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Abstract

Isolation of mitochondria of high purity and with intact enzymatic activities from malaria parasites
has proven to be a major obstacle in characterizing the parasite mitochondrial physiology. We
describe here an improved procedure for the isolation of a mitochondrially enriched preparation from
the trophozoite stage of erythrocytic P. falciparum, combining disruption by N, cavitation and
differential centrifugation with magnetic removal of hemozoin-associated material. These
mitochondrial preparations may be used to assay various mitochondrial enzyme activities, such as
succinate and dihydroorotate dehydrogenases, ubiquinol-cytochrome ¢ oxidoreductase, and
cytochrome c oxidase. They also exhibit a low level of ATPase activity, which is only marginally
inhibited by classical inhibitors. We have used this preparation to determine the susceptibility of
mitochondrial activities to drugs and drug candidate compounds in both “wild type” and transgenic
parasites.
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The highly divergent mitochondrion of the malaria parasite [1,2] is a proven drug target [3,
4]. The ubiguinone antagonist atovaquone is an inhibitor of Complex Il (ubiquinol-
cytochrome c oxidoreductase) of the mitochondrial electron transport chain. Several additional
classes of compounds have been found to inhibit this complex in P. falciparum, leading to
additional potential drugs in early stages of development (reviewed in [2]). Inhibitors of another
essential mitochondrial enzyme, dihydroorotate dehydrogenase (DHODH), are also advancing
toward drug development [5,6]. Studies of Plasmodium mitochondrial physiology, however,
have been hampered by the difficulty of consistently obtaining a clean preparation of sufficient
yield. Intraerythrocytic parasites are physically tough, requiring prolonged homogenization
[7] or high pressures [8] to release their contents, presumably due to the several membranous
systems and associated cytoskeleton surrounding parasites isolated from infected erythrocytes
as well as their relatively small size. The parasites also contain numerous internal membrane
compartments and hemozoin particles [9], adding to the difficulty of separating mitochondria
from other components.
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Differential centrifugation is perhaps the most common procedure for the rapid isolation of
cellular fractions containing mitochondria (see e.g., Part I, Isolation and Subfractionation of
Mitochondria, in [10]). The presence of hemozoin particles in Plasmodium spp., however,
presents a challenge to the adaptation of this technique in members of this genus. Hemozoin
has significant absorbance throughout the 300 — 625 nm region (Fig. 1), and in extracts exists
as opaque, dark brown to black micro-crystalline particles. During differential centrifugation,
the densest hemozoin particles sediment with the nuclei and cellular debris in the first low
speed centrifugation step, but the particles that remain in the low speed supernatant are
concentrated in the crude organellar fraction subsequently obtained by high speed
centrifugation, resulting in an even higher final concentration of hemozoin (e.g., sample 3 in
Fig. 1). As the activities of many mitochondrial enzymes are relatively low in blood-stage
parasites [7] (and see below), a relatively large amount of mitochondrial preparation must be
used in each individual measurement of activity, underscoring the importance of removing
hemozoin to minimize interference due to light scattering and high background absorbance for
traditional spectrophotometric enzyme assays.

Extending the method of Takashima et al. [8], we developed a modified differential
centrifugation procedure incorporating a magnetic separation step that yields a mitochondrial
preparation with about a 50-fold reduced level of hemozoin (compare samples 3 and 4 in Fig.
1) in a few straightforward steps (see Fig. 1 caption for details), notably, without requiring
extensive mechanical breakage with a tissue homogenizer, or gradient centrifugation steps.
There may be significant co-purification of the apicoplast in this preparation [13], however,
the enzyme sets of these two organelles appear to be largely distinct and in any event the volume
of the mitochondrion is much larger in the trophozoite stage. The residual hemozoin level
varied with the stage of the parasite culture and the care with which the procedure is carried
out, particularly, maintaining a uniform slow release from the N, bomb and slow passage
through the MACS column. In order to achieve better control of the release valve on the N»
bomb, we attached a round plastic disk to the control knob to increase its effective diameter to
10.4 cm (see supplemental Fig. S1). The overall yield has been in the range of 0.1-0.3 pg
protein/parasitized erythrocyte, i.e., ~3-8 mg protein per 500 mL of 5% hematocrit culture
with 10% parasitemia at mid to late trophozoite stage.

As noted above, the activities of many P. falciparum mitochondrial enzymes are low in blood-
stage parasites [7], and a relatively large amount of mitochondrial preparation is required for
each individual measurement of activity. In traditional spectrophotometric enzyme assays,
even after the virtual elimination of hemozoin, there will typically be significant light scattering
due to the mitochondria in suspension, which can obscure the signal (absorbance change due
to enzymatic activity). Therefore, the use of a spectrophotometer that can minimize or
compensate for particulate light scattering is recommended. Here we demonstrate the use of
our mitochondrial preparations in assays of mitochondrial quinone-linked dehydrogenases and
electron transfer complexes using a dual wavelength spectrophotomer.

The emerging drug target DHODH is an example of a mitochondrial flavin-dependent,
ubiquinone-linked dehydrogenase, which are often assayed by linking the substrate oxidation
reaction to the reduction of a soluble dye, the absorbance of which changes upon reduction.
Here we assayed DHODH, succinate dehydrogenase and malate-quinone oxidoreductase by
observing the reduction of Qp coupled to 2,6-dichloroindophenol (Fig. 2A). The specificity of
a reaction can be supported by demonstrating inhibition with a specific inhibitor, such as 5-
fluoroorotate for the DHODH reaction (Fig. 2B). The enzyme activities of the three enzymes
measured in this experiment (Table 1) were all of the same order of magnitude, i.e. ~10 nmol
substrate oxidized per min per mg of mitochondrial protein. For DHODH this is similar to the
activity level found in mammalian mitochondria [18]. However, in the case of succinate
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dehydrogenase the level in the parasite preparation is about 2 orders of magnitude lower [19]
(mammalian mitochondria do not possess a malate-quinone oxidoreductase).

As in the case of succinate-ubiquinone oxidoreductase, the enzyme complexes of the
mitochondrial electron transfer chain are present at relatively low levels in blood stage
parasites. Nevertheless, complex Il (cytochrome bcy complex) is the site of action of several
classes of antimalarial compounds under development. Complex IV (cytochrome c oxidase)
is inhibited by various agents such as cyanide and could be considered as a potential target.
These complexes are often assayed by following the reduction or oxidation, respectively, of
cytochrome c. Fig. 2 illustrates such assays of complexes 111 (2C) and IV (2E) with and without
inhibitors, and inhibition curves (2D,2F) resulting from such assays.

Mitochondrial ATP synthase is an essential enzyme in many organisms. It has not been
characterized in malaria parasites, but genomic data suggest it likely has unique features and
could therefore be a potential target [2,3]. ATP synthase is routinely assayed using the reverse
reaction; an enzyme-coupled spectrophotometric ATP hydrolysis assay is illustrated in Fig.
2G. The parasite mitochondria evince a very low ATPase level, and that activity is relatively
insensitive to the well-known ATP synthase/hydrolase inhibitors oligomycin (Fig. 2H) and
azide (not shown).

In summary, we have developed a straightforward procedure for the preparation of a parasite
extract enriched in mitochondrial enzymes and largely depleted of hemozoin. The removal of
hemozoin particles reduces the background light scattering and absorbance associated with
mitochondrial sample aliquots, greatly facilitating spectrophotometric measurements and
allowing enzyme activities present at relatively low levels to be readily measured.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

DHODH dihydroorotate dehydrogenase
Qb 2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone
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Fig. 1. Hemozoin content of fractions of a mitochondrial preparation

Spectra of hemozoin extracted from (1) saponin-released parasites, (2) parasite lysate produced
by N, cavitation, (3) 23000g pellet without a magnetic separation step, and (4) 23000g pellet
obtained after magnetic separation using MACS. Inset: Calculated hemozoin contents. Parasite
mitochondria were isolated from P. falciparum cultures that were synchronized at least twice
by treatment with alanine [11], expanded and harvested at 8-15% parasitemia in the mid to
late trophozoite stage. Parasitized erythrocytes were harvested by centrifugation, and lysed at
37°C with 0.05% (w/v) saponin in lysis buffer (120 mM KCI, 20 mM NaCl, 20 mM glucose;
6 mM (HEPES), 6 mM MOPS, 1 mM MgCl,, 0.1 mM EGTA, pH 7.0). After washing 3 times
with lysis buffer and once with mitochondrial isolation buffer (225 mM mannitol, 75 mM
sucrose, 4.3 mM MgCly, 0.25 mM EGTA, 10 mM HEPES [Tris], 5 mM HEPES [KOH]; pH
7.4) containing 5 mM glucose, the parasites were pressurized with compressed nitrogen in a
4639 Cell Disruption Bomb (N, bomb) (Parr, USA) at 1000 psi for 20 min at 4°C in reduced-
oxygen mitochondrial isolation buffer containing 5 mM glucose and mitochondrial substrates
(2.5 mM succinate, 5 mM D,L-malate, 2 mM a-glycerophosphate, and 1 mM dihydroorotate)
inthe presence of 1 mM phenylmethylsulfonyl fluoride and 1 ul per ml fungal protease inhibitor
cocktail (Sigma-Aldrich, Inc., St. Louis, MO, USA). Cavitation was performed by slow drop-
wise release of the parasite suspension through the valve of the N, bomb. The 1000 psi pressure
in the N, bomb was reestablished whenever the release caused a drop of more than 100 psi.
Upon completion of the disruption, another aliquot of protease inhibitors was added, and the
unbroken cells and cell debris were removed by centrifugation at 900xg for 6 min at 4°C. The
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low speed supernatant was passed slowly (~0.2 ml/min) through a MACS CS column
prewashed with mitochondrial isolation buffer in a Vario MACS magnetic separation apparatus
(Miltenyi Biotec, Auburn, CA, USA) to remove hemozoin. The mitochondria were recovered
as a pellet by centrifugation at 23000xg for 20 min at 4°C. The supernatant was removed as
completely as possible, and the pellet was suspended in a minimal volume of mitochondrial
isolation buffer containing 0.75 mM succinate (and/or 0.5 mM dihydroorotate, if DHODH
activity is to be measured) and used for enzymatic assay or stored at —80°C. To determine
hemozoin content, protein and lipids were removed from each sample aliquot using 2 washes
with 2 % sodium dodecyl sulfate, and the hemozoin collected by centrifugation. The hemozoin
pellet was depolymerized as described by Sullivan et al [12]. The solution was neutralized with
HEPES, and the heme concentration in the sample was determined spectroscopically (¢#00nm
=100,000 M~1ecm™1).
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Fig. 2. Spectrophotometric assays of mitochondrial enzyme activities

(A) Example assays of dihydroorotate, malate and succinate Qp/2,6-Dichloroindophenol
reductase activities of a P. falciparum mitochondrial preparation (B) Example dihydroorotate
reductase assays plus and minus the inhibitor 5-fluoroorotate (5-FO). (C) Time courses of
ubiquinone cytochrome c reductase assays in the absence and in the presence of two
concentrations of atovaquone. The points of addition of aliquots of mitochondrial preparation
(mitos) and of substrate (QpH>) are indicated. (D) Profile of the inhibition by atovaquone of
the ubiquinone cytochrome c reductase activity of a mitochondrial preparation. (E) Time course
of a cytochrome c oxidase assay. The points of addition of an aliquot of mitochondrial
preparation (mito. prep.), of the potential inhibitor 2,5-bis(4-amidinophenyl)furan (inhibitor;
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13 pM final), and of potassium cyanide (KCN; 2 mM final) are indicated. Cytochrome c is
present from the beginning of the assay. (F) Profile of the inhibition by 2,5-bis(4-
amidinophenyl)furan of the cytochrome c oxidase activity of a mitochondrial preparation. (G)
Example ATPase assay time course curves for an aliquot of P. falciparum mitochondrial
preparation compared to one of yeast mitochondria, normalized to mitochondrial protein to
allow visualization of the rate difference. The inset to the right of the curves displays the
corresponding ATPase specific activities in umol ATP/min/mg protein (Pf = P. falciparum).
(H) Profile of oligomycin inhibition of the ATPase activities of a P. falciparum preparation
(Pf) and a yeast (Sc) mitochondrial preparation. Succinate, malate, and dihydroorotate quinone
reductase activities were measured essentially as described [14], using 10 mM succinate, 10
mM D,L-malate, or 2 mM dihydroorotate. Cytochrome c reductase activity was assayed by a
modification of the method of Trumpower and Edwards [15], using 100 uM QpH, and 100
UM horse heart cytochrome ¢ (Sigma-Aldrich). Cytochrome c oxidase activity was determined
by measuring the oxidation of 100 uM reduced horse heart cytochrome c. The diamidine
compound 2,5-bis(4-amidinophenyl)furan was provided by Steven Meshnick, University of
North Carolina. ATPase activity was determined by a coupled assay modified from Pullman
et al [16], using 3 mM phosphoenolpyruvate, 0.3 mM NADH, 4 units lactate dehydrogenase
(Sigma), 4 units pyruvate kinase (Sigma) and 1 mM ATP, and including inhibitors of possible
contaminating activities. The assays described above were all recorded with a modified SLM-
AMINCO DW2C dual wavelength spectrophotometer (On-Line Instrument Systems, Inc.,
Bogart, GA, USA) in dual mode (600 nm — 528 nm for 2,6-Dichloroindophenol reduction, 550
nm — 541 nm for cytochrome c oxidation/reduction, and 341 nm — 401 nm for NADH
oxidation). Yeast mitochondria were prepared as described [17] and stored in aliquots at —80
°C.
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Table 1

Activities of three mitochondrial ubiquinone oxidoreductases

substrate  inhibitor specific activity?
nmol/min/mg prot

DHOP 13.8

DHO (50 pul DMSO) 12.1

DHO 5FOC, 0.5 MM (DMSO) 571

malate 111

succinate 9.73

succinate  malonate, 10 mM 5.79

aacceptor cosubstrate = 100 pM Qp + 60 UM 2,6-dichloroindophenol

bDHO = L-dihydroorotate

C5FO = 5-fluoroorotate
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