


that fluorocitrate formation proceeds at 1/350th the rate of citrate synthesis under comparable conditions
and effectively F-acetyl-CoA is a potent competitive inhibitor of citrate synthesis in an enzymatic
system. It can be predicted that large doses of acetate would be moderately effective in counteracting
the formation of the toxic fluorocitrate, by competing for F-AcCoA formation and therefore acetate may
diminish F-acetate toxicity. This was shown to be the case using glycerol-monoacetate that was somewhat
protective in monkeys against F-acetate poisoning (8). However, only large doses are effective as

would be anticipated from Table 1 and this agent only slows down fluorocitrate formation but does not

alter fluorocitrate toxicity.

The consecutive and most important product is formed from F-acetyl-CoA and oxalacetate and this
substance was identified in our laboratory by enzymatic (6, 7) and chemical (9; synthesis and its
precise sterochemistry established by NMR (6, 7) and X-ray diffraction (10, 11) to be {-)-erythro-
fluorocitric acid or expressed in more precise stereochemical nomenclature as 'R-2R-1-fluoro-2-hydroxy-
1, 2, 3-propanetricarboxylic acid. (Fig. 1) or 2R, 3R (-)-erythrofluorocitric acid, as shown in Fig. 1.
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Fig. 1. This is the isomer described by Dummel and Kun (1969, J. Biol. Chem. 244,
2966) and defined as (-)-erythro-fluorocitrate by them. We report here structural
studies of the mirror image (enantiomer) of this isomer. Crystals of the complex
of the diethyl ester of (+)-erythro-fluorocitrate with (-)-methylbenzylamine were
studied by X-ray diffraction techniques. Since the absolute configuration of (-}~
methylbenzylamine has already been determined experimentally, the absolute
configuration of the (+)-erythro isomer of fluorocitrate is thereby established,
This isomer is shown to be noninhibitory with the enzyme aconitase, while its
racemate is a powerful inhibitor. Thus it is proved that the absolute configura-
tion of the isomer of fluorocitrate that is formed from fluoroacetyl-CoA by the
enzyme citrate synthase, and that inhibits aconitase, is the 2R, 3R, isomer {cf. 11).

The metabolic conversion of F-acetate to the toxic factor (-)-erythrofluorocitrate is clearly a
slow process that can be modified by the preexistence of competing physiolegical metabolites and this
explains the slow onset of toxic symptoms after ingestion of F-acetate. The nature of the molecular
toxicology of (-}-erythrofluorocitrate has been proposed by the metabolic hypothesis to be an
inhibitory effect on the mitochondrial enzyme aconitase that maintains an equilibrium between citrate
and isocitrate. My concern about the correctness of this hypothesis is based on results of enzyme

kinetics.

Enzyme kinetics shows that with highly purified aconitase enzymes the inhibition is competitive
and reversible (Fig. 2).

Fig. 2. Competitive inhibition of cytoplasmic (A) and mitochondrial
(B) aconitase of pig Tiver by {-)-erythrofluorocitrate. Rates of
cis-aconitate formation from citrate were measured at 240 nm {10)
in 0.15 M Tris-HC1, pH 7.5, at 25°. In A, 1.5,9 {protein) of
cytoplasmic aconitase, and in B, 32 pug of mitochondrial aconitase,
were used per test system {5-cm light path; 3-ml volume) at varied
concentrations of citrate (abscissa). Curve 1, 500 uM fluoro-
citrate; 2, 100 uM fluorocitrate; 3, no fluorocitrate (cf. 12).
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This information predicts that if citrate accumulates, as is the case in F-acetate poisoning, the
inhibition by fluorocitrate should disappear; therefore, the metabolic hypothesis of F-acetate peisoning,
based on reversible kinetics, cannot be correct because despite large citrate accumulation in cells, F-

acetate poisoning is not alleviated.

The metabolic theory has been tested in our laboratory with a number of other F-substituted
carboxylic acid analogs of the citric acid cycle (cf. 5) which proved to be selective reversible
competitive inhibitors of mitochondrial as well as cytoplasmic enzymes. The inhibitory effect of some
F~carboxylic acids (e.g. monofluoro-oxalacetate on malate dehydregenase) is much larger than the inhibi-
tory effect of (-)-erythrofluorocitric acid on aconitase, yet F-carboxylic acids that cannot be effective-
1y converted to (-)-erythrofluorocitric acid are relatively nontoxic. Properties of F-carboxylic acids

are summarized in Table 2.
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The main lesson deduced from these data is that reversible competitive inhibition of aconitase or
any other c¢itric acid cycle enzyme by a F-carboxylic acid does not inhibit cellular respiration and
energy production as, for example, is the case if one inhibits mitochondrial cytochrome oxidase by

cyanide.

Reactions of (-)-erythrofluorocitric acid with mitochondrial proteins.

We have known ever since 1963 {7) that (-)-erythrofluorocitric acid exerts an inhibitory effect on
aconftase activity of crude mitochondrial extracts that is not explained by a linearly competitive
reversible inhibition, as illustrated in Fig. 2. Much smaller concentrations of (-}-erythrofiuorocitric
acid than would be predictable from Ki values derived frominitial velocity analysis cause a complete
inactivation of this enzyme, if sufficient time is allowed for this process of inactivation to proceed
as illustrated in Fig. 3. The effect under these conditions is irreversible and is reminiscent of
kinetics of enzyme inactivation by active site-oriented irreversible inhibitors.
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Fig. 3. Lower curve: rate in the presence of 1
uM F-ci (cf. 4).

One possibility appeared to be an enzymatic conversion of (-)-erythrofluorocitrate to a reactive species,
such as F-aconitate, that could alkylate thiol groups of the enzyme. However, it was shown (14) that
purified aconitase catalyzes the defluorination of (-}-erythrofiuorocitric acid in the presence of cysteine
and Fe 2% and converts it to hydroxy-titrate, which is only a reversible inhibitor of aconitase and does
not bind to aconitase protein. Subsequent work in our laboratory with [14C] 1abeled {-}-erythrofiuoro-
citrate of high specific activity opened up a new territory of investigation (16). It was shown that in
crude extracts of mitochondria (-)-erythrofluorocitric acid was bound to macromolecules (Fig. 4).
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Fig. 4. [Inner mitochondrial membrane vesicles were incubated
with 14C-(-)-erythrofluorocitrate and after dissolution in
guanidine HC1 passed through a Sephadex G-200 molecular filter
column. Unreacted F-citrate separates (peak at right) from
protein bound F-citrate (cf. 15),

Furthermore, evidence was obtained that at Teast three molecular species of proteins served as 1igands
for (-}-erythrofluorocitrate, as illustrated in Fig. 5.
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Fig. 7. Process of protein fluorocitrylation.
Abscissa = puM F-citrate, Ordinate = rate of
protein binding (cf. 15).

The reaction is clearly a catalytic process, but we are still uncertain about the nature of its
detafled mechanism that is, I believe, the central problem of fluorocitrate toxicity. One experimentally
well-documented consequence of macromolecular association of {-)-erythrofluorocitric acid with mito-
chondrial proteins is the irreversible inactivation of metabolism-connected citrate in and outfiux in
isolated mitochondria (15). There is controversy about the relevance of another type of citrate flux
in mitochondria, which is termed as exchange diffusion and is measured in the absence of metabolism,
with inhibitors of metabolic functions present. I believe that the metabolism-connected much slower
rate of citrate transport that we are studying is the one that is inactivated by nmolar concentrations
of (-)-erythrofiuorocitric acid and this process is the physiologically significant transport of citrate.
It can be postulated that in certain animal species, where the biosynthesis of the brain transmitter
substance acetylcholine is entirely dependent on the export of intramitochondrially generated citric
acid, the membrane transport site of mitochondria for citrate may be a target site that could explain
the neurotoxic effect of (-)-erythrofluorocitric acid. 1 believe this to be an interesting but, perhaps
not crucial, mechanism and our research work tends to indicate an even more complex inner mitochondrial
system that, according to my present state of information, is the real target site of F-acetate poisoning
on a molecular level. Briefly, we isolated a new mitochondrial protein, which is 1ikely to be the 180 kd
protein shown in Fig. 5. Characteristics of this protein are shown in Fig. 8, which is a gel electro-
phoresis pattern at various stages of purity.

_ of the new mitochondrial protein at various stages
of purity. 1 = Purified aconitase, 2 = Fe-S
protein after isoelectric purification, 3 = Fe-$
protein after aminchexyl sepharose chromatography.
Main protein = 40 kd., 4 = Standards: BSA and

= Fig. 8. Gel electrophoresis (SDS) characteristics
L
cytochrome C.
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