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the regulatory activity. This levelling off effect is evidence
against any proposal that the loss of regulatory activity is due
to modification of one or more sulfhydryl groups of less reactiv-
ity than the groups involved in the loss of catalytic activity.
If such were the case one would get significant allosteric
activity when very little catalytic activity remains, as observed
but the levelling off effect would not be explained. On the
contrary, the patterns indicate loss of regulatory activity by
modification of a very reactive residue but that once this
residue is modified alterations in other residues have only a
slight effect on the regulatory activity. This indicates that
the regulators do not bind to the residue which undergoes modifi-
cation. The changes produced by sulfhydryl binding initiallv
result in diminished regulatory activitv but the modification can
affect only approximately 60% of the potency of the concerted
inhibition. A point may be made here that only two concentrations
of inhibitor were investigated and part of the apparent effect of
these SH reagents may be to modify the effects of various concen-
trations of effectors on the enzyme activity (i.e. Ki may be
altered). The levelling off cannot be attributed to modification
of tl.. binding site for one of the concerted inhibitors and not
the other, since levelling off also occurs with the separate
inhibitions. The greater effect on glyoxalate indicates that

the greatest steric or electronic hindrance is to its binding

site rather than to that for OAA.
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Role of the Concerted Inhibition in the Metabolic Function of

Mitochondrial NADP-ICDH

Since isocitrate is a metabolic branching point it is
essential that its concentration be carefully regulated by control
of the enzymic reactions which produce and utilize it. Intra-
mitochondrial isocitrate oxidation may be by either the NAD-ICDH
or NADP-ICDH with present trends tending to assign the NADP-ICDH

4,5. In

a secondary role in energy linked electron transport
carrying out this particular function it is thought to operate
via a transhydrogenase that is effective between NAD and NADPH to
produce NADH to enter the respiratory chain. The activity of

the transhydrogenase pathway is relatively low under normal
conditions but is stimulated during periods of increased energy
demands by the lowered ATP:ADP ratio. In this case NADP-ICDH
may be controlled by energy needs indirectly via the transhydro-
genase pathway. The concerted inhibition mav further act as a
control mechanism and open up a variety of functions for this
enzyme relating it to the TCA cycle and to other metabolic
pathways.

In microorganisms where isocitrate represents a branch
point for reactions catalyzed by enzymes of anaplerotic sequences,
metabolic significance of inhibition by glyoxalate and oxaloacetate
in the integration of the TCA and glyoxalate cycles may be readily
postulated 52’108. It may then be suggested that in mammalian

species where such anaplerotic sequences do not occur, the con-

certed inhibition may represent a fossil activity. It would
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however, be preferable to propose a physiological role for this
inhibitior in ICDH — an enzyme of indeterminate function.

An interesting observation arising from the present
work is the occurrence of the three enzymes, MDH, LDH and ICDH
together in the commercial enzyme preparation. Based on corre-
spondence of properties *5 those in the literature (isoelectric

pointslog’llo, elution from CM celluloselll, and effects of high

OAA concentrationlll

) the commercial ICDH preparation appears
to contain at least one mitochondrial and one supernatant iso-
enzyme of MDH. It should be noted that it is the mitochondrial
form of MDH w ich contaminates the ICDH after gel filtration on
G-150.

Lactate dehydrogenase is suggested to be responsible
for the observed glyoxalate reductase activity of *he commercial
sample of enzyme (Fig. 7) since both activities are eluted from
the CM column together and LDH is thought to accept glyoxalate
as substrate 95’96. It is of course possible that there 1is
another enzyme present which reduces glyoxalate. In either case
it is interesting that an enzyme — ICDH — occurs in proximity
with two other enzymes whose individual substratés, together
inhibit the third enzyme. All the more intriguing is the fact
that the enzymes which utilize these two metabolites as
substrates are very much biased in favor of a coenzyme (NADH)

which ICDH will not accept. This in itself may represent a form

of control linked to the possible role of ICDH.
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A parallellism of properties and location has been
noted before in the case of MDH, ICDH and aspartate aminotrans-
ferase109’112. The observation that MDH and aspartate amino-
transferase "copurify" was in fact used by Greville to suggest
some special realtionship between these two enzymesll2, Such
reasoning may also be invoked to propose a special relationship
between ICDH and MDH which were shown to exhibit a significant
number of similarities and a tendency to "copurify" in the
present work. The ICDH preparations used were not examined for
aspartate aminotransferase activity.

Since pure ICDH was not obtained the question of a
commonreactant (OAA) for MDH and ICDH has not yet been settled.
With regard to the observed NADPH linked OAA reduction, MDH 1is
apparently unable to account for all of the activity (Figs. 2
and 3) suggesting that ICDH does in fact catalyze this reaction.
Other explanations discounting ICDH are unlikely. There may be
another enzyme which copurifies exactly with ICDH; however, no
such enzyme has been reported. The only other possibility would
arise from a complementary interaction of MDH and ICDH to form
a complex with enhanceu NADPH-0AA oxidoreductase activity. While
interactions of multienzyme complexes are an established phenome-
non, these possibilities seem remote here.

Unfortuantely MDH and ICDH were not separated although

a tendency toward separation was observed and it is likely that
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glyoxalate and oxaloacetate would not occur. This suggests that
under physiological conditions the concentration of glyoxalate
and oxaloacetate may never reach the point where they may inhibit
the back reaction. Thus ICDH, with dehydrogenation inhibited,
could operate in a reverse direction to lower the concentration
of a-ketoglutarate and consequently that of glyoxalate and oxalo-
acetate.

Considering other pathways lactate dehydrogenase has
been implicated in glyoxalate metabolism and glyoxalate in turn
in glycine oxidation, once again connecting ICDH with amino acid
metabolismgS. High concentrations of oxaloacetate on the other
hand inhibit both MDH and ICDH. Other examples could be cited
but these se1 e to indicate that the proposal of feed-back
inhibition can be justified.

It would appear that the concerted inhibition is more
significant than the separate inhibitions because of the much
lower concentrations required. However, present knowledge of
intracellular metabolite concentration, expecially with regard to
compartmentalization and the possibility of pockets of high con-
centrations of specific metabolites, is insufficient to completely

rule out a role for the separate inhibitors.



APPENDIX I

En: me samples, purified by the method of Colman,
typically sh¢ ed MDH levels around 30% of the ICDH activity
when express in terms of the rate of nucleotide reduction/

mg protein. Partially purified MDH from pig heart has been
92

obtained with a specific activity of 322 umolar units/mg
Thus, the c¢ ilytic constant for MDH is at the very least
10 x that of ICDH, where maximum specific activity is about
29 umolar ul :-g.

Tt 5, on a protein weight basis, "pure" ICDH con-
tains less ° in 3% MDH. The specific activity of 322 umolar

units/mg for pig heart MDH is undoubtedly not the absolute

specific ac” ity of the enzyme. More highly purified samples
16

of MDH from ., subtilis and beef heartl09 exhibit specific

activities ¢ 810 and 1100 respectively. Thus, it would seem

110

likely that '"pure" pig heart ICDH contains <1% MDH contamination.
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APPENDIX TIT

In order to express the radiation-induced damage
to molecules quantitatively, the term G-value has been intro-

duced. The G-value i1s defined as

number of molecules damaged

100 eV of energy absorbed

(X % 10_3 moles/ml)(6 x 1023 molecule;hole)

e.g5. G = S x 100 eV
(Dpggs? (6.2 x 10 eV/rad/gm)

(0.98 x 109)  [X]

D

where [X] concentration of damaged molecules (molar)

D

dose (rads).

With enzyme inactivation the number of molecules
damaged cannot be directly measured. Therefore, in order to
calculate a G-value another equation is used which involves

measurable parameters, viz.

[E]
G =
D37 x 1079
where [E] = enzyme concentration
and D3, = dose required to cause 63% inactivation of the

enzyme.



For the derivation of this equation see references 117 and 118.
With the indirect effect a further complication must

be considered. Other substances present in the solution,

buffer molecules in particular, absorb a considerable amount

of the radiation energy so that the effective dose is less than

the measured value. To correct for this a graph such as Fig. 11B

is plotted and extrapolated to zero [E]. The D37 value at the

intercept is the contribution of the buffer. This value is

then subtracted from the observed D and G calculated using

37

the corrected D37.
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