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Abstract-i. The formation of propionate from succinate occurs in the mitochondria of the adult 
common liver fluke essentially by a reversal of the pathway operating in mammalian mitochondria 
in the conversion of propionate into succinate. 

2. The conversion of succinate into its CoA ester is linked by a CoA transferase to the splitting 
of propionyl-CoA. 

3. The total process of propionate synthesis from succinate neither produces nor requires nucleoside- 
triphosphate energy. 

4. The formation of acetate from pyruvate proceeds via acetyl-CoA from which the CoA group 
is enzymatically transferred to succinate. The succinyl-CoA produced in this way is converted into 
succinate coupled with the synthesis of ATP. 

5. The energy yield of the anaerobic mitochondrial conversion of malate into acetate and propionate 
is one ATP per malate consumed. 

INTRODUCTION 

Propionate and acetate are the major end products 
of glucose catabolism in the adult common liver fluke, 
Fasciola hepatica (Mansour, 1959; De Zoeten et al., 
1969). These end products are formed via the dismu- 
tation of malate into pyruvate and succinate in the 
mitochondria of the parasite (van Vugt et al., 1976). 
Little is known about the mechanism of the conver- 
sions of succinate into propionate and of pyruvate 
into acetate in parasitic helminths. 

Prichard & Schofield (1968a) found that the activity 
of pyruvate dehydrogenase (EC 1.2.4.1) in the adult 
liver fluke is sufficient to account for the rate of for- 
mation of acetate in the intact worm. However, the 
mechanism of the formation of acetate from acetyl- 
CoA, presumably the product of the pyruvate de- 
hydrogenase reaction, remained unknown. 

De Zoeten et al. (1969) suggested that the conver- 
sion of succinate into propionate in the liver fluke 
proceeds via the reversal of the pathway of pro- 
pionate utilization in mammalian mitochondria. This 
suggestion was based on their observation that meth- 
ylmalonyl-CoA isomerase (EC 5.4.99.2) and pro- 
pionyl-CoA carboxylase (EC 6.4.1.3) activities are 
present in the liver fluke. These authors conclude that 
the formation of propionate in the liver fluke occurs 
in the cytosolic compartment (De Zoeten & Tipker, 
1969). Recently, however, Barrett et al. (1976) reported 
that all the enzymes, necessary for the conversion of 
succinate into propionate, are located primarily in the 
particulate fraction of the cell. This is in agreement 
with our observation that the formation of propionate 
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from succinate in the liver fluke is confined to the 
mitochondrial compartment (van Vugt et al., 1976). 

Barrett et al. (1976) suggest that the conversions 
of succinate into propionate and of pyruvate into 
acetate may yield ATP (or GTP) via a reversal of 
the acetyl-CoA and propionyl-CoA synthetase reac- 
tions. Since our findings (van Vugt et al., 1976) indi- 
cate that part of the ATP formation in liver-fluke 
mitochondria is insensitive to uncouplers of respira- 
tory-chain phosphorylation, it seemed interesting to 
investigate the possibility that substrate-level phos- 
phorylation occurs in the terminal reactions leading 
to the formation of acetate and propionate. 

In this paper results are presented concerning the 
conversions of succinate into propionate and of pyru- 
vate into acetate in mitochondria isolated from the 
adult liver fluke. It is demonstrated that the formation 
of propionate from succinate is not an ATP-yielding 
process, whereas the conversion of pyruvate into acet- 
ate will produce one mole of ATP per mole of acetate 
formed. This ATP production does not occur in the 
reversed acetyl-CoA synthetase reaction (EC 6.2.1.1) 
but in the reversed succinyl-CoA synthetase reaction 
(EC 6.2.1.5) after enzymatic transfer of the CoA group 
from acetyl-CoA to succinate. 

MATERIALS AND METHODS 

Adult common liver flukes were obtained from rats or 
cattle according to procedures described earlier (Olden- 
borg et al., 1975). No biochemical differences were 
observed between flukes obtained from these two hosts. 
Mitochondria were isolated from liver flukes following a 
procedure described by Myers & Slater (1957) for rat-liver 
mitochondria. The isolation’medium (pH 7.4) contained: 
sucrose, 250 mM; Tris-HCI, 10mM; EDTA, 2 mM, and 
bovine serum albumin, 0.5% (w/v). 
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Incubation of mitochondria was carried out at 38°C in 
a standard medium (pH 7.4) containing: KCI, 15mM; 
EDTA. 2 mM; MgCI,, 5 mM; Tris-HCI, 5OmM; sucrose, 
25 mM, and bovine serum albumin, 0.05% (w/v), under air. 
For some experiments the mitochondria were uftrasoni- 
tally disrupted with a 100-W Ultrasonic Disintegrator 
(MSE, London) in three runs of 15 set at 0°C. Incubations 
were terminated by addition of perchloric acid to a tinaf 
concentration of 5% (v/v) and deproteinized by centrifuga- 
tion for f 5min at 18006. 

To determine the conversion of succinate into pro- 
pionate. [2,3-‘4C]succinate was added to the incubation 
medium and the formation of radioactive propionate was 
assayed. An OS-ml aliquot of the supernatant was brought 
on a cellulose column prepared according to Hungate et 
trl. (1970) on top of which cellulose (0.74 g) and water-free 
Na,SO, (0.74g) had been layered immediately before the 
addition of the sample. Elution was started with 130mf 
of hexane-acetone (96/4. v/v). The tirst 30 ml of eluate were 
discarded. The next fraction of IOOmf contained all the 
propionate. Subsequently the column was efuted with 
250 ml of hexane-acetone (SO/SO, v/v), The eluate contained 
all the other radioactive components. The total eluted 
radioactivity provided a check on the recovery of the chro- 
matographic procedure. The amount of propionate formed 
was calculated from the radioactivity present in the pro- 
pionate fraction and the sp. act. of the added succinate. 
The latter was determined by an enzymatic assay of the 
amount of succinate and by counting of its radioactivity. 
Corrections had to be made for the amounts of radioactive 
propionate present in the succinate preparation. 

Radioactivity was determined in a liquid scintiflation 
counter (model 2425B. Packard. U.S.A.). Samples in hex- 
ane-acetone were mixed (1:lO. v/v) with a scintillation 
liquid containing toluene. 2,5-diphenyloxazole (5 g/l) and 
l.4-bis[2-(5-phenyloxazolyl)]-benzene (50mg/l). Aqueous 
samples were mixed with Instagel (Packard, U.S.A.) or with 
a scintillation cocktail prepared according to Fricke (1975). 
When necessary. corrections were made for quenching. 

Phosphate esterification was measured essentially 
according to Grunberg-Manago rr at. (1956). [32P]Ortho- 
phosphate (1.5 mM). ADP (0.5 mM), glucose (30 mM) and 
hexokinase (EC 2.7.1.1) (0.2 mg/ml) were added to the incu- 
bation medium. The deproteinized supernatant was treated 
with isobutanol and extracted twice with 5ml of diethyl- 
ether. The amount of esterified phosphate can be calcu- 
lated from the radioactivity in the extracted samples and 
the spec. act. of the added [32P]orthophosphate. The latter 
was determined by a calorimetric quantitative assay 
(Sumner. 1944) and by measurement of its radioactivity 
which had to be carried out at the same time as the radio- 
activity in the samples was counted. In incubations with 
both [%] and C3’P]. a correction was made for [“C] 
radioactivity as follows. Samples were assayed for [)*P] 
radioactivity twice with a 7-day interval. The decay of the 
samples as compared with that of a [32P] standard solu- 
tion allowed the calculation of the amount of [“PI present 
in the samples. 

For enzymatic analyses the supernatant of the incuba- 
tion was neutralized with K&O3 and the potassium 
pcrchtorate was removed by centrifugation at 0°C for 
15min at 18OOg. Malate and fumarate were determined 
by an enzymatic assay (Lopes-Cardozo & van den Bergb 
1972). Pyruvate and citrate were determined following 
standard enzymatic methods (Bergmeyer, 1970). Acetate 
was determined using acetate kinase (EC 2.7.2.1) and 
malate dehydrogenase (EC 1.1.1.37) (Bergmeyer, 1970); 
creatine kinase (EC 2.7.3.2.) (7pg/ml) and creatine phos- 
phate (30mM) were added to the assays to phosphorylate 
the ADP (known to inhibit acetate kinase) present in the 
samples. Succinate was determined as described in 
Methods of Enzymatic Food Analysis (1976). To prevent 
interference by AMP. adenylate kinase (EC 2.7.4.3) 

(Spglml) was added before the addition of succinyl-Coil. 
synthetase (EC 6.2.1.4). 

Protein was determined according to Cleland & Slater 
(1953). 

The activity of acetyl-CoA deacylase (EC 3.1.2.1) was 
estimated as follows. Ultrasonically disrupted mitochon- 
dria (2.0-3.2 mg protein) were incubated for 45 min at 38°C 
in 1 ml of the standard medium supplemented with 1 mM 
acetyl-CoA. After termination of the reaction, the remain- 
ing acetyl-CoA was determined (Bergmeyer, 1970). Correc- 
tion was made for non-enzymatic deacylation. 

Enzymes, nucleotides and coenzymes were purchased 
from Boehringer (Mannheim, West Germany). Hexokinase. 
oligomycin, bovine serum albumin (fraction V) and pro- 
nionvl-CoA were obtained from Siama (St. Louis, MO, 
U.S.A.). Avidin was bought from Serva (Heidelberg, West 
Germany). [2,3-‘4C]succinate was purchased from The 
Radiochemical Centre (Amersham, England). [32P]ortho- 
phosphate was obtained from Philips-Duphar (Petten, The 
Netherlands). 

RESULT6 AND DfSCUSSlON 

The formation of propionate from succinate 

Figure 1 shows that the formation of [r4C]pro- 
pionate from added [2,3-i4CJsuccinate by intact 
mitochondria isolated from adult F. hepatica occurs 
at an almost constant rate for at least 60min. The 
rate of propionate formation per mg protein in the 
presence of the cytosolic fraction was less than 1% 
of that measured in the presence of intact mitochon- 
dria. These results clearly indicate that the conversion 
of succinate into propionate in the liver fluke is con- 
fined to the mitochondrial compartment. This obser- 
vation is in contrast to the suggestion of De Zoeten 
et al. (1969), that propionate formation in the liver 
fluke is located in the cytosol. Our results are in 
agreement with those of Barrett et al. (1976). These 
authors found that the enzymes of propionate forma- 
tion are present in the mitochondria isolated from 
adult liver flukes. 
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Fig. 1. Formation of propi.onate from succinate by intact 
F. hevatica mitochondria. Mitochondria (32 mg protein), 
isolated from cattle flukes, were incubated in 8 ml of the 
standard medium sunDIement~ with: f2,3-i4C1succinate 
(0.55 ~Ci/~moIe). 4.5 &M; GSH, 1 mM;-Coast 0.i mM. 

and ATP, 2mM. 
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Fig. 2. The effect of added ATP and GTP on the forma- 
tion of propionate from succinate by disintegrated mito- 
chondria. After ultrasonic disintegration, cattle-fluke mito- 
chondria (2.5 mg protein) were incubated for 45 min in 1 ml 
of the standard-medium supplemented with: [2,3-‘4C]suc- 
cinate (0.55@i/pmole), 5 mM; GSH, 5 mM; CoASH, 
0.5 mM; oligomycin, 0.15mg/ml, and ATP or GTP as 

indicated. 

Figure 2 shows the effects of addition of ATP or 
GTP on the formation of propionate from succinate 
by ultrasonically disrupted mitochondria from the 
adult liver fluke. Low concentrations of ATP cause 
a marked stimulation of propionate formation. GTP 
is less effective than ATP. At higher concentrations 
of both nucleoside triphosphates, an inhibition of pro- 
pionate formation is observed. This inhibition may 
be explained by the chelating activity of ATP and 
GTP towards magnesium ions, necessary for the ac- 
tivity of one or more of the enzymes functioning in 
the conversion of succinate into propionate. In this 
respect it is interesting to note that Mgz+ is necessary 

- 0.6 
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for the decarboxylation of succinate in Micrococcus 

lnctilyticus (Whiteley, 1953a). 
The stimulation of propionate formation by ATP 

or GTP is in agreement with our earlier observations 
(van Vugt et al., 1976). It suggests that the conversion 
of succinate into propionate starts with the activation 
of succinate to form succinyl-CoA. This suggestion 
is supported by the finding that omission of CoASH 
from the incubation medium decreases propionate 
formation by 2545% (van Vugt et a/., 1976). 

De Zoeten et al. (1969) first suggested that succinate 
decarboxylation in the liver fluke proceeds via a path- 
way which is essentially the reversal of the pathway 
operating in mammalian mitochondria for the con- 
version of propionate into succinate. The latter path- 
way comprises activation of propionate, conversion 
of propionyl-CoA into methylmalonyl-CoA, racemi- 
zation of this compound, followed by its isomeriza- 
tion to succinyl-CoA, which is then converted into 
succinate (Kaziro & Ochoa, 1964). The carboxylation 
of propionyl-CoA in mammalian mitochondria is 
catalysed by propionyl-CoA carboxylase, a biotin- 
containing enzyme. If this enzyme also plays a role 
in the conversion of succinate into propionate in the 
liver fluke, propionate formation in the parasite 
should be sensitive to inhibition by avidin. Indeed, 
we observed in two experiments with disintegrated 
mitochondria that avidin (l.O-2.0mg/ml) inhibits pro- 
pionate formation by about 30%. Since De Zoeten 
et al. (1969) demonstrated the presence of propionyl- 
CoA carboxylase in the adult liver fluke, it may be 
concluded that this enzyme plays a role in the conver- 
sion of succinate into propionate. 

It should be noted that transcarboxylases (EC 
2.1.3.x) are biotin-containing enzymes as well (Kaziro 
& Ochoa, 1964). Transcarboxylation is involved in 
the decarboxyiation of succinate to propionate in pro- 
pionic acid bacteria (see review by Hettinga & Rein- 
bold, 1972). However, it seems unlikely that transcar- 
boxylation occurs during propionate formation in the 
liver fluke, since no acceptor for the carboxyl moiety 
was added. 

/A ATP 
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Fig. 3. The effect of propionyl-CoA on the formation of propionate from succinate by disintegrated 
mitochondria. Mitochondria were isolated from liver flukes obtained from rat liver. After ultrasonic 
disintegration, 2.9 mg protein were incubated for 45 min in 1 ml of the standard medium supplemented 
with: [2,3-i4C]succinate (055flCi/~mole), 5 mM; GSH, 1 mM; CoASH, 0.1 mM, and ATP or pro- 

pionyl-CoA as indicated. 
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Table 1. Energy sources for the conversion of succinate 
into propionate by disintegrated mit~hondria from F. 

hepatica 

Addition 
Hexokinase 
and glucose 

Propionate formation 
(pmole/mg protein 

per hr) 

None 0 
ATP 0.21 

-I- 0.04 
Propionyl-CoA - 0.19 

+ 0.18 
Acetyl-CoA 0.05 

+ 0.04 

For experimental conditions, see Fig. 3. Mitochondrial 
protein 2.0 mg. ATP, propionyl-CoA and acetyl-CoA were 
added to a final concentration of 2mM. Hexokinase 
(0.2 mg/ml) and glucose (30 mM) were added as indicated. 

Figure 3 shows that addition of propionyl-CoA in- 
duces a stimulation of succinate decarboxylation of 
the same order of magnitude as does added ATP. 
This observation strongly suggests that succinate may 
be activated by a transfer of CoA from propionyl- 
CoA, catalysed by a CoA transferase (EC 2.8.3.x). 
Acetyl-CoA can also serve as a CoA donor for the 
activation of succinate (Table l), although it is less 
effective than propionyl-CoA. 

Since propionyl~oA is an interm~iate in the con- 
version of succinate into propionate, it may be con- 
cluded that in viva this conversion is probably not 
an ATP-requiring process. The initial step of this 
pathway (the activation of succinate) may be enzyma- 
tically coupled to the last step of it (the conversion 
of propionyl-CoA into propionate). This pathway is 
depicted in Fig. 4. 

It might be argued that the stimulation of succinate 
dec~boxylation by added propionyl~oA or acetyl- 
CoA is not brought about by a direct CoA transfer, 
but via the intermediate formation of ATP. To test 
this alternative, glucose and hexokinase were added 
as an ATP-trapping system. The results shown in 
Table 1 clearly demonstrate that the stimulation of 
propionate formation induced by propionyl-CoA and 
acetyl-CoA is almost unaffected by the addition of 
glucose and hexokinase. On the other hand, the sti- 
mulatory effect of ATP is greatly reduced by these 
additions. The small residual activity in the presence 
of ATP, glucose and hexokinase may be explained 
by the inability of the added hexokinase to remove 

propiony I -CoA Luccinyl-CoA 

/ 0 
mthylmalonyl-CoA 

Fig. 4. Pathway of propionate formation in the adult liver 
fluke. 1 = CoA transfbrase; 2 = methylmalonyl-CoA iso- 

merase; 3 = propionyLCoA carboxyiase. 

Table 2. Stoeichiometry between added ATP or GTP and 
the formation of propionate 

Propionate formation 
Addition @mole) @note) 

None 0.02 
ATP 0.01 0.09 

0.10 0.56 
1.0 I .02 
5.0 0.80 

GTP 0.01 0.06 
0.10 0.07 
1.0 0.45 
5.0 0.34 

Experimental conditions as in Fig. 2. 

all the added ATP instantaneously, leaving some ATP 
available for succinate activation. 

It is clear then that succinate can be activated by 
CoA transfer from propionyI~oA (Fig. 4). As soon 
as sufficient propionyl-CoA is formed in the test sys- 
tem, no further input of ATP for the activation of 
succinate is required. Therefore, in in vitro systems 
only catalytic amounts of ATP should be necessary 
to bring about its stimulatory effect on propionate 
formation. Table 2 shows the results of an experiment 
in which a comparison was made of the amounts of 
ATP (or GTP) added and the amounts of propionate 
formed. Oligomycin was added to inhibit the ATPase 
(EC 3.6.1.3), since an enzymatic splitting of ATP, un- 
related to suocinate activation, would influence the 
stoeichiometry. Moreover, oligomycin counteracts the 
formation of ATP, coupled to the possible aerobic 
oxidation of succinate. 

From the data in Table 2 it may be concluded that 
indeed only catalytic amounts of ATP are required 
for the conversion of succinate into propionate in 
vitro. When a limited amount of ATP is added, more 
propionate is formed than might be expected if a 
stoeichiometric relationship existed, even if it is 
assumed that the two energy-rich bonds in a molecule 
of ATP can each be used for the activation of one 
molecule of succinate. When larger amounts of ATP 
are added, the amount of propionate formed per mol- 
ecule of ATP added is lowered. This is (at least partly) 
explained by the fact that not all the added ATP is 
utilized in the 4%min incubation period. 

The results presented in Table 2 do not conclu- 
sively show that GTP is required only in catalytic 
amounts for succinate decarboxylation. This can be 
explained by the results of Fig. 2, which show that 
GTP is not very effective in stimulating propionate 
formation, especially at the lower concentrations at 
which the requirement of catalytic amounts of ATP 
could be demonstrated. 

The rest&s described in this section are very similar 
to those obtained by Whiteley (1953a,b) with extracts 
of Micrococcus lactilyticus. This probably indicates 
that similar pathways of propionate formation exist 
in the adult liver fluke and in the bacterium. 

Cornish & Bryant (1976a,b) assumed that ATP is 
formed during the conversion of succinate into pro- 
pionate in the adult liver fluke. In mammalian tissues 
this might indeed be expected, since the reverse pro- 
cess is an ATP-consuming one. ATP is needed for 
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the carboxylation of propionyl-CoA (Kaziro et al, 
1965). Conversely, ATP is formed when methyima- 
lonyl-CoA is decarboxylated by a purified prep- 
aration of propionyl-CoA carboxylase from pig heart 
(Tietz & Ochoa, 1959). It has also been demonstrated 
that addition of ADP and inorganic phosphate is 
necessary for the decarboxylation of methylmalonyl- 
CoA to proceed in the presence of a propionyl-CoA 
carboxylase of m~alian origin (Lane et al., 1960; 
Kaziro et al., 1962). However, in our experiments on 
the decarboxylation of succinate in liver-fluke mito- 
chondria, addition of ADP and inorganic phosphate 
is not necessary, nor does it affect the rate of the 
process. Furthermore, we have been unable to 
measure any ATP synthesis during the formation of 
propionate from succinate. We therefore conclude 
that no ATP is formed during decarboxylation of 
methylmalonyl-CoA in the liver fluke. In this respect 
it is interesting to note that the decarboxylation of 
methylmalonyl-CoA in Micrococcus lactilyticus also 
proceeds at optimal rates in the absence of ADP or 
inorganic phosphate, even though the process is sensi- 
tive to inhibition by avidin (Galivan & Allen, 1968). 

Barrett et al. (1976) suggest that another possible 
source of ATP formation in the conversion of suc- 
cinate into propionate is the conversion of propionyl- 
CoA into propionate by the action of propionyl-CoA 
synthetase (EC 6.2.1.x). However, as indicated above, 
we do not believe that this reaction occurs in ho, 
since most likely the CoA group of propionyl-CoA 
is transferred to succinate under the influence of a 
CoA transferase (Fig. 4). Moreover, if ATP was gener- 
ated in the conversion of propionyl-CoA into pro- 
pionate, it would all have to be utilized again for 
the activation of succinate. 

As shown in Fig. 5, no synthesis of ATP is observed 
when disintegrated mito~hondria of the adult liver 

1 -P ATP 

tn the presence 
of succinate 

- I). 
-1 -0:s i, 015 

Concentration of propionyl-CoA (log mM) 

Fig. 5. Energy transfer of propionyl-CoA to succinate. 
Mitochondria (5.5 mg protein), isolated from cattle flukes, 
were ultrasonically disintegrated and incubated for 45 min 
in I ml of the standard medium supplemented with: 
CoASH, OSmM; GSH, 5mM; Cs’P]phosphate, 15mM; 
ADP, 0.5 mM; hexokinase, 0.2mg/ml; glucose, 30mM; 
propionyl-CoA, as indicated, and [2,3-‘%Z]succinate 

(0.55 &i/pmole), 5 mM, if indicated. 

Table 3. The effect of arsenite on the metabolism of malate 
in intact liver-fluke mitochondria 

A(Malate + 
fumarate) Apyruvate Aacetate 

Addition (nmole/mg protein per hr) 

KC1 (5 mM) -400 28 138 
KAsOz (5 mM) - 309 172 6 

Mitochondria (16.5 mg protein) from cattle flukes were 
incubated for 45 min in 4Sml of the standard medium 
supplemented with: L-malate, 5 mM; potassium phosphate, 
15mM; GDP, 0.5mM; glucose, 30mM; hexokinase, 
0.2 mg/ml, and additions as indicated. 

fluke are incubated with propionyl-CoA. Only in the 
presence of added succinate can the energy of the 
CoA-ester bond be utilized for ATP synthesis. Evi- 
dently, the CoA group of propionyl-CoA has to be 
transferred to succinate and the resulting succinyl- 
CoA gives rise to ATP formation in the reverse suc- 
cinyl-CoA synthetase reaction. The formation of some 
labelled propionate from [2,3-“C]succinate, shown 
in Fig. 5, indicates that not all succinyl-CoA is recon- 
verted into succinate. From the fact that much more 
ATP than labelled propionate is formed, it may be 
concluded once more that the observed ATP forma- 
tion is not coupled to the de~~boxylation of methyl- 
malonyl-CoA. It may be concluded from Fig. 5 that 
propionylCoA synthetase is either absent from iiver- 
fluke mitochondria or does not operate in the direc- 
tion of ATP synthesis. 

From the results published in this section it may 
be concluded that the over-all process of propionate 
systhesis in liver-fluke mitochondria neither produces 
nor requires nucleoside-triphosphate energy. 

The formation of acetaate fiorn pyruuate 

In the mitochondria of the adult liver fluke pyru- 
vate is converted into acetate, which is one of the 
end products of the malate dismutation (van Vugt 
et al., 1976). Little is known about the details of the 
oxidative decarboxylation of pyruvate in parasitic 
helminths. 

Prichard & Schofield (1968a) reported that pyru- 
vate dehydrogen~e activity is present in F. hepaticu. 
The enzyme is also present in ~y~e~olepis ~i~j~~~a 
(Watts & Fairbairn, 1974). From the experiment in 
Table 3 it is clear that the conversion of pyruvate 
into acetate in liver-fluke mitochondria is largely inhi- 
bited by arsenite. In the absence of arsenite more than 
80% of the pyruvate, formed during malate dismu- 
tation, is converted into acetate. In the presence of 
arsenite this conversion almost does not occur and 
pyruvate accumulates. The observation that less 
malate is utilized in the presence of arsenite is 
explained by the fact that in these conditions less 
NADH is formed in the oxidative branch of the 
malate dismutation and that, consequently, less 
malate is converted into succinate and propionate in 
the reductive branch (van Vugt et al., 1976). Since 
arsenite is an inhibitor of lipoamide-dependent 
enzyme systems (Reed, 1966), it may be concluded 
that a normal pyruvate dehydrogenase is involved in 
the conversion of pyruvate into acetate in the liver 
fluke. 
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Table 4. Citrate formation by disintegrated mitochondria 

Citrate formation 
Additions (nmole/mg protein per hr) 

Exp I Exp 2 
None 0 0 
Pyruvate 14 38 
Oxaloacetate 273 372 
Pyruvate + oxaloacetate 417 469 

ARer ultrasonic disintegration. rat-fluke mitochondria 
(3.2 mg protein in exp 1; 2.8 mg in exp 2) were incubated 
for 45 min in 1 ml of the standard medium supplemented 
with: NAD, 1 mM; CoASH, 0.5mM; GSH, 5mM; thia- 
min pyrophosphate, 1 mM; potassium phosphate, 15 mM, 
and pyruvate and oxaloacetate (5 mM) if indicated. In exp 
1 lactate dehydrogenase (2O~g/ml) and citrate synthase 
(20 &ml) were added. 

Table 4 shows that the product of pyruvate de- 
hydrogenase is acetyl-CoA. Disintegrated liver-fluke 
mitochondria were incubated with’ pyruvate, oxalo- 
acetate and citrate synthase (EC 4.1.3.7). An extensive 
formation of citrate could be measured. Since the 
added citrate synthase utilizes acetyl-CoA as a sub- 
strate, this compound must have been formed during 
the incubation. In exp 1 of Table 4 lactate dehydro- 
genase (EC 1.1.1.27) was added to keep the NAD in 
its oxidized form. It was found, however, in exp 2 
that neither lactate dehydrogenase nor citr,ate syn- 
thase has to be added to the incubation medium. The 
role of lactate dehydrogenase may have been taken 
over by malate dehydrogenase. In agreement with 
Prichard & Schofield (19686) we found the latter 
enzyme to be present in liver-fluke mitochondria. 
From exp 2 of Table 4 it must be concluded that 
citrate synthase is also present in the mitochondria 
of F. heputicu. The presence of this enzyme could be 
confirmed experimentally. In three separate’ experi- 
ments an average activity of 20 nmole/mg protein per 
min was measured. 

Since both malate dehydrogenase and citrate syn- 
thase are present in the mitochondria of the liver 
fluke, one would expect citrate to be formed as a 
product of the normal mitochondrial metabolism of 
malate. However, no formation of citrate could be 
detected (van Vugt et al., 1976). A possible explana- 
tion is that either acetyl-CoA or oxaloacetate cannot 
reach citrate synthase as a consequence of enzyme 
compartition. It is also possible that the concen- 
tration of oxaloacetate in the mitochondria is very 
low, either because malate dehydrogenase cannot 
compete with the malic enzyme (EC 1.1.1.38 or 
1.1.1.39, see below) for the intramitochondrial malate, 
or because the equilibrium of the malatedehydro- 
genase reaction is poised in the direction of malate 
as a result of the high NADH:NAD+ ratio in the 
mitochondria. Alternatively, it is possible that the ace- 
tyl-CoA, formed in the oxidative decarboxylation of 
pyruvate, is so rapidly converted into acetate by the 
mechanism discussed below that citrate synthase can- 
not compete for it. As a final possibility it might be 
thought that citrate is formed indeed, but is rapidly 
removed by the activity of the Krebs-cycle enzymes. 
Several reports indicate, however, that the activity of 

the Krebs cycle in the adult liver fluke is very low 
(Prichard & Schofield, 1968b; Sturm et al., 1969; 
Buist & Schofield, 1971; van Vugt et al., 1976). At 
the moment it is impossible to decide which of these 
mechanisms prevents the synthesis of citrate during 
malate metabolism by mitochondria isolated from the 
adult liver fluke. 

It is interesting to note that citrate can also be 
formed if oxaloacetate is incubated with disrupted 
mitochondria in the absence of added pyruvate 
(Table 4). This indicates that oxaloacetate can be 
decarboxylated to pyruvate by a mitochondrial 
enzyme. It is possible that the decarboxylation of ox- 
aloacetate is catalysed by malic enzyme, since it is 
known that malic enzyme from mammalian origins 
(EC 1.1.1.38) will decarboxylate added oxaloacetate 
(Kun, 1963). On the other hand, malic enzyme from 
Ascaris (EC 1.1.1.39) does not do so (Sax & Hubbard, 
1957). 

Four possible pathways can be thought of for the 
conversion of acetyl-CoA into acetate. First, a direct 
hydrolysis of acetyl-CoA may occur, catalysed by ace- 
tyl-CoA deacylase. A second pathway involves the 
intermediate formation of acetylphosphate. This path- 
way, catalysed by phosphotransacetylase (EC 2.3.1.8) 
and acetate kinase, occurs in propionibacteria and is 
coupled with the synthesis of ATP (see review by 
Hettinga & Reinbold, 1972). A third pathway was 
observed by Lindmark (1976) in Tritrichomonas, a 
parasitic protozoon. It also results in ATP synthesis 
and is catalysed by acetyl-CoA synthetase. Barrett et 
al. (1976) suggested that in Fasciolu a novel thiokinase 
is present which can use both acetyl-CoA and pro- 
pionyl-CoA as substrates. The fourth pathway was 
also indicated by Barrett et al. (1976) and involves 
a CoA transfer. 

The activity of the first pathway was investigated 
in ultrasonically disrupted mitochondria of the liver 
fluke as described in the Methods section. The mean 
value for the activity of acetyl-CoA deacylase in three 
separate experiments was found to be 0.13 nmole/mg 
protein per min. This value is much lower than the 
rate of acetate formation in intact mitochondria (cf: 
Table 3 and van Vugt et al., 1976). Therefore, it may 
be concluded that acetyl-CoA deacylase is not in- 
volved in the main pathway of acetate formation in 
the liver fluke. 

Figure 6 shows the results of an experiment in 
which the other possible pathways were investigated. 
No synthesis of ATP is observed when disintegrated 
mitochondria of Fasciolu are incubated with acetyl- 
CoA. The absence of ATP synthesis seems to elimin- 
ate the second and third possible pathways, men- 
tioned above. On the other hand, after addition of 
succinate, a rapid synthesis of ATP is observed. These 
observations resemble those presented in Fig. 5. 
Evidently, acetyl-CoA is converted into acetate by 
transfer of its CoA group to succinate. It was 
observed already in Table 1 that acetyl-CoA can serve 
as a donor of CoA groups to succinate. As with pro- 
pionyl-CoA (Fig. 5) the succinyl-CoA resulting from 
the CoA transfer gives rise to ATP synthesis in the 
reversed succinyl-CoA synthetase reaction. The oper- 
ation of this pathway of acetate synthesis, depicted 
in Fig. 7, allows the formation of ATP coupled to 
the deacylation of acetyl-CoA. 
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the formation of 1 mole of acetate from acetyl-CoA, 
it can be calculated that the maximal amount of ATP 

ATP produced in anaerobic malate d~mutation is one 
mole per mole of malate utihzed. Consequently, the 
maximal ATP yield of glucose breakdown in the adult 
liver fluke under anaerobic conditions is 4 moles of 
ATP per mole of glucose. 
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