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Introduction

Although Trichomonas wvaginalis lacks a
functional tricarboxylic acid cycle (Read,
1957 ; Wellerson et al., 1960), it contains a
high malate dehydrogenase activity (Ta-
naka, 1971 ; Brugerolle and Metenier, 1973).
Physiological functions of this enzyme in
trichomonad flagellates are still unknown.
Therefore, we have investigated several en-
zymes involved in L-malate metabolism, and
found that 7. wvaginalis contained at least
two types of NAD*-linked malate dehydro-
genases, differing in subcellular localization
and enzymatic properties (Tanabe er. al.,
1976). The stoichiometric analysis indicated
that the particulate enzyme was a NAD®-
linked malic enzyme and the soluble one
was a NAD*-linked malate dehydrogenase
(Tanabe et al., 1979).

Tanabe and Asami (1975) also demonstrated
the presence of NADP*-linked malic enzyme
in the crude extract of this parasite, and
preliminary characterization indicated that
NAD*- and NADP*-linked malic enzymes
might be different; these two enzymes were
different in enzymatic properties and elution
profile on Sephadex G-100 chromatography
(Tanabe, unpublished data).

This communication deals with subcellular
localization of NAD?*- and NADP*-linked

malic enzymes in 7'. vaginalis.
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Materials and Methods

Parasite : T. vaginalis (strain 73) was
cultivated stationarily in a Erlenmeyer flask
containing 120ml of the Asami medium
(Asami, 1952). Detailed procedures of cul-
tivation and harvesting of the parasites have
been described previously (Tanabe, 1979).

The parasites were washed and finally
suspended in 5 mM Tris-Cl, pH 7.4 contain-
ing 250 mM sucrose and 1mM 2-mercapto-
ethanol at a ratio of 1 ml of packed cell per
9ml of the Tris-buffered sucrose and dis-
rupted for 2 min using a glass homogenizer
with a Teflon pestle.

Chemicals : Crystalline lactic dehydroge-
nase from rabbit muscle and Triton X-100
were obtained from Sigma Chemical Co. (St.
Louis, MO. USA). NAD* and NADP* were
obtained from Oriental Yeast Co. (Tokyo,
Japan). Other chemicals were of the highest
purity commercially available.

Enzyme assay : NAD?*- and NADP*-link-
ed malic enzymes were assayed at room
temperature either by measuring the initial
velocity of NAD* or NADP* reduction spec-
trophotometrically with Hitachi Perkin Elmer
139 type spectrophotometer, or by enzymatic
determination of the reaction product (pyru-
vate) using the neutralized supernatant fluid
of perchloric acid extracts of the assay
mixture.

The standard assay mixture of NAD*-
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linked malic enzyme contained 2mM L-
malate, 330 pM NAD*, 1 mM MnCl,, 5-20 pg
of the enzyme protein and 66.7 mM glycine
buffer, pH 8.6 in a final volume of 3.0ml.
The standard assay mixture of NADP*-linked
malic enzyme contained 1 mM L-malate, 100
¢M NADP*, 1 mM MnCl,, 30-150 g of the
enzyme protein and 66.7 mM imidazole buffer,
pH 6.2 in a final volume of 3.0 ml.

One unit of the enzyme was defined as
the amount needed for reduction of 1 micro-
mole of NAD(P)* or formation of 1 micro-
mole of pyruvate per min.

Other assays : Protein was determined by
Folin-phenol procedure (Lowry et al., 1951)
using bovine serum albumin as a standard.
Pyruvate was determined by enzymatic meth-
od wusing lactic dehydrogenase (Czok and
Lamprecht, 1974).

Isolation of subcellular fractions: The
homogenate of the parasites was fractionated
by differential centrifugation as follows: a
nuclear fraction (600gX7 min sediment), a
large granule fraction (13,000 g X 10 min sedi-
ment), a small granule fraction (105,000 g X
90 min sediment) and a final supernatant
fraction (105,000 g X 90 min supernatant). All
manipulations were done at 4 C.

Sucrose density gradient : Only the 13,000 g
sediment was analyzed by this technique. A
13.5ml discontinuous sucrose gradient (65,
60, 58, 55, 50, 45, 40, 30 and 20%) was

containing 5mM 2-mercaptoethanol. Ap-
proximately 1ml of the suspended 13,000 g
sediment was placed on the gradient and
was centrifuged at 72,000 g for 3 hours at
4C with a swinging bucket rotor (Hitachi
RPS25-3 type, Hitachi, Tokyo, Japan). Each
band was isolated by a density gradient
fractionator (ISCO, Nebraska, USA), and
was used for enzyme assay. All procedures
were done at 4C.

Electron microscopical observation :  Sub-
cellular fractions were fixed with buffered
glutaraldehyde, and then collected and
washed by centrifugation. The pellets were
postfixed in 1% osmium tetroxide buffered
with 100 mM cacodylate, pH 7.4. All sam-
ples were dehydrated and then embeded in
Epon. Thin sections were made with Poter-
Blum MT 2-B ultramicrotome using a dia-
mond knife, and were observed with Hitachi
HU-12AS electron microscope following stain-
ing with uranyl acetate and lead nitrate.

Results

Subcellular distribution of NAD*- and
NADP*-linked nalic enzymes: A typical
distribution pattern of NAD*- and NADP*-
linked malic enzymes in T'. vaginalis is sum-
marized in Table 1. The activities of NAD*-
and NADP*-linked malic enzymes were pri-
marily associated with the 13,000 g sediment

prepared in 5mM Tris-Cl buffer, pH 7.4 (the large granule) fraction. The specific

Table 1 Subcellular distribution of NAD*-and NADP*-linked malic enzymes after
differential centrifugation of Trichomonas vaginalis homogenate

Total  Total  NAp+linked malic NADP*-linked malic

Fraction volume protein
(ml) (mg) enzyme enzyme
pmoles of pyruvate formed/min/mg protein

‘Whole homogenate 12 36.5 0.53 0.17
600g sediment 5 11.0 0.42 0.19
13,000g sediment 6 6.6 1.26 0.37
105,000g sediment 6 3.2 0.02 0.02
105,000g supernatant 10 14.6 0.04 0.01

The enzymatic activity was assayed by enzymatic determination of pyruvate using
neutralized supernatant fluid of perchloric acid extracts of the assay mixture, after
enzymatic reaction was conducted for 2 min. Details of assay are given in the text.
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activities of NAD*- and NADP*-linked malic
enzymes in this fraction increased 1.8-fold
and 2.1-fold respectively. Based on this
finding, the 13,000 g sediment was used for
further analysis.

The large granule fraction isolated by
differential centrifugation was further frac-
tionated by isopycnic centrifugation in a
discontinuous sucrose gradient. A typical
distribution pattern of the components in
the 13,000 g sediment was schematically re-
presented in Fig. 1. Nine bands and a pellet
were isolated and designated as P-I to P-X.
It is shown in Fig. 2 that most activities of
NAD*- and NADP*-linked malic enzymes
were primarily associated with P-VII, P-VIII
and P-IX.

Electron microscopical observations exhi-
bited presence of hydrogenosome-like dense
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Fig. 1 Distribution of the components after
discontinuous sucrose gradient centrifugation
of the large granule fraction of Trichomonas
vaginalis.
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Fig. 2 Distribution of NAD*- and NADP*-
linked malic enzymes after discontinuous
sucrose gradient centrifugation of the large
granule fraction of Trichomonas vaginalis.
The enzymatic activity was assayed by
spectrophotometric method. Details of frac-
tionation and assay are given in the text.

granules, membranous structures, small vesi-
cles and particles containing various inclu-
sion bodies in the 13,000 g sediment fraction
(Photo. 1). It was also demonstrated that
P-VII, P-VIII and P-IX mainly consisted of
the hydrogenosome-like granules (Photo. 2).
High magnification analysis of hydrogen-
osome-like granule demonstrated that this
granule was limited by a single unit mem-
brane and filled with a finely granular
matrix.

Latency of NAD*- and NADP*-linked malic
enzymes : In Table 2 are shown the results
of study on latency of NAD* and NADP*-
linked malic enzymes in the large granule
fraction. The activities of these two en-
zymes were very low when the particles were
osmotically protected by 250 mM sucrose. In
contrast, addition of Triton X-100 resulted
in marked increase of these enzymatic acti-
vities. The specific activities of NAD*- and
NADP*-linked malic enzymes increased 1.9-
fold and 2.5-fold respectively. Sonic oscila-
tion of the large granule fraction also re-
sulted in marked increase of the activities
of NAD*- and NADP"*-linked malic enzymes.
However, Triton X-100 failed to increase
the activities of these enzymes in the large
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Table 2 Effect of Triton X-100 on NAD*- and NADP*-linked malic enzymes
in the large granule fraction osmotically protected in 250 mM sucrose

Concentration of ~ NAD®-linked malic NADP*-linked malic

Triton X-100 in enzyme enzyme
reaction mixture — - B
(%) ymoles of NAD(P)* reduced/min/mg protein
Control assay mixture 0.83 0.21
+ Triton X-100 0.1 1.59 0.51
+ Triton X-100 0.3 1.52 0.41
+ Triton X-100 0.5 1.51 0.38

The enzymatic activity was assayed by spectrophotometric method. Control assay mi-
xture was the same as the standard assay mixture given in the text except for adding
250 mM sucrose.

Table 3 Effect of sonic oscilation on NAD*- and NADP*-linked malic enzymes
in the large granule fraction osmotically protected in 250 mM sucrose

Concentration of NAD*-linked malic NADP*-linked malic

Triton X-100 in enzyme enzyme
reaction mixture -

%) pmoles of NAD(P)* reduced/min/mg protein
Large granule fraction 0 0.82 0.25
0.1 1.53 0.53
Large granule fraction 0 1.28 0.39

+

sonic oscilation 0.1 1.25 0.42

The enzymatic activity was assayed by spectrophotometric method. Details of assay
are given in the text and the legend to Table 2.

NAD+-linked malic enzyme NADP:linked malic enzyme Fig. 3 Effect of freezing
and thawing on NAD*-

------ .f\ 1009, and NADP*-linked malic

. " enzymes in the large gran-
3 \ ule fraction osmotically
“ protected in 250 mM su-
\f\ crose.
) .~ The enzymatic activity
sol \{ ....... 3 was assayed by spectro-
§_}_\}____{ photometic method. De-
tails of assay are given
in the text. Total acti-
vity (dotted line) was de-
termined in presence of
250 mM sucrose and 0.1

1 | ) | , . % Triton X-100, and free
3 6 9 3 6 9 activity (solid line) was
Cycles of freezing and thawing assayed in presence of

250 mM sucrose.
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granule fraction previously treated with sonic
oscilation (Table 3).

As shown in Fig. 3, repeated freezing and
thawing resulted in gradual decrease of the
total activities of NAD™*- and NADP*-linked
malic enzymes, which were assayed in pre-
sence of 250 mM sucrose and 0.1% Triton
X-100, in the large granule fraction. In
contrast, the free activities of these enzymes,
which were assayed without Triton X-100,
were not changed (NADP?*-linked malic
enzyme) or increased (NADw*-linked malic
enzyme) by this treatment. Moreover, it
was also found that Triton X-100 had no
effect on NAD*- and NADP*-linked malic
enzyme activities when the large granule
fraction was treated with nine cycles of fre-
ezing and thawing.

These results suggest that NAD®*- and
NADP*-linked malic enzymes are contained
in a membrane-limited particle sensitive to
detergent, freezing and thawing, or sonic
oscilation and that the membrane of this
particle seemed intact even after isolated
by differential centrifugation.

Discussion

Although electron microscopical observa-
tions have demonstrated that 7. wvaginalis
and other trichomonad flagellates lack mito-
chondria, the trichomonads contained micro-
body-like granules in their cytoplasm (Nielsen
et al., 1966 ; Miiller, 1973). Physiological
functions of this cytoplasmic organelle had
been unknown until Miiller and Lindmark
first reported on the biochemical characteriza-
tion of this organelle in Trichomonas foetus
(Miiller, 1973 ; Lindmark and Miiller, 1973).
They isolated this granule by differential and
isopycnic centrifugation of 7. foetus homo-
genate prepared in 250 mM sucrose, and
demonstrated the presence of hydrogenase as
well as other enzymes in this granule.
They called, therefore, this granule a hy-
drogenosome. Lindmark et al. (1975) also
demonstrated the existence of hydrogenase,
pyruvate synthase and NAD(P)*-linked malic
enzyme in the microbody-like granules in 7.
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vaginalis, and suggested that this granule
was probably identical with the hydrogen-
osome in T'. foetus.

Tanabe and Asami (1975) have demon-
strated that NAD*- and NADP*-linked malic
enzymes are associated with the large granule
fraction of 7T'. vaginalis. The purified NAD*-
linked malic enzyme could not utilize NADP*
as a coenzyme (Tanabe et al., 1979). More-
over, there were marked differences between
NAD*- and NADP*-linked malic enzymes
with respect to the optimal pH, solubility
in ammonium sulfate solution, sensitivity to
heavy metal ions, effect of divalent cations
and elution profile on Sephadex G-100 chro-
matography (Tanabe and Asami, 1975; Ta-
nabe, unpublished data). These findings
suggest that these two enzymes are different.

Present studies indicate that NAD?'- and
NADP*-linked malic enzymes are mainly
present in the hydrogenosome-like granule
of T. waginalis. Moreover, these two en-
zymes exhibited structure-bound latency
which can be suppressed by Triton X-100.
Sonic oscilation and repeated freezing and
thawing also could suppress their latency.
Lindmark and Miiller (1973) observed that
Triton X-100 or repeated freezing and thawing
markedly suppressed the latency of pyruvate
synthase and NAD(P)*-linked malic enzyme
in the hydrogenosome of 7'. foetus. These
evidences, therefore, suggest that the hydro-
genosome-like granule containing NAD*- and
NADP*-linked malic enzymes is limited by
a membranous structure that appears to func-
tion as a permeable barrier to L-malate or
NAD(P)*. This is further confirmed by elec-
tron microscopical observation that the hydro-
genosome-like granule is limited by a single
unit membrane. All of these findings also
indicate the presence of the hydrogenosome
in T. vaginalis as demonstrated by Lindmark
et al. (1975).

Cerkasovova ez al. (1973) demonstrated that
the isolated hydrogenosome from 7. foetus
was able to reduce oxygen upon addition of
either pyruvate or malate and NAD*. It is
suggested that L-malate is converted to py-
ruvate by malic enzyme and thus pyruvate
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becomes the final substrate for oxygen uptake
(Miiller, 1976). In addition, it has been also
shown that the aerobic metabolism of py-
ruvate appears to be linked with a substrate
level phosphorylation (éerkasovové and Cerka-
sov, 1976 ; éerkasov et al., 1978). It is,
therefore, likely that NAD*- and NADP*-
linked malic enzymes may participate in re-
gulating the pyruvate level functioning in
energy conservation in the hydrogenosome
of trichomonad flagellates.

Summary

T'richomonas vaginalis contains two types
of malic enzymes, i.e., NAD*- and NADP*-
linked malic enzymes, differing in enzymatic
properties and elution profile on Sephadex
G-100 chromatography. The activities of
NAD*- and NADP*-linked malic enzymes
were largely associated with the 13,000g
sediment fraction isolated by differential
centrifugation of 7. wvaginalis homogenate
prepared in 250 mM sucrose. Isopycnic cen-
trifugation of 13,000 g sediment clearly in-
dicated that NAD*- and NADP*-linked malic
enzymes were mainly present in the high
density sucrose fractions (P-VII, P-VIII and
P-IX). Electron microscopical observation
clearly demonstrated that these three frac-
tions mainly consisted of the hydrogenosome-
like granules. These evidences suggest that
NAD*- and NADP*-linked malic enzymes
are probably located in the hydrogenosome-
like granule in 7. vaginalis.

NAD*- and NADP*-linked malic enzymes
exhibited structure-bound latency which
can be suppressed by a non-ionic detergent,
Triton X-100. Sonic oscilation and repeated
freezing and thawing also could suppress
their latency. These findings suggest that
the particles containing NAD*- and NADP*-
linked malic enzymes limited by a
membranous structure that appears to func-

tion as a permeable barrier to L-malate or
NAD(P)*.

are
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BrYaEFAD NAD'linked malic enzyme £ &1V NADP*-linked
malic enzyme D#FEARBIEHIZDLNT

B2 E ZHAETX €H R TR 8B 2R #H=
(€ In% 2 - PRESHEE TS &)

rYasFR0) v ITBRAGHCERBET SRR T
% % NAD*-linked malic enzyme (LL'F NAD-ME &
#) L NADP*-linked malic enzyme (LLF NADP
ME LR&) O HRENETEEE RIFL, UTOREE2E
Iz.

(1) NAD-ME 3 X U8 NADP-ME i3 3£i05% 04y i
T87c 13,000 g TS E (KREKISE) XL LTH
TELTWe., ZORERSHE % & 51T discontinuous
v s BEREARE D (65, 60, 58, 55, 50, 45, 40, 30,
20%) KX VHELIcL 25, 105y (V= FEREDNIK
WHH S P-I, P-II, -, P-X) Byt hic. W%
dtiz P-VII, P-VIII 8 X O P-IX BIicoABHEH,

L b iR ER—0O MR L. P-VIL P-VIII &
IO P-IX E5 O BEEERFREE > 6, WEEE A
IZEE N Y 25 2 DMBEICTFEET 5 hydrogenosome-
like dense granule IZRTET 5 Z LIRS T,

(2) KEpisyE+ O NAD-ME 8 X O° NADP-ME %
ML ERE RUSIR B TR WS, KIS~ Triton
X-100 DHFEHNTEHICZ DEMEHER Lz, o KEHL
SR ER D D VIR T 5 2 LI LD T Ll
BERIEMOMARRHEhZ. ZnZ ik, NAD-ME
B XU NADP-ME #&tiila/g@NERIA permeable
barrier & U THSRET 2 IEERMEEMIC L D R sh T
BZEERBLTNDHDLEZ bR,
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Photos. 1 and 2 Electron micrographs of the large granule fraction, and P-VIII fraction

isolated by isopycnic centrifugation.

Scale marker represents 1pum. (1) The 13,000 g sediment fraction after differential
centrifugation. (2) The P-VIII fraction isolated by isopycnic centrifugation.
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