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In aerobic respiration, the tricarboxylic acid cycle is pivotal to
the complete oxidation of carbohydrates, proteins, and lipids to
carbon dioxide and water. Plasmodium falciparum, the causa-
tive agent of human malaria, lacks a conventional tricarboxylic
acid cycle and depends exclusively on glycolysis for ATP pro-
duction. However, all of the constituent enzymes of the tricar-
boxylic acid cycle are annotated in the genome of P. falciparum,
which implies that the pathway might have important, yet
unidentified biosynthetic functions. Here we show that fumar-
ate, a side product of the purine salvage pathway and a metabolic
intermediate of the tricarboxylic acid cycle, is not a metabolic
waste but is converted to aspartate through malate and oxa-
loacetate. P. falciparum-infected erythrocytes and free para-
sites incorporated [2,3-'*C]fumarate into the nucleic acid
and protein fractions. '>*C NMR of parasites incubated with
[2,3-13C]fumarate showed the formation of malate, pyruvate,
lactate, and aspartate but not citrate or succinate. Further, treat-
ment of free parasites with atovaquone inhibited the conversion
of fumarate to aspartate, thereby indicating this pathway as an
electron transport chain-dependent process. This study, there-
fore, provides a biosynthetic function for fumarate hydratase,
malate quinone oxidoreductase, and aspartate aminotrans-
ferase of P. falciparum.

Plasmodium falciparum is a parasitic protozoan, which
causes the most severe form of malaria in humans. Because of
the emergence in the parasite of widespread drug resistance to
most of the first-line antimalarials, the development of new
drugs that target the parasite metabolism is needed. Over sev-
eral years, malarial parasites have been studied to understand
various novel biochemical features, which not only gives oppor-
tunities for chemotherapeutic interventions but also stimulates
broader scientific interests.

During the intraerythrocytic stages of P. falciparum, the tri-
carboxylic acid cycle does not seem to function like a conven-
tional tricarboxylic acid cycle for the following reasons. (@) The
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bulk of the glucose is metabolized to lactate by anaerobic gly-
colysis, which is then secreted by the parasite as a metabolic
waste (1) (2). As a result, unlike aerobic cells, in P. falciparum
there is minimal carbon flow from the cytoplasm to the mito-
chondrial tricarboxylic acid cycle. (b) The multi-enzyme com-
plex pyruvate dehydrogenase, which channels pyruvate into the
tricarboxylic acid cycle through acetyl-CoA, has been found
to localize on the apicoplast membrane in P. falciparum (3),
unlike mammalian cells, where the enzyme is present on the
inner mitochondrial membrane (4). (c) The enzyme isocitrate
dehydrogenase generates NADPH rather than NADH (5),
thereby implying that its main role is probably to act as a redox
sensor rather than donating reducing equivalents to the elec-
tron transport chain. In addition, P. falciparum synthesizes
ATP mainly by substrate level phosphorylation through glycol-
ysis and not through oxidative phosphorylation (6), suggesting
that the primary function of the tricarboxylic acid cycle in gen-
erating reducing equivalents for the electron transport chain
might be dispensable for the parasite. However, genes for all of
the enzymes of the tricarboxylic acid cycle are present and are
expressed in P. falciparum (7, 8) during the intraerythrocytic
stages, thereby implying that the pathway probably has impor-
tant, yet unidentified biosynthetic functions.

Unlike its human host, P. falciparum lacks the de novo purine
biosynthetic pathway and is hence completely dependent on
the purine salvage pathway to meet its purine nucleotide
requirements (9). In the purine salvage pathway, hypoxanthine
salvaged from the host is phosphoribosylated to IMP, which
then branches out to form AMP and GMP (Fig. 1). IMP is con-
verted to AMP in two steps, catalyzed by two distinct enzymes:
(a) adenylosuccinate synthetase, which adds a molecule of
aspartate to the 6-oxo position of IMP with a concomitant
hydrolysis of GTP to GDP to produce succinyl-AMP (10); and
(b) cleavage of succinyl-AMP to AMP and fumarate by adeny-
losuccinate lyase (11). Excess AMP is deaminated back to IMP
by AMP deaminase. This cyclic conversion of IMP to AMP
constitutes the purine nucleotide cycle (Fig. 1), which has been
shown to play an important role under conditions (such as in
muscle tissue) requiring excess ATP (12). The P. falciparum
genome contains a homolog of AMP deaminase, suggesting the
presence of the purine nucleotide cycle in the parasite. Apart
from AMDP, the other end product of this pathway is fumarate,
which in most aerobic cells feeds into the tricarboxylic acid
cycle (13). However, in view of a dysfunctional tricarboxylic
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FIGURE 1. Purine salvage pathway in the intraerythrocytic P. falciparum.
Adenosine and hypoxanthine salvaged from the host are converted to IMP,
which then branches out to form AMP and GMP. Excess AMP is deaminated
back to IMP to constitute purine nucleotide cycle. A molecule of fumarate is
also generated for each molecule of AMP. The arrow and the question mark
have been putin to emphasize that the reutilization pathway of fumarate has
not been elucidated.

acid cycle in P. falciparum, the metabolic fate of fumarate is not
known.

Our studies with metabolic tracers implicate fumarate gen-
erated from the purine salvage pathway as being incorporated
into nucleic acids and proteins and not secreted out by the
parasite. Fumarate gets converted to malate and then sub-
sequently to aspartate through a metabolic pathway that
involves fumarate hydratase, malate quinone oxidoreduc-
tase, and aspartate aminotransferase. This report shows
functionality to a portion of the tricarboxylic acid cycle and
also highlights possible metabolic cross-talk between purine
salvage and the electron transport chain in P. falciparum.

EXPERIMENTAL PROCEDURES

Reagents—All reagents and chemicals, unless mentioned
otherwise, were obtained from Sigma. [U-'*C]Aspartate (200
mCi mmol ') was obtained from the Board of Radiation and
Isotope Technology (BRIT), India. [2,3-'*C]Fumarate (10 mCi
mmol ') and 2,3-[**C]fumarate were obtained from Sigma.
[8-*H]Hypoxanthine (19.2 Ci mmol ') was obtained from GE
Healthcare. Primers for gene cloning were custom synthesized
at Sigma. Human O™ serum and erythrocytes for maintenance
of the 3D7 strain of P. falciparum were obtained from healthy
volunteers from a local hospital.

P. falciparum Culture Maintenance—The 3D7 strain of
P. falciparum was cultured in vitro as described previously (14).
Briefly, the parasites were maintained in human O™ erythro-
cytes isolated from O™ human blood collected from healthy
volunteers at 5% hematocrit in RPMI 1640 (Sigma) buffered
with HEPES containing 10% human serum and supplemented
with 5% NaHCO,. The culture was grown at 37 °C in a candle
jar. The medium was changed every 24 h, and parasitemia was
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estimated every 48 h by microscopic examination of Giemsa-
stained smears. Free parasites were isolated by treating parasit-
ized erythrocytes with 0.15% saponin. The parasitized culture
was enriched for mature stages (trophozoites and schizonts) by
centrifugation in a 70% Percoll (GE Healthcare) solution (15).

Metabolic Labeling—1 uCi of [U-'*Claspartate (25 um) or
[2,3-"*C]fumarate (500 um) was added to erythrocytes, parasit-
ized erythrocytes (2% hematocrit and 6 —8% parasitemia, 200
ul), or saponin-released free parasites (total protein: 2—-3 mg
ml™"). Although erythrocytes and parasitized erythrocytes
were incubated for 24 or 48 h, saponin-released free parasites
were incubated for 8 h at 37 °C in a 96-well flat-bottom plate
placed in a candle jar. Parasites were in the trophozoite stage
before labeling. After incubation, the spent medium of each cell
type was collected and treated with 10% trichloroacetic acid for
15 min on ice followed by boiling for 10 min. The protein pre-
cipitate was removed by centrifugation for 30 min at 4 °C. The
supernatant was collected, lyophilized, and reconstituted in
10-20 pl of distilled water. 2—3 ul of the concentrated medium
was spotted ona 10 X 5 cm TLC silica gel 60 F254 plate (Merck)
and air-dried. A mobile phase consisting of n-butanol, acetic
acid, and water at a ratio of 4:1:1 was used to run the TLC,
following which the TLC plate was dried and developed using a
Fuji FLA-5000 phosphorimaging device.

For nucleic acid incorporation, the contents of each well
were harvested onto glass fiber filters using a Combi-12 auto-
mated cell harvester (Molecular Devices, Sunnyvale, CA),
washed extensively with distilled water, and dried. The incor-
porated radioactivity was measured as disintegrations per
minute using a Wallac 1409 liquid scintillation counter (Wallac
Oy, Turku, Finland).

To check the incorporation of radioactivity in proteins, the
parasite culture was treated with 0.15% saponin solution for
2-3 min, which released the parasites from the erythrocytes.
The parasite pellet was washed five or six times in PBS, resus-
pended in 1X SDS-gel loading buffer, boiled for 10 min, and
subjected to 10% SDS-PAGE. The gel was dried and developed
on a Fuji FLA-5000 phosphorimaging device. For **C label dis-
tribution between spent medium and parasite lysate, saponin-
released erythrocyte-free parasites were incubated with 1 nCi
(0.5 mm) of [2,3-**C]fumarate for 8 h and processed as
described under the supplemental “Methods.”

Metabolite Extraction, Separation, and Analysis—Free para-
sites, after incubation with the radioactive tracers [U-1*C]as-
partate, [2,3-'*C]fumarate, and [8-°H]hypoxanthine, were
washed thrice with 1X PBS to remove excess radioactive label,
resuspended in distilled water, and lysed by rapid freeze-thaw-
ing. Soluble metabolites were extracted from the lysate by treat-
ment with 0.5 M HCIO, for 30 min on ice using published pro-
tocols (16). Samples were then neutralized with 5 M KOH and
centrifuged to remove the precipitate. The supernatant was
concentrated by lyophilization and stored at —80 °C till further
use. Purine and pyrimidine nucleotide monophosphates were
separated using a reversed phase ion-pair HPLC (Genesis® Cg,
4 pum, 150 X 4.6 mm, Grace Davison Discovery Sciences). The
mobile phases were 8 mM tetrabutylammonium bisulfate
(Spectrochem)/100 mm KH,PO, (pH 6.0) (solution A) and 30%
acetonitrile containing 8 mm tetrabutylammonium bisulfate
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and 100 mm KH,PO, (pH 6.0) (solution B). The cell extracts
were resuspended in a small volume of solution A and spiked
with nucleotide monophosphate standards. After injection, the
column was run isocratically with solution A for 2 column vol-
umes followed by a gradient from 0 to 100% solution B for 60
min. The eluate was monitored at 254 nm with the flow rate set
at 0.7 ml min~"'. Peaks corresponding to the nucleotide fraction
were collected, and the radioactive counts were measured as
counts per minute using a Wallac 1409 (Wallac Oy) liquid scin-
tillation counter.

Carbon-13 Nuclear Magnetic Resonance Experiments—Free
parasites obtained from saponin treatment of parasitized eryth-
rocytes were washed three times in 1X PBS and incubated with
10 mm [2,3-'*C]fumarate for 4 h at 37 °C. Erythrocytes incu-
bated with similar quantities of **C-labeled tracers for the same
amount of time served as controls. To monitor the effect of
atovaquone, free parasites were treated with the drug (1 um
concentration) for 2 h followed by 4 h of incubation with
[2,3-3*C]fumarate. Following incubation, cell suspensions were
frozen directly in liquid nitrogen and stored at —80 °C till fur-
ther use. Before NMR spectra were acquired, the cell suspen-
sions were disrupted by sonication and centrifuged, and the
supernatants were collected for analysis.

After centrifugation for 30 min, the volume of the superna-
tant was made up to 450 ul with H,O, and 50 ul of D,O was
added to obtain a final volume of 500 ul. "*C NMR spectra were
collected on a 500-MHz Bruker NMR spectrometer equipped
with a 5-mm broadband probe. Measurements were recorded
at 25 °C under a bilevel broadband-gated proton decoupling
with D,O lock.

Cloning, Expression, and Purification of P. falciparum Malate
Dehydrogenase and P. falciparum Aspartate Aminotransferase—
Details of cloning, expression, and purification of PAIMDH®* and
PfAAT are given under the supplemental “Methods.” PfAAT
activity measurements were carried out as described by Winter
and Dekker (17) with minor modifications.

RT-PCR—Total RNA from parasites was extracted using
TRIzol reagent (Sigma), treated with DNase I (New England
Biolabs), and extracted with phenol and chloroform. cDNA
synthesis was carried out using MMLYV reverse transcriptase
(Amersham Biosciences) according to manufacturer’s instruc-
tions. DNase-treated total RNA was used as a control in PCR
reactions to rule out DNA contamination. Specific primers
were used in separate PCR reactions for checking the expres-
sion of the genes. Primer sequences for RT-PCR are provided
under the supplemental “Methods.”

Generation of Polyclonal Antibodies against P. falciparum
MDH and AAT—The purified PEMDH (100 png) was injected
subcutaneously into a healthy New Zealand White rabbit after
emulsification in complete Freund’s adjuvant followed by two
boosters in incomplete Freund’s adjuvant, each separated by 14
days. Purified PFAAT (100 ug) was injected into mice (BALB/c),

“The abbreviations used are: Pf, Plasmodium falciparum; MDH, malate dehy-
drogenase; AAT, aspartate aminotransferase; FH, fumarate hydratase; CoQ,
coenzyme Q; CoQH,, reduced coenzyme Q; Sc, Saccharomyces cerevisiae;
DHODH, dihydroorotate dehydrogenase; MQO, malate quinone oxi-
doreductase; MDH, malate dehydrogenase; RBC, red blood cell; PRBC, par-
asitized red blood cell.
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and subsequent injections were the same as in the case of
PfMDH. Antiserum collected from the animals at the end of 14
days after the second booster was stored at 4 °C to allow com-
plete coagulation of blood. The serum was separated by centri-
fugation. The supernatant was stored in aliquots in sterile tubes
at —20 °C till further use.

Digitonin Permeabilization of Free Parasites and Western
Blotting—Free parasites were treated with increasing concen-
trations of digitonin as described previously (18) with minor
modifications. Total protein lysates were separated by SDS-
PAGE (12%) and blotted onto a PVDF membrane using a Hoe-
fer wet transfer apparatus (Hoefer®). Immunodetections were
performed using the primary antibodies, mouse anti-PfAAT
(1:2000), rabbit anti-PfMDH (1:2000), and rabbit anti-Pf-
HSP60 (1:1000). As secondary antibody, anti-mouse or
anti-rabbit IgG conjugated to horseradish peroxidase (Sigma)
was used. Western blots were developed using the Pierce
SuperSignal West Pico Chemiluminescent kit as described by
the manufacturer.

Indirect Immunofluorescence—Indirect immunofluorescence
was done as described previously (19) with minor modifications as
described under the supplemental “Methods.”

RESULTS

Fumarate Is Incorporated into Nucleic Acid and Protein Frac-
tions of P. falciparum—In the purine salvage pathway, the over-
all reaction of adenylosuccinate synthetase and adenylosucci-
nate lyase involves the transfer of an a-amino group from
aspartate to the 6-oxo group of IMP to generate AMP, with the
rest of the carbon skeleton of aspartate released as fumarate. To
check whether P. falciparum secretes fumarate as a metabolic
waste, PRBCs were incubated with 1 uCi of [U-"*C]aspartate
for 24 h, and spent medium was analyzed. RBCs were also incu-
bated with the label as a control. [U-'*C]Aspartate is expected
to produce [U-"*C]fumarate as a consequence of the purine
salvage pathway (Fig. 24), and if the latter is a metabolic waste,
it should be secreted by PRBCs out into the medium. Upon
examination by TLC of the spent medium of RBCs and PRBCs,
no radioactive spot corresponding to the mobility of [**C]fu-
marate could be observed (Fig. 2B). To increase the sensitivity
of the assay, the spent medium was concentrated before spot-
ting, and the TLC plate was exposed for a longer time. Still, a
spot corresponding to the mobility of fumarate could not be
observed (data not shown).

The failure to detect fumarate in the spent medium could
also be because of limited uptake and metabolism of aspartate
by PRBCs. However, PRBCs incubated with [U-'*CJaspartate
showed a significant amount of radioactivity in the nucleic acid
and protein fractions (supplemental Fig. S1) indicating that
[U-"*C]aspartate was taken up and metabolized by the PRBCs.
Saponin-released erythrocyte-free parasites also showed a
dose-dependant incorporation of [U-'*Claspartate in to the
nucleic acids (supplemental Fig. S1). Aspartate incorporation in
the nucleic acids could be explained by the fact that P. falcipa-
rum synthesizes pyrimidines by the de novo pathway, in which
the carbon skeleton of aspartate forms the backbone of the
pyrimidine ring. These results imply that fumarate generated

VOLUME 286+NUMBER 11+MARCH 18,2011


http://www.jbc.org/cgi/content/full/M110.173328/DC1
http://www.jbc.org/cgi/content/full/M110.173328/DC1
http://www.jbc.org/cgi/content/full/M110.173328/DC1
http://www.jbc.org/cgi/content/full/M110.173328/DC1
http://www.jbc.org/cgi/content/full/M110.173328/DC1

[e]

A HO
o

ks
OH

U-'“C-aspartate

Secreted by
P. falciparum?

B

U-“C-fumarate

Fumarate Metabolism in Plasmodium falciparum

B s 88
£ ] -
© [ c
£ €& ¢ S e
© sg 9E of
o s o35 o=z
o we 05 0T
© © ) o
T 10 Q2 mg
(8] 9: EEQ:

fumarate
aspartate

FIGURE 2. Fumarate is not secreted as a metabolic waste by P. falciparum. A, the carbon skeleton of [U-'*CJaspartate (in which all of the carbon atoms are
enriched in "C (shown as bold circles)) is converted to [U-'*Clfumarate in the parasite by the concerted actions of adenylosuccinate synthetase and adenylo-
succinate lyase. Arrows indicate the direction of the reaction. B, radio-TLC analysis of the spent medium of erythrocytes (2% hematocrit) and parasitized
erythrocytes (2% hematocrit and 8% parasitemia) incubated with 1 uCi of [U-"*Claspartate for 24 h. [U-"*C]Aspartate and a mixture of [U-'*Claspartate and
[2,3-"*Clfumarate were used as TLC markers. A solvent mixture of n-butanol, acetic acid, and water in the ratio of 4:1:1 was used as the mobile phase for
silica-TLC. The TLC plate was dried and developed using a Fuji FLA-5000 phosphorimaging device.

by the purine salvage pathway in P. falciparum is not secreted
out in the medium and hence is not a metabolic waste.

Therefore, to examine the metabolic fate of fumarate, RBCs
and PRBCs were incubated with 1 uCi of [2,3-'*C]fumarate for
24 and 48 h, and radioactivity was checked in nucleic acid frac-
tions. The radiochemical purity of [2,3-'*C]fumarate was estab-
lished by TLC (Fig. 34). PRBCs showed significant incorpora-
tion of radioactivity with counts in control erythrocytes being
very low (Fig. 3B). Interestingly, radioactivity was also seen
associated with the protein fraction of PRBCs, with all of the
protein bands obtained from the cell lysate being radiolabeled
(Fig. 3C). During the intraerythrocytic stages of P. falciparum
life cycle, there exists an extensive metabolic cross-talk between
the RBC and the parasite. Hence, metabolic labeling studies
with [2,3-"*C]fumarate were also done on saponin-released
erythrocyte-free parasites. Here, the time of incubation of the
parasites with [2,3-'*C]fumarate was reduced to 8 h, and radio-
activity in the nucleic acids was counted. A dose-dependent
increase in radioactive incorporation in the nucleic acid frac-
tions was obtained with [2,3-'*C]fumarate, implicating the
exclusive role of parasite metabolism through parasite-encoded
enzymes (Fig. 3D).

[2,3-"*C]Fumarate Incorporation in Nucleic Acids Is through
Pyrimidines and Not Purines—[2,3-'*C]Fumarate incorpora-
tion in proteins indicates that fumarate is probably metabolized
to an amino acid. Examination of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (20) indicated that
fumarate can be converted to three amino acids: aspartate, ala-
nine, and glutamate. If fumarate is indeed converted to aspar-
tate, then the nucleic acid incorporation could also be
explained, as aspartate forms the backbone of pyrimidines. To
explore this possibility, saponin-released free parasites were
labeled with [2,3-'*C]fumarate for 4 h. Following metabolite
extraction, the samples were spiked with nucleotide mono-
phosphate standards, which were then separated by ion-pair
reversed phase HPLC (Fig. 44). As a control, the nucleotide
labeling pattern was assessed in parasites incubated with 1 uCi
of [8-’H]hypoxanthine and [U-'*Claspartate. Free parasites
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by parasitized erythrocytes and free parasites. A, structure and radio-TLC
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carbon atoms are enriched in "*C. B, [2,3-"*Clfumarate incorporation by par-
asitized erythrocytes after incubation with the radioactive label for 24 and
48 h. 1 uCiof [2,3-"*Clfumarate was added to PRBCs and RBCs, and cells were
harvested and counted for radioactivity as described under “Experimental
Procedures.” C, parasitized erythrocytes incubated with 1 uCi of [2,3-'*Clfu-
marate for 24 h were treated with 0.15% saponin solution to release free
parasites from erythrocytes. The parasite pellet was washed, processed, and
subjected to SDS-PAGE, which was stained by Coomassie Brilliant Blue (i) and
developed using a Fuji FLA-5000 phosphorimaging device (ii). D, radioactive
incorporation in the nucleic acid fractions of saponin released erythrocyte-
free parasites incubated with varying amounts of [2,3-'*Clfumarate.

incubated with [8-*H]hypoxanthine showed radioactive label-
ing of purines, GMP and AMP (Fig. 4B), whereas parasites
treated with [U-'*CJaspartate showed maximum radioactivity
under UMP (Fig. 4C). Parasites incubated with [2,3-'*C]fuma-
rate showed maximum radioactive incorporation in UMP fol-
lowed by CMP, with counts in GMP and AMP fractions being
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insignificant (Fig. 4D). These results indicate that fumarate
incorporation into nucleic acids is not through the ribose
moiety (as in that case, both purines and pyrimidines should
be labeled) but specifically through the pyrimidine backbone.
We therefore predict that fumarate is converted to aspartate
and then incorporated into proteins and nucleic acids of
P. falciparum.

Intermediates in Fumarate Metabolism—Examination of the
KEGG metabolic pathway database (20) highlights two possible
routes for the formation of aspartate from fumarate. The first
includes the metabolic intermediates malate and oxaloacetate,
whereas the second is a direct conversion of fumarate to aspar-
tate catalyzed by the enzyme aspartase (Fig. 5A4). To distinguish
between these two pathways, 0.5 mm fumarate, malate, and
aspartate were added separately along with [2,3-'*C]fumarate.
If malate is not an intermediate in the metabolism of fumarate,
and only a direct conversion operates in P. falciparum, then the
presence of malate should not dilute the radioactive counts
arising from [2,3-'*C]fumarate incorporation. However, the
radioactive counts in cultures incubated with both 1 uCi of
[2,3-'*C]fumarate and cold 0.5 mm fumarate, malate, or aspar-
tate dropped to nearly 30—-40% of the counts obtained from
cultures in which only [2,3-'*C]fumarate was added (supple-
mental Fig. S2). The drop in radioactive counts could be
because of the existence of a common pathway that metabolizes
both the radioactive tracer ([2,3-**C]fumarate) and its corre-
sponding unlabeled metabolite as well as further downstream
metabolic intermediates, or alternately, the drop in counts
could be because of toxicity of these metabolic intermediates to
the growth of P. falciparum. To check this, [8-*H]hypoxanthine
labeling of nucleic acids was done in the presence or absence of
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these intermediates (supplemental Fig. S2). No difference in the
percent incorporation was observed across untreated and
treated parasite cultures, ruling out the toxicity of these inter-
mediates to P. falciparum growth and thus supporting the
existence of a common pathway for the metabolism of fumar-
ate, malate, and oxaloacetate.

To further confirm the nature of the intermediary metabo-
lites, free parasites were incubated with 10 mm [2,3-'*C]fuma-
rate for 4 hin 1 X PBS and then processed for '*C NMR analysis.
13C proton-decoupled NMR of the parasites showed *C
enrichment in fumarate (chemical shift of C-2 and C-3 carbons
in fumarate is at 136 ppm). The other dominant peaks were
found at 70 and 42 ppm, which correspond, respectively, to the
C-2 and C-3 of malate. In addition to these findings, **C enrich-
ment was also found in aspartate (C-2 8, 52 ppm; C-3 8, 36 ppm)
and pyruvate (C-2 §, 205 ppm; C-3 §, 26 ppm) (Fig. 5C). Inte-
gration of the peak areas of fumarate, malate, aspartate pyru-
vate, and lactate in the ">C NMR spectrum shows the following
relative enrichments: fumarate, 55.9 = 16%; malate, 39.5 *
17%; aspartate, 2.89 * 0.62%; pyruvate, 2 * 1.2%; and lactate,
1.2 = 0.5%. On the other hand, RBCs incubated with [2,3-'3C]fu-
marate showed enrichment in fumarate, malate, and lactate
(Fig. 5B).

Free parasite culture incubated with [**C]fumarate was used
to compare the radioactive counts metabolized and retained
within the parasite with that secreted. The spent medium had
48 £ 7% of the input counts, whereas 28 * 5% of the counts
were associated with the cellular fraction. Upon separation of
the spent medium on TLC, all the counts were found to be
mainly in the lower spot corresponding to malate. It should be
noted here that the spot corresponding to the mobility of
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malate might well include other polar metabolites such as
aspartate, pyruvate, and lactate. Taken together with the NMR
data, it would appear that this spot should largely contain
malate.

Enzymes Involved in the Fumarate to Aspartate Conversion
Pathway—Enzymes catalyzing the conversion of fumarate to
aspartate are fumarate hydratase (FH), MDH, or malate qui-
none oxidoreductase (MQO) and aspartate aminotransferase
(AAT). The P. falciparum genome contains homologs of all of
these enzymes. Previously, it was shown that malate dehydro-
genase is cytosolic (21, 22), but the subcellular localization
of other enzymes is unknown. RT-PCR analysis showed the
expression of FH, MQO, and AAT (Fig. 6A).

Fumarate hydratase is an enzyme that catalyzes the reversi-
ble conversion of fumarate to malate. Free parasites were
treated with increasing concentrations of digitonin to prepare

MARCH 18,2011 +VOLUME 286+NUMBER 11

distinct cytosolic and organellar protein fractions. Digitonin is a
non-ionic detergent used to solubilize cellular and organellar
membranes. At lower concentrations of digitonin, cell mem-
brane is permeabilized and cytosolic proteins are released,
whereas at subsequent higher concentrations, the organellar
and nuclear membranes are solubilized and organellar extracts
are obtained. As PfMDH is cytosolic, it was used as a cytosolic
marker in the experiments reported here. The digitonin con-
centration required to fully release cytoplasmic proteins from
free parasites was obtained by using antisera against the cyto-
plasmic marker protein, malate dehydrogenase. On the other
hand, antisera against P. falciparum heat shock protein 60
(PfHSP60) (a kind gift from Prof. G. Padmanabhan, Indian
Institute of Science) were used as mitochondrial marker. From
the Western blot analysis, these values were obtained as 0.17
and 3.5 mm, respectively (Fig. 6, B and C).
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were used as secondary antibodies. Hoechst was used as the nuclear stain.

The digitonin extracts were probed for P. falciparum fuma-
rate hydratase through its enzymatic activity for the formation
of [**C]malate from [**C]fumarate. Porcine heart fumarase
(Sigma) was used as a positive control. P. falciparum fumarate
hydratase (PfFH) activity was found more in the cell extracts
obtained by permeabilization with higher digitonin concentra-
tions of 3.5 and 7.0 mm (Fig. 6D). This indicates that PfFH is not
cytosolic but probably mitochondrial. In support of this, PfFH
shows a very high probability (0.89) of being targeted to mito-
chondria as predicted by the MitoProt II 1.0a4 program (23).

Antisera raised against recombinant P. falciparum aspartate
aminotransferase (PfAAT) specifically recognized a protein of
50 kDa, the expected molecular mass of the enzyme. Earlier
studies on the cloning, expression, and substrate specificity
of recombinant PfAAT revealed that the enzyme catalyzes
the transamination of a-ketomethylthiobutyrate to generate
methionine (24). These authors speculated that this enzyme has
an important role in methionine recycling (24); however, the
subcellular localization of this enzyme was not known. Our
Western blotting analysis on digitonin extracts showed that
PfAAT was present in the cytosolic extracts (Fig. 6E). This was
further confirmed by confocal microscopy (Fig. 6F) where no
colocalization of PfAAT (red) was found with the mitochon-
drial marker, PfHSP60 (green). The K, and k_,, values for the

cat

conversion of a-ketoglutarate to glutamate by PfAAT are
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reported by Berger et al. (24). The K, for aspartate was 6 mm
when a-ketoglutarate was used at a concentration of 10 mm.
However, it was not known whether the enzyme could catalyze
the reverse reaction of oxaloacetate to aspartate. Hence, recom-
binant purified PfAAT was characterized for its ability to cata-
lyze the conversion of oxaloacetate to aspartate. The enzyme
was found to be active in the direction of the formation of aspar-
tate with a K, value for glutamate at 8 = 1 mm and oxaloacetate
at 5 = 0.5 mMm. Hence, the enzyme has a similar propensity to
catalyze the reaction in both the forward and reverse reactions.

Atovaquone Inhibits the Conversion of Fumarate to Aspartate—
The conversion of malate to oxaloacetate can occur through
malate dehydrogenase (MDH) or MQO. The latter generates
reduced coenzyme Q (CoQH,), from coenzyme Q (CoQ) along
with the oxidation of malate to oxaloacetate. CoQH, is then
oxidized directly by complex III, and the reducing equivalents
are transferred to cytochrome c. Atovaquone is a specific and
potent inhibitor of the enzymatic activity of P. falciparum com-
plex III (25), and thus, treatment of P. falciparum parasites
should lead to a depletion of CoQ. We examined the effect of
this depletion of CoQ on the conversion of fumarate to aspar-
tate. Although '>C enrichment in malate was unaffected in
atovaquone treated parasites, which was expected as fumarate
hydratase is unaltered by atovaquone, these parasites did not
show '?C enrichment in aspartate (Fig. 7). This indicates that
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malate to oxaloacetate conversion is mediated chiefly through
the putative P. falciparum malate quinone oxidoreductase and
also establishes a metabolic link between the purine salvage
pathway and the electron transport chain.

DISCUSSION

It has been shown that P. falciparum does not incorporate
labeled glucose (1, 26) significantly into the tricarboxylic acid
cycle intermediates. However, metabolite analysis of P. falcip-
arum extracts in the intraerythrocytic stages by NMR (27) and
ESI-MS/MS (28) indicate the presence of fumarate, and its
intracellular concentration is estimated at about 0.2 mm (27).
The most convincing evidence for the presence of an intracel-
lular pool of fumarate comes from the study by Painter et al.
(29). That study involves the generation of transgenic P. falcip-
arum parasites carrying Saccharomyces cerevisiae dihydrooro-
tate dehydrogenase (ScDHODH) along with the endogenous
PfDHODH. Both of the enzymes oxidize dihydroorotate to oro-
tate, but unlike PADHODH, which transfers the reducing equiv-
alents to ubiquinone (CoQ), SCDHODH uses fumarate as the
electron acceptor. The other difference between the two
enzymes is their subcellular localization. Whereas PFDHODH
is localized to the mitochondrial inner membrane (30),
ScDHODH-GEFP fusion protein is localized to the cytoplasm
(29). Although Painter et al. (29) have not speculated on the
source of fumarate, these results imply that there is a sufficient
intracellular pool of cytosolic fumarate to sustain the activity of
ScDHODH in the transgenic parasites. The source of this cyto-
solic fumarate must be the purine salvage pathway, which gen-
erates a molecule of fumarate along with the synthesis of a mol-
ecule of AMP. In the absence of a functional tricarboxylic acid
cycle during the intraerythrocytic stages of P. falciparum, the
cytosolic fumarate generated from the purine salvage pathway
as shown by radio-TLC is not secreted out and therefore must
be metabolized in the cell.

Our results show that fumarate becomes incorporated into
proteins and nucleic acids and also specifically labels pyrimi-
dines and not purines. Previously, P. falciparum (31), Plasmo-
dium knowlesi (32), and Plasmodium lophurae (33) have been
shown to fix radiolabeled CO, into amino acids glutamate,
aspartate and alanine, and it was proposed to be mediated
through the concerted enzymatic action of carboxykinases fol-
lowed by transaminases. However, we ruled out such a pathway
to explain our results because we used [2,3-'*C]fumarate and
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not [1,4-'*C]fumarate (in which the carboxylic acid group car-
bons are labeled). The latter, but not the former, can give rise to
[**C]CO..

Earlier, Fry and Beesley (34) observed that isolated mito-
chondria of Plasmodium yoelli and P. falciparum could reduce
cytochrome c in the presence of NADH, a-glycerophosphate,
and succinate, which are substrates for NADH dehydrogenase,
a-glycerophosphate dehydrogenase, and succinate dehydro-
genase, respectively. The authors (34) found that fumarate
inhibits the reduction of cytochrome ¢, implicating the pres-
ence of a fumarate reductase activity in P. falciparum. On the
other hand, Uyemura et al. (35) found that fumarate increases
the mitochondrial membrane potential in isolated P. yoelli par-
asites. These two results are completely contradictory with
respect to the direction of fumarate metabolism. Fry and Bees-
ley’s (34) results implicate a fumarate reductase activity in
which fumarate is reduced to succinate with concomitant oxi-
dation of reduced ubiquinone (CoQH,) to CoQ, whereas the
results obtained by Uyemura et al. (35) imply that fumarate (by
the action of fumarate hydratase) is converted to malate, which
is a substrate for malate quinone oxidoreductase and hence
would be oxidized to oxaloacetate. The oxidation of malate to
oxaloacetate generates CoQH,, which then feeds the electron
transport chain at complex III

Our ">C NMR experiments showed peaks corresponding to
malate, aspartate, and pyruvate. This excludes a direct route of
conversion of fumarate to aspartate, which is supported by
the absence of a homolog of aspartase in the P. falciparum
genome (7). The observation of ['*>C]pyruvate can be explained
by the action of phosphoenolpyruvate carboxykinase on oxalo-
acetate to generate phophoenol pyruvate, which then forms
pyruvate by the action of pyruvate kinase (Fig. 8). Both phos-
phoenolpyruvate carboxykinase and pyruvate kinase have been
shown to be expressed in the intraerythrocytic stages of P. fal-
ciparum (8). We did not see any *>C enrichment for succinate in
the *C NMR spectrum of free parasites incubated with [2,3-
13C]fumarate, indicating the absence of a fumarate reductase
activity and also suggesting that succinate dehydrogenase is not
bidirectional under the conditions of this study. This is unlike
in Trypanosoma cruzi, a pathogenic protozoan responsible for
Chagas disease. T.cruzi intact cells upon incubation with
[1-"*C]glucose show '>C enrichment at the C-2 position of suc-
cinate (36). A functional fumarate reductase has been identi-
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fied, with knockdown of this enzyme leading to the accumula-
tion of fumarate in the spent medium of 7. cruzi cells (37).

PfFH, which catalyzes the first step of fumarate to malate
conversion, seems to be localized in the mitochondria, given
the increased activity of PfFH in mitochondrial extracts. How-
ever, as the purine salvage pathway in P. falciparum is cytosolic,
the generated fumarate must enter the mitochondria. Several
mitochondrial carrier proteins have been found to be present in
P. falciparum that could mediate the reversible transport of
metabolites into the mitochondria (38). One of them is the
malate-oxoglutarate translocator, which transports malate into
mitochondria in exchange for oxoglutarate (38). RT-PCR anal-
ysis shows that this translocator is expressed in the parasite
(Fig. 6A). However, this transporter has not been characterized
for its substrate specificity, and it is possible that this transloca-
tor might be involved in the transport of fumarate from the
cytosol to the mitochondria.

P. falciparum obtains most of its amino acids from host
hemoglobin degradation (39), and thus, the parasite may not
completely rely on this metabolic pathway for its aspartate
requirements. However, the conversion of fumarate to aspar-
tate, as shown in Fig. 8, might serve a key role in replenishing
the electron transport chain, thereby contributing to the main-
tenance of the mitochondrial membrane potential through the
conversion of malate to oxaloacetate. The mitochondrial mem-
brane potential has been speculated to play an important role in
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the transport of proteins, solutes and ions across the mitochon-
dria. Additionally, the conversion of fumarate to aspartate
might be a possible regulatory mechanism by which purine sal-
vage pathway modulates the de novo pyrimidine biosynthetic
pathway in P. falciparum. To what extent it does is yet to be
confirmed. Further, metabolism of fumarate ensures a mecha-
nism to prevent its feedback inhibition of the purine salvage
pathway.
ur '">C NMR observations seem to indicate that the bulk of
fumarate is converted to malate, with a small proportion fur-
ther converted to aspartate. However, this relative enrichment
of 'C represents a steady state condition. Aspartate feeds into
synthesized proteins, and its carbon skeleton through pyrimi-
dine nucleotides feeds into nucleic acids; with both of these
processes being highly active in the trophozoite stage of the
parasite, the steady state concentration of free **C-enriched
aspartate would be expected to be low. Also, it should be noted
that apart from labeling proteins and nucleic acids through
pyrimidines, [**Claspartate is also utilized for AMP synthesis
from IMP. This would regenerate [**C]fumarate, which would
add to the pool of unutilized [**C]fumarate and reenter the
pathway. Further, comparison of the relative levels of secreted
malate with that metabolized and retained intracellularly using
[**C]fumarate (500 um) indicated a partitioning of 48 and 28%,
respectively. A recent report by Olszewski et al. (40) highlights
the fact that glutamine feeds the tricarboxylic acid cycle inter-
mediates through 2-oxoglutarate in P. falciparum. The authors
(40) have shown that malate is secreted out and also fumarate,
but the latter to a much lesser extent. Indeed, our observations
agree with the findings of Olszewski et al. (40). However, a
moderate flux of malate to oxaloacetate does seem to be oper-
ating in the parasite, which might be of physiological relevance.
In a recent report by Storm and Miiller (41), it was found that
phosphoenolpyruvate carboxylase (an enzyme that converts
phosphoenolpyruvate to oxaloacetate) knockout parasites
could be generated only in the presence of excess malate. Fur-
ther, growth of these parasites could be recovered with malate
or aspartate. These observations show that malate to oxaloace-
tate conversion seems to take place physiologically and that
oxaloacetate is at a critical node in parasite metabolism. Con-
version of malate to oxaloacetate cannot occur through
PfMDH, as this enzyme has been shown to catalyze only the
reduction reaction. We also examined different conditions that
are known to activate MDH from other organisms to catalyze
malate to oxaloacetate conversion, namely the presence of cit-
rate and aspartate aminotransferase. But these failed to alter the
direction of conversion by recombinant PfMDH (data not
shown). MQO is a CoQ-dependent dehydrogenase, and the
absence of '*C enrichment in aspartate in parasites incubated
with atovaquone and [2,3-'*C]fumarate indicates that this
enzyme from the parasite catalyzes the oxidation of malate to
oxaloacetate. Indeed, PEMQO exhibits high homology to MQO
from Helicobacter pylori (42), which has been shown to convert
malate to oxaloacetate and not the reverse. A genetic approach
that obliterates fumarate production would throw more light
on the importance of this pathway.
Overall, our findings suggest roles for the enzymes fumarate
hydratase, malate quinone oxidoreductase, and aspartate ami-
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notransferase. Fumarate hydratase in P. falciparum belongs to
the type I class, which is unlike type II fumarate hydratase found
in the human host (38). A counterpart of malate quinone oxi-
doreductase is absent in the human host. A recent study that
appeared while this manuscript was under revision reports that
PfAAT inhibition is lethal to the parasite (43). These enzymes
could therefore be targeted for the development of antimalarial
chemotherapeutics. Our findings also underscore the key role
of mitochondrial dicarboxylate transporters in P. falciparum.
Fumarate generated in the cytosol has to be translocated into
the mitochondria, and our results suggest the need for trans-
port of oxaloacetate from mitochondria to cytosol. Animal
mitochondria under normal physiological conditions do not
transport oxaloacetate significantly, and only a minor amount
is transported through the dicarboxylate or oxoglutarate-
malate translocator. On the other hand, plant mitochondria
transport oxaloacetate at rapid rates across the inner mito-
chondrial membrane (44). A BLAST search highlighted several
translocators with unknown functions in P. falciparum (38),
which will require further characterization with regard to their
cellular localization and specificity for different dicarboxylic
acids.
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