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Inhibition of pyruvate dehydrogenase complex by moniliformin
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The mechanism for the inhibition of pyruvate dehydrogenase complex from bovine heart by moniliformin
was investigated. Thiamin pyrophosphate proved to be necessary for the inhibitory action of moniliformin.
The inhibition reaction was shown to be time-dependent and to follow first-order and saturation kinetics.
Pyruvate protected the pyruvate dehydrogenase complex against moniliformin inactivation. Extensive
dialysis of the moniliformin-inactivated complex only partially reversed inactivation. Moniliformin seems
to act by inhibition of the pyruvate dehydrogenase component of the enzyme complex and not by acting
on the dihydrolipoamide transacetylase or dehydrogenase components, as shown by monitoring the effect of
moniliformin on each component individually. On the basis of these results, a suicide inactivator mechanism
for moniliformin on pyruvate dehydrogenase is proposed.

INTRODUCTION

Moniliformin is a highly toxic fungal metabolite pro-
duced by several species of Fusarium, most of which are
commonly found on basic foodstuffs (Rabie et al., 1982).
It is produced in large quantities (approx. 10 g/kg of
growth medium) by some fungal isolates under laboratory
conditions (Kriek et al., 1977) and has also been shown
to occur naturally on maize (Thiel et al., 1982).
Moniliformin is normally isolated as the potassium or
sodium salt of semi-squaric acid (1-hydroxycyclobut-
l-ene-3,4-dione) (Springer et al., 1974) (Fig. 1). It is
acutely toxic to ducklings (LD;, = 3.68 mg/kg, orally),
rats (LD, = 50.0 and 41.6 mg/kg, orally, for males and
females respectively) (Kriek et al., 1977), cockerels
(LD, = 4 mg/kg, orally) (Cole et al., 1973) and mice
(LD,, = 24 mg/kg, intraperitoneally) (Farb et al., 1976).
Ducklings and rats treated with moniliformin at the
above-mentioned LD,, values undergo ‘progressive
muscular weakness, respiratory distress, cyanosis, coma
and death’ (Kriek et al., 1977).

These clinical symptoms led Thiel (1978) to study the
effect of moniliformin on energy yielding processes by
measuring oxygen consumption after the addition of
various substrates to isolated rat liver mitochondria.
Micromolar concentrations of moniliformin were found
to inhibit mitochondrial pyruvate and a-oxoglutarate
oxidation selectively.

(o]

N7

C w— C

M= Naor K

C r—— C

H oM
Fig. 1. Chemical structure of moniliformin
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The overall reaction of the a-oxo acid dehydrogenases
can be represented as:

R-CO-COO~+CoA +NAD* >
R~CO-SCoA +CO,+NADH +H*
where R = CH, (pyruvate) or CH,~COO~ («x-oxogluta-

rate) (Stanley & Perham, 1980). The reaction is
dependent on five cofactors, i.e. lipoate and FAD (both

.of which are bound to the complex), thiamin pyrophos-

phate, CoA and NAD".

Pyruvate dehydrogenase complex from bovine heart
consists of pyruvate dehydrogenase (EC 1.2.4.1), dihydro-
lipoamide transacetylase (EC 2.3.1.12) and dihydrolipo-
amide dehydrogenase (EC 1.8.1.4) [for reviews see Reed
(1974) and Hucho (1975)].

Preliminary results of a study of the molecular
mechanism of moniliformin inhibition led Hofmeyr et al.
(1979) to propose that moniliformin acts as a suicide
enzyme inactivator, which requires chemical activation
by the target enzyme. A chemical reaction then occurs
between the inhibitor and the enzyme, resulting in
irreversible inhibition of the enzyme (Rando, 1974). The
present paper describes experiments designed to test the
hypothesis that moniliformin acts as a suicide enzyme
inactivator.

MATERIALS AND METHODS
Reagents

All chemicals were of analytical reagent grade. Bio-Gel
A-150m was purchased from Bio-Rad Laboratories,
Richmond, CA, U.S.A. Moniliformin was isolated from
pure cultures of F. moniliforme var. subglutinans grown
on maize (Steyn ez al., 1978).

Enzyme isolation

The a-0x0 acid dehydrogenase complexes were isolated
from bovine heart by the procedure described by Stanley
& Perham (1980). This involved homogenization of the
heart tissue, fractionation of the complexes with
poly(ethylene glycol) and chromatographic purification
of the partially purified complexes by gel filtration. The



720

0
10.4 um
8
b
=
°
<
53.6 um
220.4 um
10 1 1 1 1 1 1 )
0 10 20 30 40 50 60 70
Time (min)

Fig. 2. Time-dependence of the inactivation of pyruvate dehydro-
genase complex by moniliformin

Pyruvate dehydrogenase complex (0.39 mg/ml) was incu-
bated in potassium phosphate buffer (50 mm, pH 6.8)
containing MgCl, (1 mM), EDTA (0.5 mm), thiamin
pyrophosphate (2 mM, pH 6.8) and dithiothreitol (2 mm) in
the absence or presence of moniliformin at the concentra-
tions shown on the Figure.

following minor modifications were made. Phenylmeth-
anesulphonyl fluoride, a proteinase inhibitor and an
inhibitor of pyruvate dehydrogenase phosphatase, was
omitted from the initial homogenization step, thereby
increasing by 479, the specific activity of the crude
preparation of pyruvate dehydrogenase complex obtained
after phosphatase activation. Replacing Sepharose 2B
with Bio-Gel A-150m for gel filtration of the partially
purified pyruvate dehydrogenase complex increased the
recovery in this step from 29 to 689,. The specific
activities of the purified pyruvate dehydrogenase and
a-oxoglutarate dehydrogenase complexes were 5.7 and
0.23 ymol/min per mg of protein respectively.

Enzyme assays

Assays for pyruvate dehydrogenase and a-oxoglutarate
dehydrogenase complex activities and for dihydrolipo-
amide dehydrogenase activity were based on the methods
of Brown & Perham (1976). For the assay of pyruvate
dehydrogenase and ax-oxoglutarate dehydrogenase activi-
ties, cysteine was replaced by dithiothreitol and the pH
of thiamin pyrophosphate stock solution was adjusted to
8.0. Thiamin pyrophosphate was omitted from the
dihydrolipoamide dehydrogenase assay. Dihydrolipo-
amide transacetylase activity was determined by the
method of Hayakawa et al. (1966). Pyruvate dehydro-
genase activity was determined by the reduction of 2,6-
dichlorophenol-indophenol as described by Khailova
et al. (1977). All enzyme activities are given in units of
pumol of substrate consumed or product produced/min.
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RESULTS

Inhibition of pyruvate dehydrogenase complex by
moniliformin

Pyruvate dehydrogenase complex was incubated at
30 °C with and without moniliformin for 60 min. In the
absence of moniliformin, pyruvate dehydrogenase
complex showed no loss of activity over 60 min.
However, in the presence of moniliformin the inactivation
of pyruvate dehydrogenase complex was time-dependent
and followed first-order kinetics for at least 15 min (Fig.
2). Subsequent experiments were done by determining the
percentage inactivation after Smin incubation. The
inhibition reaction was shown to follow saturation
kinetics (Fig. 3).

These results were analysed by the theoretical model
developed by Kitz & Wilson (1962). In the equation

En Kinact
E+I=—EI—/F;
k_y

E = free enzyme, I = free inhibitor, EI = enzyme-in-
activator complex and E; = inactivated enzyme.

Enzyme inactivation proceeds by a two-step mechanism
in which equilibrium is maintained in the first step
throughout the reaction. For each moniliformin concen-
tration, the observed rate constant for inactivation (k)
could be calculated from the half-time of inactivation
(kobs = In 2/1t3) obtained in Fig. 2. A secondary plot of
1/kqys versus 1/moniliformin concentration (Fig. 4) gave
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Fig. 3. Effect of moniliformin concentration on the percentage

inactivation of pyruvate dehydrogenase complex after
5 min incubation

Conditions were as described in Fig. 2.
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Fig. 4. Determination of kinetic constants for the inactivation of
pyruvate dehydrogenase complex by moniliformin

Conditions were as described in Fig. 2.

the K; value of 0.24 mM and a rate constant for
inactivation (kjpec) Of 0.38 min—!.

Varying the thiamin pyrophosphate concentration
from 0 to 20mm during incubation of pyruvate
dehydrogenase complex with moniliformin indicated that
the degree of moniliformin inhibition is dependent on the
presence of thiamin pyrophosphate in the reaction
mixture, but that the percentage inactivation decreases as
the thiamin pyrophosphate concentration is increased
from 0.5 to 20 mM (Fig. 5).

Effect of pyruvate on moniliformin inhibition

Pyruvate dehydrogenase complex was treated with
moniliformin in the presence of increasing concentrations
of pyruvate. The inhibitory effect of moniliformin on
pyruvate dehydrogenase complex was decreased with
increasing concentrations of pyruvate (Fig. 6), indicating
a possible competition of moniliformin and pyruvate for
the same site on the enzyme.

Reversibility of moniliformin inhibition

Pyruvate dehydrogenase complex was incubated both
with and without moniliformin for 60 min at 30 °C. The
activity of the complex was determined directly after
incubation, after 6 h dialysis at 4 °C and again after a
further 18 h dialysis at 4 °C (Table 1). The uninhibited
enzyme complex lost 15% of its activity during dialysis.
The inhibited enzyme complex, which lost 959 of its
activity, regained only 109 of its original activity during
dialysis, indicating a degree of irreversible binding of
moniliformin to the complex.

Identification of the enzyme component(s) involved in
moniliformin inhibition

The activities of the individual enzyme components of
pyruvate dehydrogenase complex were determined in the
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Fig. 5. Inhibition of pyruvate dehydrogenase complex by monili-
formin in the presence of various thiamin pyrophosphate
concentrations

Pyruvate dehydrogenase complex (0.39 mg/ml) was incu-
bated for 5, 10 and 15 min in potassium phosphate buffer
(50 mM, pH 6.8) containing MgCl, (1 mm), EDTA
(0.5 mm) dithiothreitol (2 mm), moniliformin (0.1 mm) and
various concentrations of thiamin pyrophosphate
(0-20 mm, pH 6.5)

=)
£
3
€
3
z
3
2
£ 10}
8
Q
w
| 1 | | 1 1
0 10 20 30 40 50 60

[Pyruvate] (um)

Fig. 6. Effect of pyruvate on the inhibition of pyruvate
dehydrogenase complex by moniliformin

Pyruvate dehydrogenase complex (0.39 mg/ml) was treated
with increasing concentrations of pyruvate (0—-60 M) in a
reaction mixture containing potassium phosphate buffer
(50 mm, pH 6.8), MgCl, (1 mm), EDTA (0.5 mM), thiamin
pyrophosphate (2 mM, pH 6.8), dithiothreitol (2 mm) and
moniliformin (0.078 mm).
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Table 1. Effect of dialysis on pyruvate dehydrogenase complex inhibited by incubation with moniliformin

The enzyme mixtures were dialysed against 400 vol. of potassium phosphate buffer (50 mm, pH 6.8) containing MgCl, (1 mm),
EDTA (0.5 mm) and dithiothreitol (2 mm). The enzyme mixtures, in a total volume of 5 ml, were as describgd in Fig. 2 legend.

— Moniliformin + 303.4 um-Moniliformin
Specific Specific
activity activity
Time (#mol/mg) Activity (%) (umol/mg) Activity (%)
0 min 1.70 100 1.73 100
After 60 min incubation (30°C) 1.64 96 0.09 5
After 6 h dialysis (4 °C) 1.64 96 0.18 10
After 24 h dialysis (4 °C) 1.44 85 0.26 15
Table 2. Effect of moniliformin on the individual enzymes forming the multi-enzyme complex
Activity (%)
Incubation Dihydrolipoamide Dihydrolipoamide Pyruvate
mixture dehydrogenase transacetylase dehydrogenase
— Moniliformin 100 100 100
+ Moniliformin (303.4 xM) 102 91 18

presence and absence of moniliformin (Table 2).
Moniliformin had a negligible effect on dihydrolipoamide
transacetylase and dihydrolipoamide dehydrogenase.
However, pyruvate dehydrogenase activity was decreased
by 829 in the presence of moniliformin.

DISCUSSION

Despite repeated attempts to improve the final yield
and specific activity of the purified «-oxo acid dehydro-
genase complexes, the specific activity of purified
pyruvate dehydrogenase complex was only 509, of that
reported by Stanley & Perham (1980). The specific
activity of purified a-oxoglutarate dehydrogenase com-
plex was extremely low compared with reported values,
which prevented an extensive study of the effect of
moniliformin on this enzyme complex. The lower yield of
the z-oxo acid dehydrogenase complexes could have
resulted from an inherently lower content of these two
enzyme complexes in the heart muscle used.

The inhibition of pyruvate dehydrogenase complex by
moniliformin was dependent on the presence of thiamin
pyrophosphate in the incubation mixture (Fig. 5). The
small amount of inhibition found when no thiamin
pyrophosphate was added to the incubation mixture
could be due to residual thiamin pyrophosphate bound
to the enzyme complex. On the basis of structural
similarity between moniliformin and pyruvate, as well as
the dependence of inhibition on thiamin pyrophosphate,
one can speculate that complex-formation between
thiamin pyrophosphate and moniliformin on the active
site of the enzyme is analogous to complex formation
between thiamin pyrophosphate and pyruvate. At
thiamin pyrophosphate concentrations above 2 mm, the

excess of thiamin pyrophosphate could exchange with
the moniliformin-bound thiamin pyrophosphate associ-
ated with the active site before moniliformin reacts with
the enzyme and thereby decrease the inhibitory effect of
moniliformin.

Burka et al. (1982) have previously shown from
spectroscopic and chromatographic data that a non-
enzymic reaction between moniliformin and the primary
a:nine group of thiamin hydrochloride does not take
place.

Rando (1975) pointed out that small-molecule toxins
almost never function as simple isosteric competitive
inhibitors of enzymes. These molecules often function by
mechanisms which require them to be substrates for the
target enzymes, leading to irreversible inhibition of the
enzyme. There are a number of experimental criteria by
which suicide enzyme inhibitors can be identified (Abeles
& Maycock, 1976):

(1) the loss of enzyme activity is time-dependent and
first-order;

(2) the reaction follows saturation kinetics;

(3) the rate of inactivation decreases as the substrate
concentration is increased;

(4) enzyme inactivation is irreversible because of
covalent binding of the inhibitor to the enzyme.

The inhibition of pyruvate dehydrogenase complex by
moniliformin is time-dependent and follows first-order
kinetics (Fig. 2). Time-dependence provides good, but not
definitive, evidence that covalent modification has taken
place. The inactivation of pyruvate dehydrogenase
complex follows saturation kinetics. The rate of
inactivation at a given moniliformin concentration
decreases as the pyruvate concentration increases (Fig. 6),
indicating a protective effect by pyruvate against
moniliformin inactivation. Substrate protection against

1986



Inhibition of pyruvate dehydrogenase complex by moniliformin

inactivation confirms the involvement of the enzyme’s
active site in the inactivation process.

Determination of the activity of the individual
component enzymes of the pyruvate dehydrogenase
complex in the presence and absence of moniliformin
indicated that moniliformin acts on pyruvate dehydro-
genase and not on dihydrolipoamide dehydrogenase or
dihydrolipoamide transacetylase.

Preliminary experiments indicated that radioactivity
was irreversibly bound to the enzyme complex after
inactivation with [**C]moniliformin and subsequent
removal of unbound meniliformin by dialysis. However,
the radioactivity was too low to be detected by
autoradiography in the individual components of the
complex after separation by SDS/polyacrylamide-gel
electrophoresis. Final evidence for the covalent binding
of moniliformin to pyruvate dehydrogenase complex
would require the use of radioactively labelled monili-
formin with a much higher specific radioactivity. It
should then also be possible to show to which component
enzyme the radioactivity becomes irreversibly associated.
The use of labelled inhibitor will also allow the stoichio-
metry of labelling to be established.

REFERENCES

Abeles, R. H. & Maycock, A. L. (1976) Acc. Chem. Res. 9,
313-319

Received 17 June 1985/16 September 1985; accepted 2 October 1985

Vol. 233

723

Brown, J. P. & Perham, R. N. (1976) Biochem. J. 155, 419427

Burka, L. T., Doran, J. & Wilson, B.J. (1982) Biochem.
Pharmacol. 31, 79-84

Cole, R.J., Kirksey, J. W., Cutler, H. G., Doupnik, B.L. &
Peckham, J. C. (1973) Science 179, 1324-1326

Farb, R. M., Mego, J. L. & Hayes, W. A. (1976) J. Toxicol.
Environ. Health 1, 985-990

Hayakawa, T., Hirashima, M., Ide, S., Hamada, M., Okabe, K.
& Koike, M. (1966) J. Biol. Chem. 241, 4694-4699

Hofmeyr, J. H. S., Van der Merwe, K. J., Swart, P. & Thiel,
P. G. (1979) S. Afr.J. Sci. 75, 469

Hucho, F. (1975) Angew. Chem. Int. Ed. Engl. 14, 591-601

Khailova, L.S., Bernhardt, R. & Huebner, G. (1977)
Biochemistry (Engl. Transl.) 42, 93-96

Kitz, R. & Wilson, I. B. (1962) J. Biol. Chem. 237, 3245-3249

Kriek, N. P. J., Marasas, W. F. O., Steyn, P. S., Van Rensburg,
S. J. & Steyn, M. (1977) Food Cosmet. Toxicol. 15, 579-587

Rabie, C.J., Marasas, W_F. O., Thiel, P. G., Liibben, A. &
Vleggaar, R. (1982) Appl Environ. Microbiol. 43, 517-521

Rando, R. R. (1974) Science 185, 320-324

Rando, R. R. (1975} Aec. Chem. Res. 8, 281-288

Reed, L. J. (1974) Acc. Chem. Res. 7, 4046

Springer, J. P., Clardy, J., Cole, R.J., Kirksey, J. W., Hill,
R. K., Carlson, R. M. & Isidor, J. L.(1974) J.Am. Chem. Soc.
96, 2267-2268

Stanley, C. J. & Perham, R. N. (1980) Biochem.J. 191, 147-154

Steyn, M., Thiel, P. G. & Van Schalkwyk, G. C. (1978) J. Assoc.
Off. Anal. Chem. 61, 578-580

Thiel, P. G. (1978) Biochem. Pharmacol. 27, 483486

Thiel, P. G., Meyer, C.J. & Marasas, W. F. O. (1982) Agric.
Food Chem. 30, 308-312



