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Hydrogenosomes
of the anaerobic
flagellate
Tritrichomonas foetus can use oxygen as terminal electron acceptor
in pyruvate metabolism.
In particles broken with the detergent, Triton X-100 or by repeated freezing and thawing,
pyruvate-supported
respiration
is greatly enhanced by coenzyme A. Additions
of small amounts of CoA result in a
phenomenon resembling respiratory control. ADP and GDP
also have a stimulatory
effect; however, the rate of respiration in the presence of saturating
concentrations
of CoA is
always much higher than with saturating concentrations
of
ADP or GDP. The results suggest that the availability
of
CoA as acetyl acceptor is the primary controlling
factor of
pyruvate oxidation
and that the observed effect of nucleotide diphosphates
(cerkasov,
J., CerkasovovB, A., Kulda,
J., and VilhelmovB, D. (1978) J. Biol. Chem. 253, 1207-1214)
is explained by their participation
in reactions that liberate
CoA from acyl-CoA complexes in connection with substrate
level phosphorylation.

Protozoan flagellates of the group of trichomonads
do not
contain mitochondria
or peroxisomes but have characteristic
membrane-bounded
organelles that were named hydrogenosomes on the basis of their biochemical characteristics
(1).
Hydrogenosomes of the cattle parasite, Tritrichomonas
foetus,
were studied in greatest detail with biochemical methods (l10). Some biochemical information
has been published concerning the hydrogenosomes of the human parasite, Trichomorns
vaginalis
(11, 1‘21, and of a primitive
trichomonad,
Monocercomonas
sp. (13). The main characteristics
of these
organelles are tabulated in the accompanying paper by cerkasov et al. (10).
The main metabolic function of hydrogenosomes of T. foetus
is the anaerobic conversion of pyruvate to acetate via acetylCoA, accompanied by substrate level phosphorylation
(1, 7,
14, 15) and by production of molecular hydrogen (1, 14, 15).
Under aerobic conditions they act as respiratory organelles,
as discussed by cerkasov et al. (10). Intact particles respire
with pyruvate as substrate, but only if ADP and inorganic
phosphate, as well as catalytic amounts of succinate or substrate amounts of some other tricarboxylic
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diates are present. Additions of small amounts
of ADP result
in short increases in oxygen uptake, a phenomenon
that
resembles respiratory control. The system is tightly coupled
but uncouplers of mitochondrial
oxidative phosphorylation
are ineffective. Thus the observed effects cannot be discussed
in the terms usually applied to mitochondrial
respiration.
Since our recent studies on the anaerobic pyruvate metabolism of T. foetus demonstrated
a key role of CoA in this
process cl,71 we tested the effect of CoA on pyruvate oxidation.
The results reported here suggest that CoA is the primary
acyl acceptor in the aerobic oxidation of pyruvate and that
respiratory control is reflecting the availability
of CoA. Results of these studies were discussed in reviews (14-16) and
are included in an abstract (17).
MATERIALS

AND

METHODS

Tritrichomonas
foetus KV, strain was grown on Diamond’s
medium (tryptose/yeast
extract/maltose)
with bovine serum. One-dayold mass cultures in late logarithmic
phase were collected,
washed,
and homogenized.
The homogenization
medium was buffered
sucrose
solution
with or without
inorganic
phosphate
as given by Cerkasov
ei al. (10). it contained
225 rnM sucrose, 20 rnM KCl, 5 rnM MgCl,,
1
rnM EDTA, 20 rnM Tris/HCl,
10 mM KH,PO,
and was adjusted to pH
7.1. All procedures
used were described earlier
(2).
The homogenates
were fractionated
by differential
centrifugation
into the following
fractions:
nuclear,
large cytoplasmic
granule,
small cytoplasmic
granule,
and nonsedimentable
cytoplasmic
fraction. Conditions
of the centrifugation
were identical
to those used
earlier (1). In one experiment
the large particle fraction was subfractionated
by isopycnic
centrifugation
in a continuous
sucrose gradient. The methods used and the representation
of the results were
described
earlier (2).
Respiration
was measured
with a Clark type electrode
(Yellow
Springs
Instrument
Co., Yellow
Springs,
Ohio) polarized
at 680
mV. The electrode
was supported
by a Teflon
ring in a glass
chamber
of about 1.7-ml capacity,
closed to the atmosphere
except
for a tiny hole in the ring through
which small amounts of reagents
were injected. The contents of the chamber was stirred magnetically
with a synchronous
motor and thermostated
by circulating
water of
25” through
a water jacket surrounding
the chamber.
Subcellular
fractions
were diluted with the homogenization
medium in the chamber.
After a suitable
base-line
was established
various compounds
were added to the chamber
with Hamilton
type
microsyringes.
The signal corresponding
to the oxygen concentration
in the chamber
was continuously
recorded.
Concentration
of oxygen
in the medium
equilibrated
with air at 25” was assumed to be 280

PM.

Parallel
experiments
were performed
in test tubes to determine
the amount
of acetyl-CoA
present before and after incubation.
The
incubation
mixture
and additions
were identical
to those used in
the respiration
experiments.
Acetyl-CoA
was assayed by a coupled
enzymatic
method (18).
The homogenate
and the fractions
were assayed for protein
and
for the following
marker
enzymes:
malate dehydrogenase
(decarbox-
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ylating)
or adenylate
kinase-hydrogenosomes;
acid phosphatase
and
p-N-acetylglucosaminidase-hydrolase
containing
structures;
NADH
oxidase-nonsedimentable
cytoplasm.
All assay methods
were as
published
(1, 2, 5, 19).
RESULTS

Pyruvate-supported
respiration,
as shown
below,
is connected
with
large
cytoplasmic
granules,
and therefore
the
characteristics
of this process
were studied
in large particle
fractions
obtained
by differential
centrifugation.
The respiration of such a fraction
is shown
in Fig. 1. In the absence
of
exogenous
substrate
unbroken
particles
or particles
treated
with
Triton
X-100
or freezing
and thawing
do not take up
significant
amounts
of oxygen.
Pyruvate
added
alone to the
broken
particles
gives a small
increase
of oxygen
uptake.
A
much greater
increase
is observed
if excess CoA is also added
(Fig.
1A). CoA in the absence of pyruvate
has no effect on
oxygen
uptake.
If CoA is added
only in small
amounts
the
increase
in the uptake
is transient,
but the effect
can be
repeated
by adding
more
coenzyme
(Fig.
2). The complete
suspension
medium
contains
inorganic
phosphate
but similar
activities
are observed
without
added phosphate.
The rate of 0, uptake
by the Triton-treated
or frozen
and

FIG. 1. Oxygen
uptake
by a large particle
fraction
of T. foet~s.
The vessel contained 600 UE of urotein susuended in buffered
sucrose
solution.
Compounds
w&e
abded to obtain
the following
final
concentrations:
pyruvate,
6 mM; CoA, 75 MM; ADP, 300 JLM; GDP,
300 PM; Triton x-100, 0.025%. The particle
fraction
contained
63%
of the malate dehydrogenase
(decarboxylating),
1.8% of the NADH
oxidase, 46.2% of the p-N-acetylglucosaminidase,
23.6% of the acid
phosphatase
activity
and 24.2% of the protein of the original
homogenate. The fraction
used in Experiment
C was frozen and thawed
three times.

FIG. 2. Oxygen
uptake
Particle preparation
same
was used. After addition of
trations
as in Fig. 1) small
added.

of a large particle
fraction
of 2’. foetus.
as in Fig. 1 but only 300 pg of protein
pyruvate
and Trit,on X-100 (final concenamounts
(3-nmol aliquots:
of CoA were
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thawed
particle
preparations
is rapidly
decreasing.
If saturating amounts
of CoA are added,
the decline
is noticeable
within
10 to 20 s and no increase
in activity
can be observed
if
further
CoA is added
or if the incubation
mixture
is reaerated.
This suggests
that
a component
of the respiratory
system
becomes
rapidly
inact,ivated.
Addition
of catalase
does
not prevent
the inactivation.
The initial
slope observed
after
all additions
were made gives a specific
activity
of 123 ? 68
nmol of O,/mg
of protein/min
(mean
? SD. of values obtained
in nine
experiments)
for the pyruvate
and CoA-supported
respiration
of large particle
fractions.
In whole homogenates
the specific
activity
is about 3 to 4 times lower.
The activity
of
the preparations
kept
on ice decreases
in time
and this
contributes
to the great
variability
of the values
observed
in
individual
experiments.
Comparing
the acetyl-CoA
content
of similar
particle
preparations
incubated
with
and without
pyruvate
for 1 min,
a
net production
of 27 t 8 nmol of acetyl-CoA/mg
of protein/
min (mean
2 SD.
of values
obtained
in three
experiments)
was observed.
The control
without
pyruvate
produced
negligible amounts
of acetyl-CoA.
This finding
clearly
demonstrates
that
the CoA-supported
respiration
of pyruvate
results
in
acetyl-CoA
production.
Although
the fast decline
of respiration does not permit
a balance
to be made,
the amount
of
product
formed
is within
the same magnitude
as the 0, taken
UP.
ADP
and also GDP
give increased
oxygen
consumption
with
pyruvate
by Triton
X-loo-treated
particles
(Fig.
1, E
and F). Freezing
and thawing
is equally
effective
in unmasking the activity
observed
with ADP or GDP. The results
with
ADP are in complete
agreement
with the findings
reported
by
Cerkasov
et al. (10). The maximum
stimulation
observed
with
any amount
of ADP or GDP is always
much
smaller
than that resulting
from the addition
of saturating
amounts
of CoA. If nucleotide
diphospbates
and CoA are present,
the
stimulation
is not additive
but corresponds
t,o the CoA effect
alone (Fig.
1, D, E, and F). Succinate
has no effect on the
pyruvate
supported
respiration
of broken
particles
with any
of the additions
used.
It is to be stressed
that all the above effects can be observed
only if the integrity
of the particles
is damaged
by adding
the
nonionic
detergent,
Triton
X-100 (Fig. lB), or by freezing
and
thawing
(Fig. 1C). These observations
suggest
the membrane
of intact
particles
to be greatly
impermeable
to CoA and the
nucleotides.
In view
of their
importance
in the interpretation
of our
results
we repeated
certain
experiments
on osmotically
protected
organelle
fractions
with
results
identical
to those reported
by cerkasov
et al. (10). We confirmed
the stimulation
of the pyruvate-supported
respiration
of the intact
particles
by ADP
in the presence
of succinate
and the absence
of
stimulation
if ADP
was replaced
by GDP
or CoA in such
concentrations
as used in the experiments
with broken
particles or if the concentrations
were increased
lo-fold.
The subcellular
localization
of the pyruvate-supported
respiration
was investigated
with
the use of differential
and
isopycnic
centrifugation
(Fig. 3). After differential
centrifugation oxygen
uptake
with pyruvate
and CoA is predominantly
connected
with the large particle
fraction
and shows similar
distribution
as the hydrogenosomal
marker
enzyme,
adenylate
kinase
(6). After
isopycnic
centrifugation
of the large
particle
fraction
the activity
bands
at a high
density
(p =
1.25) characteristic
of hydrogenosomes
and has a distribution
similar
to adenylate
kinase.
These
results
show
that
the
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FIG. 3. Distribution of enzymes in a homogenate of T. foetus.
Left column, results obtained after differential centrifugation. Relative specific activity of the enzymes plotted against cumulative
percentage of protein recovered in each fraction. In the graph the
direction from left to right corresponds to increasing centrifugal
field. The far right-hand
block represents the final supernatant.
Right column, results obtained after isopycnic centrifugation of the
large particle fraction represented by the stippled areas in the left
column. Density-frequency plots. Percentage recoveries were 100
and 105 for pyruvate oxidase, 80 and 94 for adenylate kinase, 90 and
105 for acid phosphatase, 125 and 81 for P-N-acetylglucosaminidase,
and 115 and 95 for protein, respectively.
particles containing the pyruvate oxidase activity are hydrogenosomes. The other marker enzymes show distributions
that are identical with those reported earlier (1, 2, 5).
DISCUSSION

Hydrogenosomes, characteristic
membrane-bounded
organelles of trichomonads have been reported to play an important
role in the anaerobic metabolism of these mitochondrion-free
parasitic protozoa (14-16). In the companion paper Cerkasov
et al. (10) demonstrate that under aerobic conditions hydrogenosomes of T. foetus act as respiratory organelles, suggesting a role also in the aerobic metabolism of the organism.
The pathway of reducing equivalents removed from the substrates and the nature of the terminal oxidase are not known
but, according to studies with inhibitors,
cytochrome type
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compounds are not involved (10). They report furthermore
that hydrogenosomal
respiration can be accompanied by phosphorylation.
In the present paper we confirm these observations and demonstrate that with pyruvate as substrate 0,
uptake is dependent on the availability
of CoA. These findings
clearly show that 0,, if available, can act as an acceptor for
the reducing equivalents generated by the metabolic activity
of the hydrogenosomes. The uptake of O2 supported by malate
and pyruvate is coupled to the acetylation of CoA or the
phosphorylation
of ADP. The relative activities observed with
CoA and ADP suggest that the acetylation of CoA is the first
step in the reaction sequence and thus CoA and not ADP is
the primary group acceptor in these reactions.
A short summary of the metabolism of T. foetus and of the
role hydrogenosomes play in it may give proper perspective to
the above findings. Under anaerobic conditions T. foetus
excretes organic acids as end products of carbohydrate metabolism (14, 15, 20). One of the major end products is acetate,
derived most likely from glycolytically
formed pyruvate. All
enzyme activities that are necessary to account for the anaerobic conversion of pyruvate to acetate as well as a decarboxylating malate dehydrogenase were demonstrated in T. foetus
(1, 7) and were found to be localized in the microbody-like
hydrogenosomes of these organisms (1, 2, 7). Fig. 4 presents a
hypothetical
metabolic map of hydrogenosomes
constructed
on the basis of these findings. It is assumed that the main
carbon flow goes through the following steps: (a) oxidative
decarboxylation
of malate to pyruvate by malate dehydrogenase (decarboxylating)
(Step 1); (b) oxidative decarboxylation
of pyruvate
from glycolysis
or from Reaction
a) by
pyruvate:ferredoxin
(?) oxidoreductase
(pyruvate synthase)
(Step 2) with CoA as acyl acceptor; (cl the transfer of the CoA
from acetyl CoA to succinate by acetate-succinate CoA transferase (Step 3) with the release of free acetate; and (d)
substrate level phosphorylation
of ADP by succinate thiokinase (Step 4) using the thioester bond of succinyl-CoA.
The
possibility cannot yet be excluded that there exists an enzymatic activity analogous to succinate thiokinase but using
acetyl-CoA instead of succinyl-CoA as the proximal substrate
in the phosphorylation
step (7).
Although
the experiments
on broken particles reported
here show that GDP can replace ADP in the overall reaction
sequence, the succinate thiokinase activity can use only ADP
as phosphoryl acceptor.’ This phenomenon is currently under
study. There is adenylate kinase (Step 7) in the organelle (6).
The fate of the reducing equivalents generated in Step 1 is
unknown,
those produced in Step 2 are transferred via an
unknown,
possibly ferredoxin-type
oxidation-reduction
protein and are combined by hydrogenase (Step 5) with protons
to form H,. The presence of other enzymes in hydrogenosomes
is very likely but will need further exploration.
T. foetus,
as other trichomonads, does not oxidize carbohydrate completely even under aerobic conditions, and acetate
remains a major endproduct (20). This fact and the observations of Cerkasov et al. (10) and ourselves are compatible
with the assumption that the pathway of aerobic pyruvate
metabolism in these organelles is similar to or identical with
the anaerobic one. The major difference is in the nature of
the terminal electron acceptor, which is oxygen in aerobiosis
(Step 6) and protons or possibly also some other compounds in
anaerobiosis.
The observations on the effects of CoA and of the nucleotide
diphosphates
on broken particles can be explained on the
1 D. G. Lindmark,

unpublished observations.
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bling the hydrogenosomal
pyruvate oxidizing act.ivity of T.
fietus was also observed in E. histoZytica
(23). A major
difference between the anaerobic
parasitic
amoebae and
trichomonads seems to be the absence of hydrogenosomes in
the former where all enzymat.ic activities of the pathway
discussed are found in t.he nonsedimentable
portion of the
cytoplasm (21, 22).
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FIG. 4. Metabolic
map of T. foetus hydrogenosomes
based on
data from the accompanying
(10) and the present paper as well as
other publications
(1, 7). Part of this map was included
in earlier
reviews
(14-16). Malate
dehydrogenase
(decarboxylating)
(Step 1);
pyruvate:ferredoxin
(?) oxidoreductase
(Step 2); acetate-succinate
CoA transferase
(Step 3); succinate thiokinase
(Step 4); hydrogenase
(Step 5); terminal
oxidase of unknown
nature
(Step 6); adenylate
kinase (Step 7). X, unknown
electron transport
protein(s),
possibly
akin to ferredoxin.

basis of Fig. 4 as follows. The enhancing effect of ADP and
GDP is possibly connected with phosphorylation
(lo), but
phosphorylation
is not the direct cause of increased respiration. The observed increase in respiration
is likely to be due
to the renewed availability
of CoA as it is regenerated from
acetyl-CoA in the enzymatic step connected with phosphorylation.
The absence of effect of CoA and the nucleotide diphosphates
on the respiration of osmotically protected, intact hydrogenosomes show that these organelles are surrounded by a membrane with limited permeability.
These findings are in agreement with earlier results on the membrane-bound
latency of
several other hydrogenosomal
enzymes (1, 2, 5, 7). Results of
cerkasov et al. (8, 10) suggest the existence of complex
transport processes across the membrane that may play an
important role in the in uiuo regulation
of hydrogenosomal
metabolism.
Thus the dependence of hydrogenosomal
oxygen uptake on
the availability
of ADP, as demonstrated by Cerkasov et al.
(10) can be explained by substrate level phosphorylation
and
without the assumption of electron transport-linked
oxidative
phosphorylation.
This conclusion gives a basis for the absence
of effects of classical uncouplers of mitochondrial
processes
and also for the observed P/O ratios (10).
Thus in trichomonads, a major metabolic pathway with the
participation
of an interesting combination of enzymatic activities is localized in the hydrogenosomes,
i.e. in organelles
that differ from mitochondria
or peroxisomes. It is of interest
to note that the anaerobic conversion of pyruvate to acetate
via acetyl-CoA is not restricted to trichomonads but has been
recently described in other anaerobic parasitic protozoa. In
axenic strains of different Entamoeba
species, including the
human pathogen E. histolytica
this pathway has been demonstrated and its enzymes were found to be similar to those of
7’. foetus (21, 22). A CoA-requiring
pyruvate oxidase, resem-
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