMm) to the uncoupled mitochondria did not affect
the rate of pyruvate oxidation. Apparently, added ATP was
not accessible to the site of inhibition of the pyruvate dehydro-
genase complex in this mitochondrial system. Addition of
AMP (4 mm) (curve B-AMP) caused only a slight inhibition
of the rate of pyruvate oxidation. It was anticipated that an
inhibition of pyruvate oxidation would not occur as the pres-
ence of AMP in the uncoupled mitochondria should have
prevented the generation of sufficient ATP to cause the in-
hibitory effect. Even if a small amount of ATP was produced
via the succinate thiokinase step of the citric acid cycle and
the nucleoside diphosphokinase reaction, the presence of
AMP and the adenylate kinase reaction should have converted
the ATP plus AMP to two molecules of ADP. Under these
conditions the pyruvate dehydrogenase linked protein kinase
would have been deprived of its substrate, the ATP-magne-
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FIGURE 1: The effect of various adenine nucleotides on the rate of
pyruvate oxidation in uncoupled isolated rabbit heart mitochondria.
The incubation medium contained KCl, 0.18 mM; K;HPO,, 2 mm;
pH 7.2, The mitochondrial protein concentration was 0.52 mg/ml.
Uncoupler (FCCP) was added to a final concentration of 1 um and
the concentrations of the substrates, pyruvate plus L-malate, were
1 mM. The adenine nucleotides were added as indicated to a final
concentration of 4 mm, The rates of oxygen consumption with each
of the indicated conditions was (in nmoles of oxygen/min per mg
of protein): FCCP alone, 235; FCCP plus AMP, 205; FCCP plus
ADP, 130; FCCP plus ATP, 245,

sium complex. Hence, the experiments shown in Figure 1
indicate that ADP was the only adenine nucleotide effective
in causing an inhibition of pyruvate oxidation in uncoupled
rabbit heart mitochondria. It should be noted that ADP in
the absence of the uncoupler did not cause an inhibition of
pyruvate oxidation (Schuster and Olson, 1972).

It was deemed essential to design experiments which would
alter the intramitochondrial concentration of the other com-
ponent of the dehydrogenase kinase reaction, namely free
magnesium. It was proposed (Schuster and Olson, 1972)
that the magnesium serving with the ATP to inactivate the
pyruvate dehydrogenase in this system was released or ‘‘mo-
bilized” from bound magnesium in the mitochondrion by
the combined action of the uncoupler and the added ADP by
an, as yet, unknown mechanism (Kun ef al., 1969, 1970;
Bogucka and Wojtczak, 1971). The following experiments
were designed to demonstrate that the inactivation of the
pyruvate dehydrogenase complex can be prevented by in-
cluding compounds in the incubation medium which chelate
intramitochondrial magnesium, released by uncoupler plus
ADP addition in this system. It is proposed that the dehydro-
genase kinase is inactive in the absence of available magne-
sium even though sufficient ATP may be present (see Table I).
Chelator compounds were chosen for use in these studies
both with regard to their stability constants for magnesium as
well as for their possible physiological significance for regulat-
ing the ratio of free/bound magnesium in the mitochondrion.

Figure 2, trace A, illustrates the inhibitory effect of ADP
addition to uncoupled mitochondria on pyruvate oxidation.
Trace B demonstrates that the inclusion of the amino acid,
L-asparagine (1 mu), in the mitochondrial incubation medium
prior to the initiation of respiration with ADP and uncoupler
caused a complete prevention of the inhibition of pyruvate
oxidation. That this effect of L-asparagine was indeed due to
its chelation of intramitochondrial magnesium was surmised
from the fact that the inhibitory effect on pyruvate oxidation
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FIGURE 2: The effect of L-asparagine and L-asparagine plus mag-
nesium on the oxidation of pyruvate by isolated rabbit heart mito-
chondria. Reaction conditions were identical with those described
in the legend of Figure 1.

could be reestablished by the addition of magnesium (10 mm;j
to the incubation (Figure 2, curve C). L-Asparagine has a
stability constant for magnesium of 1 X 104 and seems to be
freely permeable to the mitochondrial membrane. L-Aspara-
gine addition did not affect the rate of pyruvate oxidation in
either coupled or uncoupled mitochondria (not shown). In
addition, L-asparagine was not oxidized as a substrate when
incubated with L-malate in this mitochondrial experiment.
In this regard, when L-asparagine-U-1*C was incubated with
ADP-supplemented, uncoupled mitochondria oxidizing pyr-
uvate plus L-malate, label from vL-asparagine-U-1*C was

TABLE I: Relationship between the Rate of Pyruvate Oxidation
and the ATP Level of Isolated Rabbit Heart Mitochondria.

Rate of
Oxygen
Con-
sumption
(nmoles
of O,/  ATP Level
Concen- min per (nmoles of
Experi- tration mgof ATP/mg of
ment Addition (m»M) Protein)  Protein)
1 FCCP 1¢ 2187 2.6"
2 ADP 5 196 2500
3 FCCp 17 0 200
ADP 5
4 FCCP 1¢
ADP 5 191 230
L-Asparagine 1
5 FCCP 14 20 1090
ADP 5
L-Asparagine 1
MgClz 10

“ Concentration given as uMm. ® Rate of oxygen consumption
and the ATP level were determined after 3 min of incubation
under the conditions noted in the table and the legend for
Figure 1.
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FIGURE 3: A comparison of the effect of magnesium and L-aspar-
agine on the absorbance at 340 nm of mitochondrial suspension
oxidizing pyruvate plus L-malate in the presence of uncoupler plus
ADP. Reaction conditions are identical with those described in
the legend of Figure 1. Pyridine nucleotide absorbance measure-
ments were made as described in the Materials and Methods.

not incorporated into the intermediates in the citric acid cycle.
The only metabolite which was apparently formed in this
incubation was a very small amount of aspartate. The addi-
tion of L-asparagine to ADP-supplemented, uncoupled mito-
chondria oxidizing pyruvate plus L-malate did not cause an
alteration of the acetyl-CoA level. The acetyl-CoA level
of the L-asparagine-treated mitochondria was about 0.25
nmoles of acetyl-CoA/mg of protein, was maintained at a
constant level during the experiment, and was identical with
that in both the experiment in which pyruvate oxidation was
inhibited (ADP plus FCCP!) and the uninhibited, FCCP
control experiment (see Schuster and Olson, 1972). This ex-
periment indicated that the prevention of the inhibition of
pyruvate oxidation probably did not involve alterations of
the level of acetyl-CoA which is a known inhibitor of the
pyruvate dehydrogenase reaction.

As shown in Table I, nearly equivalent, rapid rates of pyr-
uvate oxidation (218 compared to 196 nmoles of oxygen/min
per mg of protein) obtained in mitochondria incubated in
the presence of a low ATP level, i.e., under uncouplted con-
ditions (2.65 nmoles of ATP/mg of protein), and in the pres-
ence of a high ATP level, i.e., under coupled conditions
(2500 nmoles of ATP/mg of protein). Addition of the un-
coupler (FCCP) and ADP resulted in a complete inhibition
of pyruvate oxidation at an ATP level 100 times greater than
that of the uncoupled mitochondria in the absence of ADP.
Addition of L-asparagine prevented the inhibition of pyruvate
oxidation under these conditions and resulted in an ATP
level of 230 nmoles of ATP/mg of protein. The addition of
magnesium to the L-asparagine-treated mitochondria re-
established the inhibition of pyruvate oxidation and also
resulted in an ATP level of 1090 nmoles of ATP/mg of pro-
tein. The point of this experiment is that the rate of pyruvate
oxidation cannot be correlated solely with the ATP level of
the mitochondrial incubation.

Figure 3 demonstrates the effect of ADP and uncoupler
(FCCP) addition to rabbit heart mitochondria oxidizing
pyruvate plus L-malate on the oxidation-reduction state of
the intramitochondrial pyridine nucleotides as measured by
the absorbance of the mitochondrial suspension using the
wavelength pair 340-374 nm. ADP plus uncoupler caused
an initial rapid oxidation followed by a slower oxidation
of pyridine nucleotides (Figure 3, trace A). Addition of mag-

| Abbreviation used is: FCCP, p-trifluoromethoxyphenylhydrazone of
carbonyl cyanide.
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FIGURE 4: A comparison of the rates of pyruvate oxidation of rabbit
heart mitochondria in the presence of both ADP and uncoupler
(FCCP) with varying concentrations of L-asparagine. The reaction
conditions were as described in the legend to Figure 1. The max-
imum rate of oxidation (in the presence of 5 mM L-asparagine) was
220 nmoles of oxygen/min per mg of protein,

nesium chloride (10 mM) to the mitochondrial incubation
which accentuates the inhibition of pyruvate oxidation under
these conditions caused a similar two-phase oxidation of
intramitochondrial pyridine nucleotides (Figure 3, trace B).
Pyruvate oxidation in both traces A and B was nearly com-
pletely inhibited and, hence, the mitochondrial suspension
did not become anaerobic with even prolonged incubation.
Trace C indicates that addition of ADP and FCCP to mito-
chondria containing L-asparagine (10 mMm) caused a less ex-
tensive oxidation of pyridine nucleotides and anaerobiosis
occurred within 3 min following the initiation of respiration
with ADP plus FCCP. Under the conditions of this exper-
iment pyruvate oxidation was not inhibited, yet the oxidation—
reduction state of the intramitochondrial pyridine nucleotides
was considerably more reduced than the experiments in which
pyruvate oxidation was completely inhibited (see traces A
and B). This experiment implies that NADH accumulation
was not involved in the inhibition of the pyruvate oxidase
system in these mitochondrial experiments.

The experiment shown in Figure 4 illustrates the concentra-
tion dependence of the effect of L-asparagine on the rate of
pyruvate oxidation in cardiac mitochondria. Without the
addition of L-asparagine the rate of pyruvate oxidation in
ADP-supplemented, uncoupled mitochondria was strongly
inhibited. Progressively increasing the L-asparagine concen-
tration from 0 to 5 or 10 mm caused a nearly complete pre-
vention of the inhibition of pyruvate oxidation. It is proposed
that as the concentration of chelator was increased, the level
of magnesium available for use in this system decreased, and
the ATP-magnesium complex, the substrate for the pyruvate
dehydrogenase kinase, was presumed to be limiting,.

Figure 5 shows a series of experiments designed to compare
the effects of L-asparagine, which is a reasonably good che-
lator of magnesium (stability constant, 1 X 1G4, to a naturally
occurring structural analog of L-asparagine, L-aspartate,
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FIGURE 5: A comparison of the effects of L-asparagine, L-aspartate,
and magnesium on the rate of pyruvate oxidation by rabbit heart
mitochondria in the presence of both ADP and FCCP. The re-
action conditions were identical with those described in the legend
to Figure 1 except that the mitochondrial protein concentration was
0.4 mg/ml. The maximum rate of oxygen consumption (in the pres-
ence of no Mg?*, and 1 mm asparagine) was 241 nmoles of oxygen/
min per mg of potein,

which is not as good a chelator of magnesium (stability con-
stant, 6 X 10?). In the absence of the chelator the rate of
pyruvate oxidation in ADP-supplemented, uncoupled mito-
chondrial was strongly inhibited. The addition of magnesium
chloride (10 mMm) accentuated the inhibition of pyruvate oxida-
tion (Schuster and Olson, 1972). The addition of L-aspartate
(1 mm) effected a partial release of the inhibition of pyruvate
oxidation. Addition of magnesium chloride (10 mm) in the
presence of the added L-asparatate reestablished a rather
strong inhibition of pyruvate oxidation.

Addition of vL-asparagine (1 mm) to the inhibited system
caused a nearly complete prevention of the inhibition of
pyruvate oxidation while the inclusion of magnesium chloride
(10 mm) in the presence of L-asparagine resulted in an oxygen
trace nearly equivalent to the reaction to which L-aspartate
alone was added. Neither L-aspartate nor L-asparagine was
metabolized under the conditions of these experiments.

To further establish that the release or prevention of the
inhibition of pyruvate oxidation in this system was mediated
by the chelation of intramitochondrial magnesium, other
magnesium chelators and their structural analogs were em-
ployed. The oxygen electrode tracings illustrated in Figure 6
demonstrate that addition of well-established magnesium
chelators such as o-phenanthroline (trace A) and eo,o-di-
pyridyl (trace C) to the inhibitory system caused a complete
prevention of the inhibition of pyruvate oxidation. The in-
clusion of nonchelating isomers of these two compounds,
m-phenanthroline (trace B) and v,y-dipyridyl (trace D}, caused
little change in the inhibition of pyruvate oxidation in the
ADP-supplemented, uncoupled mitochondria. Again, the
addition of compounds with a high binding affinity for mag-
nesium caused a competition to occur for intramitochondrial
magnesium with ATP and the pyruvate dehydrogenase ki-
nase. That the chelation of magnesium and not calcium was
of primary importance in the reversal or prevention of the
inhibition of pyruvate oxidation may be seen in the exper-
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FIGURE 6: A comparison of the effects of known magnesium chel-
ators and their structural analogs on the rate of pyruvate oxida-
tion by rabbit heart mitochondria in the presence of both ADP and
FCCP. The compounds were added to a final concentration of
1 mMm to a reaction mixture that was the same as that described in
the legend to Figure 1. The maximum rates of oxygen consumption
were 236 and 224 nmoles of oxygen/min per mg of protein for curves
A and C, respectively.

iment described in Figure 7. In this experiment, the inhibition
of pyruvate oxidation by ADP and FCCP (trace B) was pre-
vented by the magnesium chelator «,a-dipyridyl (trace A).
On the other hand, the inhibitory situation was unaffected by
the inclusion of murexide, a specific calcium chelator, at the
same concentration as «a,a-dipyridyl in the incubation
mixture.

In conclusion, Figure 8 shows the effects of a series of com-
pounds of differing stability constants for magnesium on the
prevention of the inhibition of pyruvate oxidation in ADP-
supplemented, uncoupled mitochondria. It is apparent that
at equimolar concentrations of the magnesium chelator, the
greater the binding constant for magnesium, the faster the
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FIGURE 7: A comparison of the effect of a magnesium chelator and
a calcium chelator on the rate of pyruvate oxidation of rabbit
heart mitochondria in the presence of both ADP and FCCP. The
reaction conditions were the same as those described in the legend
of Figure 1. The concentration of «,«-dipyridy! in the experiment
described by curve A was 1.0 mm while the concentration of murex-
ide in the experiment shown in curve C was 1.0 mym. The rate of
oxygen consumption of curve A was 224 nmoles of oxygen/min per
mg of protein.
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FIGURE 8: The relationship between the rate of pyruvate oxidation
of rabbit heart mitochondria in the presence of both ADP and
FCCP with the stability constants of various compounds for mag-
nesium. Reaction conditions were the same as those described in
the legend to Figure 1. The compounds noted were added to a
final concentration of 4 mM, The oxygen consumption rate reported
was that observed after respiration had proceeded for 2.5 min.

rate of pyruvate oxidation or, if you will, the less the inhibi-
tory effect of the ATP-magnesium complex on the pyruvate
oxidase system. The deviations from a straight-line relation-
ship may be related to permeability restrictions of the various
compounds employed in this intact mitochondrial system.
Also, the fact that EDTA and pyrophosphate fall below the
straight line indicates that the pyruvate oxidase system may
be operating at maximal velocity when the rate reached 250
280 nmoles of oxygen/min per mg of protein. It may be ap-
propriate to note the possible physiological significance of
some of the common substrates used in this experiment which
may affect the bound/free magnesium ratio in various cellular
compartments by virtue of their ability to chelate and, thus,
compete for free magnesium which may regulate enzymatic
functions such as the pyruvate oxidase complex.

It should be noted at this point that the magnesium che-
lators which prevent the inhibition of pyruvate oxidation were
without effect when they were added following the establish-
ment of the inhibitory condition. This observation implies,
but certainly does not prove, that the combined effects of
intramitochondrial ATP and magnesium cannot be reversed
simply by adding chelator compounds which may compete
with ATP for free magnesium. This observation is compatible
with a phosphorylation mechanism for the regulation of the
pyruvate oxidase in this mitochondrial system.

Discussion

The regulation of energy production in the mitochondrial
fraction of the cell is an often studied, complex consideration.
Prominent among the various mechanisms which have been
proposed for the regulation of mitochondrial energy produc-
tion are: (a} a respiratory control, and (b) small molecule
effector regulation of individual enzymes in the citric acid
cycle. Respiratory control depends upon the coupling rela-
tionship which exists between all the primary dehydrogenase
reactions of the mitochondrion and the processes of electron
transport and oxidative phosphorylation, while the effector
control of individual mitochondrial enzymes merely relates
to specific activations and/or inhibitions of enzymes pertinent
to the process of energy production by various small mole-
cules.
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Small molecule effector mediated regulation of the entry
of acetyl units from pyruvate into the citric acid cycle as a
prelude to oxidative energy generation has been proposed to
occur by a regulation of pyruvate dehydrogenase by acetyl-
CoA or NADH (Garland, 1964; and Garland and Randle,
1964) or citrate synthase by adenine nucleotides (Jangaard
et al,, 1968; and Shepherd and Garland, 1969) and by acyl-
CoA derivatives (Wieland and Weiss, 1963; Smith and Wil-
liamson, 1971). These suggested regulators of citrate synthase
in most cases must be substantiated in intact metabolic sys-
tems (e.g., see Olson and Williamson, 1971, and Olson and
Allgyer, 1972).

The importance of metal ions in enzymatic catalysis has
been recently reviewed (Mildvan, 1970). That divalent ions
may be important in the regulation of the activity of pyr-
uvate dehydrogenase has been pointed out by Linn et al.
(1972). In addition, the work of Reed and his colleagues (Linn
et al., 1969a,b, 1972; Reed et al., 1969) and of Wieland (Wie-
land and Jagow-Westerman, 1969; Wieland and Siess, 1970)
has demonstrated that the regulation of pyruvate dehydro-
genase from a variety of tissues may occur by a covalent
modification of the enzyme complex, i.e., phosphorylation
and inactivation by a specific protein kinase and dephos-
phorylation and reactivation by a specific phosphatase.

The present studies were designed to investigate factors
affecting the regulation of pyruvate oxidation in isolated
mitochondrial systems. Specifically we have attempted to
demonstrate the potentiality that pyruvate oxidation in mito-
chondrial systems may be regu'ated by kinase-mediated phos-
phorylation of the pyruvate dehydrogenase. We have pre-
sented evidence previously that the level of intramitochondrial
ATP and the availability of magnesium were of critical im-
portance for the inactivation of pyruvate oxidation in cardiac
mitochondria (Schuster and Olson, 1972). The experiments
described in the present communication were performed to
amplify the importance of the divalent cation magnesium
in the regulation of pyruvate oxidation.

That the availability of ATP was necessary, but not suffi-
cient alone for the regulation of the mitochondrial pyruvate
oxidizing system, is shown in Figure 1 and Table I. High
ATP levels and rapid rates of pyruvate oxidation persisted
in coupled mitochondria (ADP), in ADP-supplemented, un-
coupled mitochondria in the presence of the magnesium
chelator L-asparagine and in ATP-supplemented, uncoupled
mitochondria. Low ATP levels with rapid pyruvate oxidation
were observed with uncoupled mitochondria and with AMP-
supplemented, uncoupled mitochondria. Pyruvate oxidation
was inhibited only under conditions in which an elevated
ATP level occurred and in which intramitochondrial mag-
nesium has been released or “mobilized” by the combined
action of the uncoupler and ADP. These conditions obtained
in the case of ADP-supplemented, uncoupled mitochondria
are seen in Figure 1 and Table [, experiment 3. In
addition, the addition of exogenous magnesium to the
ADP-supplemented, uncoupled mitochondria accentuated
the inhibition of pyruvate oxidation (e.g., see Figure 5) and
the addition of exogenous magnesium to ADP-supplemented,
uncoupled mitochondria in the presence of L-asparagine also
caused severe inhibition of pyruvate oxidation. Soluble mag-
nesium salts other than the chloride (e.g., acetate) gave a
result identical with that described for magnesium chloride.
Hence, it seems clear that the availability of both ATP and
magnesium was necessary for the inactivation of pyruvate
oxidation in this isolated mitochondrial system. It may be
appropriate to note that the addition of exogenous magnesium

to coupled mitochondria (ADP), uncoupled mitochondria
(FCCP), and ATP-supplemented, uncoupled mitochondria
did not result in an inhibition of pyruvate oxidation (exper-
iments not shown).

That L-asparagine was acting to prevent the inhibition of
pyruvate oxidation by chelating intramitochondrial magne-
sium was implicated by the following observations: (a) in-
hibition of pyruvate oxidation was reestablished in L-aspara-
gine-treated mitochondria by adding excess magnesium;
(b) L-aspartate, a structural analog of L-asparagine with a
much lower stability constant for magnesium, was not effec-
tive in preventing the inhibition of pyruvate oxidation; (c)
D-asparagine and L-asparagine both had similar effects on the
prevention of the inhibitory effect; (d) L-asparagine was not
metabolized in this system and, thus, apparently exerted its
effect through some “nonmetabolic” effect; and (e) other
amino acids such as glycine and glutamine which were not
metabolized and which have reasonably high (103-10¢) sta-
bility constants for their magnesium complex gave similar
results to that obtained with asparagine.

The proposal that intramitochondrial magnesium was an
important component in the process of inactivation of the
pyruvate oxidase complex was further supported by the exper-
iment illustrated in Figure 6. Magnesium chelators such as
o-phenanthroline and a,a-dipyridyl completely prevented the
inhibition of pyruvate oxidation while their nonchelating
structural analogs m-phenanthroline and +,y-dipyridyl
had no effect on the pyruvate oxidase inhibition. When using
any family of metal ion chelators, care must be taken that the
compounds may be forming stable complexes with other
metals than magnesium. In mitochondrial systems the other
divalent metal ion which is of crucial importance in a variety
of processes is calcium. The experiment shown in Figure 7
indicates that the addition of murexide, a compound which
forms a stable complex with calcium and not magnesium, did
not prevent the inhibition of pyruvate oxidation. Again, this
experiment implies that one of the components involved in
this inhibitory system must be magnesium.

If the ability of a compound to tie up magnesium or com-
pete with the pyruvate dehydrogenase linked protein kinase
for magnesium depends upon the stability constant of its
magnesium complex, a linear relationship should obtain when
the logarithm of the stability constant is plotted against the
ability of the compound to prevent the inhibition of pyruvate
oxidation. That this was the case for the series of compounds
tested in this study may be seen in Figure 8. If the pyruvate
oxidation rates were plotted against the stability constant of
these compounds for either calcium or manganese, a linear
relationship was not evident (data not shown).

It seems clear from the data presented in this and the pre-
vious communication from this laboratory (Schuster and
Olson, 1972) that the regulation of pyruvate oxidation in
intact rabbit heart mitochondria may depend upon both the
levels of intramitochondrial ATP and free, unsequestered
magnesium. That various naturally occurring substrates or
compounds by virtue of their ability to form stable complexes
with metal ions may serve as regulators of various metabolic
reactions which depend upon these metal ions is an intrigu-
ing possibility.
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Regulation and Kinetics of Glucose-6-phosphate

Dehydrogenase from Candida utilis*

Adeyinka Afolayan

ABSTRACT: Torula yeast (Candida utilis) glucose-6-phosphate
dehydrogenase catalyzes only the NADP-dependent oxida-
tion of glucose-6-P. When NADP™ is the variable substrate,
a hyperbolic rate-concentration response curve was obtained
below 1 mm of the coenzyme. At higher NADP™* concentra-
tion, a marked substrate inhibition and/or inactivation was
observed. NADPH is an allosteric effector as well as a com-
petitive inhibitor. The response curves at various (NADP):
(NADPH) ratios at two different total pyridine nucleotide
concentrations of 50 and 200 uM, respectively, were found to
be sigmoidal. It is not unlikely that both the absolute con-
centration of NADP+and NADPH and the ratio of their levels
might be important for regulation. While ATP severely in-

Glucose-6-phosphate dehydrogenase (glucose 6-phos-
phate:NADP oxidoreductase, EC 1.1.1.49)! is an enzyme
which has been highly purified and extensively studied from
many sources including microorganisms and mammalian
tissues (Glaser and Brown, 1955; Noltmann er al., 1961;
Marks et al., 1961; Kirkman and Hendrickson, 1962; Chung
and Langdon 1963; Yoshida, 1966; Luzzatto and Afolayan,
1968, 1971; Afolayan, 1969; Afolayan and Luzzatto, 1971;
Sanwal, 1970; Olive et al., 1971). In addition, one noteworthy

T From the Division of Biochemistry, Department of Biological
Sciences, University of Ife, Ile-Ife, Nigeria. Received January 19, 1972.

* Abbreviations used are: NADP*, oxidized nicotinamide-adenine
dinucleotide phosphate; NADPH, reduced nicotinamide-adenine
dinucleotide phosphate; NAD~ and NADH, oxidized and reduced
nicotinamide~adenine dinucleotide.
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hibited the enzyme, neither AMP nor 6-phosphogluconate
had any effect on the enzyme. Both spermidine and 3’,5'-
cyclic AMP are activators. The extent of activation by cyclic
AMP depends on the concentration of the cyclic nucleotide
itself as well as on NADP~ concentration. Thus, cyclic AMP
relieves torula yeast glucose-6-P dehydrogenase of substrate
inhibition observed at high NADP~ concentration. The physi-
ological implications of these results are discussed. The na-
ture of reaction mechanism inferred from the kinetic data is
also presented and discussed. A simple ordered sequential
mechanism with NADP™ binding first to the enzyme has been
proposed.

development is a growing interest in the regulation and con-
trol of the activity of this enzyme by some metabolites, cat-
ions and nucleotides. However, the mechanism of regula-
tion and control is not clearly understood.

Since glucose-6-P dehydrogenase is the initial enzyme of
the pentose phosphate pathway, a branching sequence from
the glycolytic pathway and which produces NADPH and
pentose, the existence of sophisticated mechanism for the
control and regulation of its activity is not surprising. More-
over, the reduced coenzyme is the major source of metabolic
hydrogen in aerobic organisms and is necessary for the for-
mation of glutamate, lipids, deoxyribonucleotides, cell walls,
and other cellular components. Recently, Luzzatto (1967),
Afolayan and Luzzatto (1971), and Luzzatto and Afolayan
(1971) showed that both the absolute amount of NADP and
NADPH concentrations as well as their ratio are crucial in



