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Leishmania parasites proliferate within nutritionally complex
niches in their sandfly vector and mammalian hosts. However, the
extent to which these parasites utilize different carbon sources
remains poorly defined. In this study, we have followed the incor-
poration of various '>C-labeled carbon sources into the intracellu-
lar and secreted metabolites of Leishmania mexicana promastig-
otes using gas chromatography-mass spectrometry and **C NMR.
[U-13C]Glucose was rapidly incorporated into intermediates in gly-
colysis, the pentose phosphate pathway, and the cytoplasmic car-
bohydrate reserve material, mannogen. Enzymes involved in the
upper glycolytic pathway are sequestered within glycosomes, and
the ATP and NAD* consumed by these reactions were primarily
regenerated by the fermentation of phosphoenolpyruvate to succi-
nate (glycosomal succinate fermentation). The initiating enzyme in
this pathway, phosphoenolpyruvate carboxykinase, was exclusively
localized to the glycosome. Although some of the glycosomal suc-
cinate was secreted, most of the C4 dicarboxylic acids generated
during succinate fermentation were further catabolized in the TCA
cycle. A high rate of TCA cycle anaplerosis was further suggested by
measurement of [U-'3Caspartate and [U-'>C]alanine uptake and
catabolism. TCA cycle anaplerosis is apparently needed to sustain
glutamate production under standard culture conditions. Specifi-
cally, inhibition of mitochondrial aconitase with sodium fluoroac-
etate resulted in the rapid depletion of intracellular glutamate
pools and growth arrest. Addition of high concentrations of exog-
enous glutamate alleviated this growth arrest. These findings sug-
gest that glycosomal and mitochondrial metabolism in Leishmania
promastigotes is tightly coupled and that, in contrast to the situa-
tion in some other trypanosomatid parasites, the TCA cycle has
crucial anabolic functions.

Leishmania spp. are parasitic protozoa that cause a spectrum
of disease in humans, ranging from self-limiting cutaneous
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infections to disseminating infections (mucocutaneous and vis-
ceral leishmaniasis) that can lead to severe morbidity and death
(1). Approximately 12 million people are infected worldwide,
resulting in more than 50,000 deaths each year (2). There are no
vaccines against any of these diseases, and current drug thera-
pies are both limited and, in many cases, are being undermined
by widespread resistance (2). Although the genomes of several
Leishmania species have now been sequenced and key aspects
of metabolism intensively studied, major gaps exist in our
understanding of central carbon metabolism in these divergent
eukaryotes (3, 4). Given the importance of intermediary metab-
olism for parasite growth and protection against host microbi-
cidal processes, detailed dissection of Leishmania carbon
metabolism may reveal new therapeutic targets (4—6).
Leishmania develop as extracellular flagellated promastigote
stages within the digestive tract of the sandfly vector. This stage
is transmitted to the mammalian host when the female sandfly
host takes a blood meal and is rapidly phagocytosed by neutro-
phils and macrophages (1). Promastigotes internalized into the
phagolysosome compartment of macrophages differentiate
into the obligate intracellular amastigote stage that perpetuates
infection in the mammalian host. Promastigote stages are read-
ily cultivated in vitro and have been the focus of most metabolic
studies. Like the intensively studied insect (procyclic) stage of
the related trypanosomatid, Trypanosoma brucei (7, 8), Leish-
mania promastigotes are thought to catabolize glucose via gly-
colysis, with the initial enzymes in this pathway being largely or
exclusively compartmentalized in modified peroxisomes,
termed glycosomes (9, 10). The glycosomal catabolism of glu-
cose to 1,3-bisphosphoglycerate requires an investment of both
ATP and NADY, and the rate at which these cofactors are
regenerated within the closed glycosomal compartment is
thought to play a key role in regulating glycolytic flux (Fig. 1)
(10, 11). In T. brucei procyclic stages, glycosomal pools of ATP
and NAD™ can be regenerated by import of cytosolic phos-
phoenolpyruvate and its conversion to succinate via the
enzymes PEP? carboxykinase, malate dehydrogenase, fuma-
rase, and NADH-dependent fumarate reductase (Fig. 1). This
pathway, referred to as glycosomal succinate fermentation,

2 The abbreviations used are: PEP, phosphoenolpyruvate; CDM, completely
defined media; NaFAc, sodium fluoroacetate.
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FIGURE 1. Schematic representation of glucose, aspartate, and alanine metabolism in Leishmania promastigotes. Pathways of glucose (black lines),
aspartate (red lines), and alanine (blue lines) metabolism inferred from '*C-tracer experiments in this study. The numbered reactions and their subcellular
localization are supported by previous biochemical studies and genome-wide annotations (38). Note that C4 dicarboxylic acids other than malate may be
exported from the glycosomes and used to replenish TCA cycle reactions in the mitochondria. Abbreviations used are as follows: AcCoA, acetyl-CoA; Asp,
aspartate; 1,3BPG, 1,3-bisphosphoglycerate; Cit, citrate; FBP, fructose-1,6-bisphosphatase; Fum, fumarate; G3P, glycerol 3-phosphate; G6P, glucose 6-phos-
phate; Gro, glycerol; F6P, fructose 6-phosphate; M6P, mannose 6-phosphate; Mal, malate; Man,,, mannogen oligomers with n mannose residues; OAA, oxalo-
acetic acid; OAc, acetate; 3PG, 3-phosphoglycerate; Pyr, pyruvate; R5P, ribose 5-phosphate; SCoA, succinyl-CoA; Suc, succinate. Enzyme steps are as follows; 7,
hexokinase; 2, glucose-6-phosphate isomerase; 3, phosphofructokinase; 4, aldolase; 5, triose-phosphate isomerase; 6, glyceraldehyde-3-phosphate dehydro-
genase (glycosome and cytosolic isoforms); 7, phosphoglycerate kinase (glycosome and cytosolic isoforms); 8, phosphoglycerate mutase; 9, enolase, 10,
pyruvate kinase; 11, pyruvate dikinase; 72, phosphoenolpyruvate carboxykinase (PEPCK); 13, malate dehydrogenase, 74, fumarase; 15, NADH-dependent
fumarate reductase; 16, NADH-dependent glycerol-3-phosphate dehydrogenase; 77, malic enzyme; 18, alanine aminotransferase; 19, aspartate aminotrans-
ferase; 20, malate dehydrogenase (cytosolic isoform); 21, pyruvate dehydrogenase complex; 22, citrate synthase; 23, aconitase; 24, NADPH-dependent isoci-
trate dehydrogenase; 25, a-ketoglutarate dehydrogenase; 26, succinyl-CoA synthetase; 27, succinate dehydrogenase; 28, fumarase; 29, malate dehydrogenase;
30, acetate:succinyl-CoA-transferase; 31, NADPH-dependent glutamate dehydrogenase; 32, mannose-6-phosphate isomerase; 33, mannose-6-phosphate

mutase; 34, GDP-Man pyrophosphorylase.

results in the synthesis of one ATP and two molecules of NAD ™"
for each PEP imported. However, other pathways for regener-
ating glycosomal ATP and NAD™ have also been identified.
These include a glycerol 3-phosphate/dihydroxyacetone shut-
tle and reactions catalyzed by a glycerol-3-phosphate kinase,
glycosomal isoforms of 3-phosphoglycerate kinase, and/or a
pyruvate dikinase (10). In 7. brucei procyclic stages, succinate
fermentation appears to the major pathway for regenerating
glycosomal pools of ATP/NAD™, although other pathways may
be activated if succinate fermentation is inhibited (12). Leish-
mania is thought to express a similar repertoire of enzymes for
maintaining glycosomal energy/redox balance (13), although
only succinate fermentation has been shown to operate in vivo
(9, 14).

Other end products of glucose catabolism in 7. brucei procy-
clicand Leishmania promastigotes are alanine and acetate (7, 8,
10). Alanine reflects the transamination of pyruvate, whereas
acetate is primarily produced by the mitochondrial enzyme,
acetate:succinyl-CoA transferase (15). Acetate:succinyl-CoA
transferase participates in the metabolic cycle with succinyl-
CoA synthetase to generate ATP (Fig. 1). In T. brucei procyclic
stages, most of the acetyl-CoA synthesized in the mitochondria
is hydrolyzed by acetate:succinyl-CoA transferase, and very lit-
tle of the internalized glucose is oxidized in the TCA cycle (16,
17). Consistent with this conclusion, genetic deletion of T. bru-
cei aconitase has no effect on procyclic metabolism (16). How-
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ever, the TCA cycle of this stage is functional and is used to
catabolize selected amino acids, such as proline and threonine,
providing cofactors for both oxidative phosphorylation as well
as substrate level phosphorylation (16, 18).

Whether a complete TCA cycle operates in Leishmania pro-
mastigotes is poorly defined. Leishmania promastigotes pro-
duce CO, during glucose catabolism (19) and are sensitive to
respiratory chain inhibitors (i.e. cyanide and antimycin) (16, 20)
or defects in respiratory complex proteins (21, 22), indicating
that oxidative phosphorylation or other mitochondrial meta-
bolic pathways are important for the growth of this stage. Leish-
mania promastigotes can also utilize proline when glucose-lim-
ited (5, 23), but whether proline or other amino acids are
catabolized by the TCA cycle under glucose-replete conditions,
as occurs in 7. brucei procyclic stages, is unknown.

Stable isotope tracing is a powerful technique for following
the metabolism of different carbon sources in microbial patho-
gens. Isotopic enrichment in a wide range of intracellular and
secreted metabolites can be readily measured using either mass
spectrometry or NMR providing quantitative information on
metabolic networks (24-28). Although '>C-stable isotope
labeling experiments have been undertaken in 7. brucei (29,
30), studies on Leishmania spp. have been limited to the use of
[U-"3C]glucose and the detection of only a limited number of
intracellular metabolites by NMR (31). In this study, we have
significantly expanded this approach by using multiple '*C-la-
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beled carbon sources and gas chromatography-mass spectrom-
etry (GC-MS) to increase the number and range of intracellular
metabolites detected. Using this approach, we have mapped the
major pathways of carbon metabolism in Leishmania mexicana
promastigotes under glucose-replete conditions. Our results
provide direct evidence for the operation of a complete TCA
cycle in Leishmania promastigotes. Unexpectedly, we find that
C4 dicarboxylic acids generated by both succinate glycosomal
fermentation and the uptake and deamination of aspartate con-
tribute to a high rate of TCA cycle anaplerosis. The replenish-
ment of TCA cycle intermediates is needed to sustain the
cataplerotic synthesis of glutamate and biosynthetically related
amino acids (proline and glutamine) under physiological con-
ditions. These findings reveal new functions for both succinate
fermentation and the TCA cycle in trypanosomatid parasites.
They also highlight the utility of stable isotope tracing and
metabolomic approaches for identifying stage- and species-
specific differences in the metabolic networks in these
parasites.

EXPERIMENTAL PROCEDURES

Parasite Strains and Growth Conditions—L. mexicana wild
type (WT) (MNYC/BZ/62/M379) promastigotes were cultured
in M199 medium (Sigma) supplemented with 10% heat-inacti-
vated fetal bovine serum (Invitrogen) at 27 °C. Parasites were
passaged twice weekly (1:100 and 1:1000 dilutions) into fresh
media to maintain log phase growth. Mid-log phase promas-
tigotes (1 X 107 cell/ml) were harvested 2 days after inocu-
lation of the media. Sodium fluoroacetate was used at 5 mm
in growth experiments and 0.5 mM in [U-"*C]glucose label-
ing experiments.

For '*C metabolic labeling experiments, log phase promas-
tigotes were resuspended (2 X 107 cells/ml) in completely
defined media (CDM) containing various '*C-labeled carbon
sources. CDM has the following composition: glucose (6 mm),
alanine (1.9 mwm), arginine (0.4 mm), glycine (3.1 mm), histidine
(0.04 mwm), isoleucine (0.045 mm), leucine (0.61 mm), lysine
(0.55 mmMm), methionine (0.13 mwm), phenylalanine (0.18 mm),
proline (0.26 mm), serine (0.76 mm), threonine (0.34 mm), tyro-
sine (0.033 mwm), valine (1.1 mm), and tryptophan (0.15 mm),
vitamins, heme, and 0.5% bovine serum albumin (BSA) con-
taining bound fatty acids (32). For the labeling studies, unla-
beled components were replaced with the following U-'C-
labeled carbon sources (Cambridge Stable Isotopes):
[U-"3C]glucose (6 mm), [U-"*C]alanine (1.5 mm), [U-"*C]aspar-
tate (1.5 mm), [U-"*C]glutamine (1.5 mm), [U-'*C]glutamate
(1.5 mm), [U-*3C]proline (0.26 mm), NaH'*CO, (1 mg/ml), or
[U-"*Clacetate (0.12 mm). For labeling experiments with
[U-"3C]fatty acids, a mixture of [U-'*C]fatty acids (Cambridge
Stable Isotopes) was bound to delipidated bovine serum albu-
min (BSA, 1:1 molar ratio), filter-sterilized, and added to CDM
at 0.5-2% (w/v).

Sampling and Metabolite Extraction—Parasite metabolism
was quenched using the protocol described previously (33).
Briefly, aliquots of promastigote culture medium (containing
12 X 107 parasites) were transferred to 15-ml tubes and rapidly
chilled in a dryice/ethanol slurry (~10 s to cool the cell suspen-
sion to 0 °C). The tubes were transferred to an ice bath, just
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before the suspension reached 0 °C (to prevent freezing), and
the chilled parasites were harvested by centrifugation (805 X g,
10 min, 0 °C). The culture supernatant was stored at —70 °C for
NMR analysis, and the cell pellet was suspended in ice-cold PBS
(3 ml, 0°C), and 4 X 107 cell eq (three replicates) were washed
twice with cold PBS (10,000 X g, 1 min at 0 °C) and immediately
extracted in chloroform/methanol/water (1:3:1 v/v, 250 wul)
containing 1 nmol of scyllo-inositol as an internal standard. The
extracts were vortex-mixed and then incubated at 60 °C for 15
min. Insoluble material was removed by centrifugation
(16,100 X g, 0°C, 5 min), and the supernatant was adjusted to
chloroform/methanol/water (1:3:3 v/v) by addition of H,O,
vortex-mixed, and centrifuged (16,000 X g, 5 min) to induce
phase separation. The lower phase was retained for lipid anal-
ysis, and the upper phase was transferred to a fresh microcen-
trifuge tube (1.5 ml) for analysis of polar metabolites.

Analysis of Polar and Apolar Metabolites by GC-MS—Polar
phases were dried in vacuo (55°C) in 250-ul glass GC vial
inserts, and free aldehyde groups were protected by derivatiza-
tion in methoxyamine hydrochloride (Sigma, 20 ul, 20 mg/ml
in pyridine) with continuous mixing (25 °C, 14 h) (33). Metab-
olites were subsequently derivatized with N,O-bis(trimethylsi-
lyl)trifluoroacetamide reagent (containing 1% trimethylchlo-
rosilane (Pierce, 20 ul) for 1 h at 25 °C. Samples were analyzed
by GC-MS using a DB5 capillary column (J&W Scientific, 30 m,
250 wm inner diameter, 0.25-um film thickness), with a 10-m
inert duraguard. The injector insert and GC-MS transfer line
temperatures were 270 and 250 °C, respectively. The oven tem-
perature gradient was programmed as follows: 70 °C (1 min);
70 °C to 295 °C at 12.5 °C/min; 295 °C to 320 °C at 25 °C/min;
320 °C for 2 min. The major carbohydrate reserve material of
promastigotes, mannogen, was extracted and subjected to
solvolysis in anhydrous methanolic HCI (50 ul, 0.5 m HCI,
16 h, 80°C), and the N,O-bis(trimethylsilyl)trifluoroacet-
amide derivative of mannose methyl esters was determined
by GC-MS (34). Metabolites were identified based on GC
retention time and mass spectra as compared with authentic
standards. The level of labeling was estimated as the percent
of the metabolite pool containing one or more **C atoms.
The mass isotopomer distributions of individual metabolites
were corrected for the occurrence of natural isotopes of car-
bon, nitrogen, hydrogen, oxygen, and silicon in both the
metabolite and derivatizing agent as described previously
(35).

Analysis of Carbon Source Utilization and Overflow Metabo-
lites by ">*C NMR—Culture supernatants (540 ul) were gently
premixed with 5 mm D6-DSS in D,O (60 ul, containing 0.2%
w/v NaNs,), 21.4 mm [U-'3C]glycerol in D,O (5 ul, containing
0.2% w/v NaN3), and 21.4 mm imidazole in D,O (5 ul, contain-
ing 0.2% w/v NaN,), prior to analysis by NMR. '*C spectra at
200 MHz were obtained using an 800 MHz Bruker-Biospin
Avance fitted with a cryoprobe. Samples were maintained at
25 °C and spun at 20 Hz during sample collection. '*>C spectra
were acquired using the Avance zgpg pulse program with pow-
er-gated "H decoupling. A pre-scan delay of 80.78 us, a delay
between pulses of 2.0 s, and an acquisition time of 0.78 s were
used. For each sample, four dummy scans were followed by
4000 scans with a receiver gain set at 2050. The resulting '*C
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free induction decays were processed with Bruker TOPSPIN
2.0 (the exponential function with line broadening = 5.0 Hz was
applied in the frequency domain prior to Fourier transform,
base-line correction, and integration). Quantification was per-
formed as published previously (36), and spectra were assigned
by reference to authentic standards.

Expression of GFP-tagged PEP Carboxykinase in Proma-
stigotes—The open reading frame of PEP carboxykinase
(LmjF27.1810) was amplified by PCR using primers CTAGCG-
GCCGCggagctggtgecaggegetggagecggtgecatggecccgatcatec-
accg and GCTGGATCCctacagatgagccgtctccac and cloned into
the Notl/BamHI sites of pXG GFP2+. For the deletion of the
C-terminal tripeptide AHL, the reverse primer GCTGGATC-
Cctacgtctccacgtacttcggeac was used instead. Clones were veri-
fied by diagnostic digests and sequencing of the entire open
reading frame. Promastigotes were subsequently transfected
with purified plasmids by electroporation and selected with
G418 (50 ug/ml) (6). GFP-expressing parasites were immobi-
lized onto poly-L-lysine-coated coverslips and visualized by fluo-
rescence microscopy (Zeiss Axioplan 2 microscope). Images
were compiled in Photoshop (6).

RESULTS

Carbon Source Utilization under Glucose-replete Conditions—
Previous studies have shown that rapidly dividing Leishmania
promastigotes utilize glucose as the preferred carbon source.
However, the extent to which other carbon sources are co-uti-
lized remains poorly defined. The uptake and catabolism of
[U-"*C]glucose and other U-'?C-labeled carbon sources in
CDM were therefore measured. As expected, rapidly dividing
promastigotes preferentially utilized [U-">C]glucose (Fig. 24),
which was catabolized to CO, (detected as H*COj3 by '*C
NMR) and the partially oxidized end products succinate, ace-
tate, and alanine (Fig. 2B). A low level of ['*C]glutamate secre-
tion was also observed. These results are consistent with the
operation of the succinate fermentation pathway, the conver-
sion of acetyl-CoA to acetate (via the mitochondrial acetate:
succinyl-CoA transferase) and substantial flux of glycolytic end
products into the TCA cycle (Fig. 1).

Unexpectedly, promastigotes also utilized significant amounts
of aspartate and alanine under glucose-replete conditions (Fig.
2A). Both amino acids were partially catabolized to CO, and/or
converted to succinate or acetate (Fig. 2B). Some of the inter-
nalized aspartate was also secreted as alanine, possibly indicat-
ing interconversion of malate and pyruvate via the malic
enzyme (Fig. 2B). Surprisingly, neither glutamate, glutamine,
nor proline were significantly internalized when these amino
acids were present in the medium at 300 um (data not shown).
However, a low level of uptake of glutamate and to a lesser
extent glutamine was observed when these amino acids were
provided at 1.5 mm (Fig. 2, A and B). These data suggest that
promastigote glutamate uptake is minimal under standard in
vitro cultivation conditions. The uptake of aspartate/alanine
appears to be important for normal growth, as promastigote
proliferation in medium lacking nonessential amino acids was
significantly reduced compared with growth in CDM (supple-
mental Fig. S1). Promastigotes internalized a range of other
essential and nonessential amino acids (supplemental Fig. S2).
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FIGURE 2. Carbon source utilization by L. mexicana promastigotes. A, L.
mexicana promastigotes were cultivated in compositionally equivalent CDM
containing either [U-">Clglucose, [U-'3Clalanine, [U-'">Claspartate,
[U-'3Clglutamate, ['*Clglutamine, or [U-'Clproline, in place of the corre-
sponding unlabeled carbon source. The rate of uptake of different *C-la-
beled carbon sources was assessed by '*C NMR analysis of the medium after
24 h of incubation. B, promastigotes were cultivated in compositionally
equivalent CDM containing [U-'3Clglucose, [U-'3CJalanine, [U-"3*Claspartate,
or [U-"3Clglutamate, and the major secreted end products in the medium
were quantitated by '>C NMR analysis after 24 h of incubation. The major
secreted metabolites were carbon dioxide (detected as production of
H'3C0,), succinate, acetate, alanine, aspartate, glutamate, and glutamine
(listed below each box).

However, none of these amino acids were actively catabolized
to CO, or other detectable end products under these condi-
tions. Similarly, promastigotes exhibited minimal uptake and
utilization of alternative carbon sources, such as [U-3C]Jacetate
or [U-'3C]fatty acids (Fig. 3B).

Delineation of Pathways of Glucose Catabolism in L. mexi-
cana Promastigotes—Current models of glucose catabolism in
Leishmania have been largely inferred from analysis of secreted
end products. To more precisely define the metabolic fate of
glucose, the labeling of intracellular metabolite pools with
[U-"3C]glucose was monitored using GC-MS. This method can
be used to detect more than 120 metabolites in promastigote
extracts, of which 30 were found to be labeled with one or more
of the proffered '*C-labeled carbon sources. Label derived from
[U-"3C]glucose was rapidly incorporated into intermediates in
glycolysis, the pentose phosphate pathway, glycosomal succi-
nate fermentation, and the TCA cycle (Fig. 3, A and B). The
labeling of intermediates in the glycolytic and succinate fer-
mentation pathway/TCA cycle generally plateaued after 3 h,
although a further gradual increase in enrichment occurred
over 24 h (Fig. 3A), most likely reflecting the time needed to
reach isotopic equilibration with the intracellular carbohydrate
reserve, mannogen (see below), and extracellular pools of ala-
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FIGURE 3. Isotopic enrichment in intracellular metabolite pools following cultivation with different '*C-labeled carbon sources. A, L. mexicana promas-
tigotes were cultivated in CDM containing [U-"3Clglucose, and parasites were metabolically quenched at indicated time points. Isotopic enrichment in key
intracellular intermediates was determined by GC-MS (percent labeling indicates mole percent of intracellular pool labeled with one or more '3C atoms after
correction for natural isotopic abundance). Kinetics of labeling of selected intermediates in glycolysis (G6P, F6P, and PEP), the pentose phosphate pathway (PPP)
(S7P and R5P), glycerol metabolism (Gro3P), succinate fermentation and the TCA cycle (Suc, Mal, Cit, Fum, and Glu) and the synthesis of small mannogen
oligomers (Man) or the total mannogen pool (total) are shown. B, L. mexicana promastigotes were cultivated in compositionally equivalent CDM containing the
indicated "3C-labeled carbon source in place of the equivalent unlabeled nutrient. Parasites were metabolically quenched after 3 h of incubation and isotopic
enrichments in 33 intermediates in central carbon metabolism determined by GC-MS and represented in the heat map. Abbreviations used are as follows: refer
toFig. 1 and MTA, 5-methylthioadenosine; Ura, uracil; Ade, adenine; Gro3P, glycerol 3-phosphate; MIP, inositol-3-phosphate; MI, myo-inositol; Man,, mannogen

oligomers; S7P, sedoheptulose-7-phosphate; *C-FFA, mixture of '*C-U-fatty acids bound to bovine serum albumin.

nine, which is both secreted and internalized (Fig. 1). The pen-
tose phosphate pathway intermediates, ribose-5-phosphate
and sedoheptulose-7-P, were labeled with slower kinetics than
the glycolytic intermediates indicating a reduced flux into this
pathway. However, the pentose phosphate pathway is likely to
be critical for the de novo synthesis of nucleotides needed to
maintain NTP levels and RNA/DNA synthesis, as shown by the
rapid labeling of the ribose sugar moiety in the purine nucleo-
tides, adenosine and 5-methylthioadenosine (reflecting the uti-
lization of ATP in polyamine biosynthesis), as well as the
labeling of the pyrimidine nucleoside base, uracil, in [U-'*C]
glucose-fed parasites (Fig. 3B and supplemental Fig. S3).
[U-'3C]Glucose was also incorporated into the major carbo-
hydrate reserve material, mannogen (Fig. 3, A and B). Manno-
gen is composed of short chains of B1-2-linked mannose
(degree of polymerization 4—40 residues) and is exclusively
located in the cytosol (34, 37). Short chain mannogen oligomers
detected by GC-MS were labeled with similar kinetics to glyco-
lytic intermediates (Fig. 34) suggesting that excess glucose/
fructose 6-phosphate, generated in the glycosome, is exported
to the cytoplasm and converted to mannose 6-phosphate and
GDP-Man (Fig. 1). Interestingly, incorporation of label into the
total mannogen pool increased more slowly and had not
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reached equilibrium after 24 h (Fig. 2), possibly indicating the
presence of a subpopulation of long chain mannogen oligomers
that have a slower turnover.

Although secreted succinate accounted for less than 10% of
the total glucose consumed by dividing promastigotes (Fig. 2),
the rapid labeling of C4 dicarboxylic acids, malate, fumarate,
and succinate, suggested that succinate fermentation plays a
major role in maintaining the ATP/ADP and NAD"/NADH
balance in the glycosomes (Fig. 34). This possibility was sup-
ported by isotopomer analysis of C4 dicarboxylic acids in
[U-"3C]glucose-fed promastigotes. The major isotopomer of all
three dicarboxylic acids contained three labeled carbons (+3),
reflecting their synthesis from uniformly labeled PEP and
incorporation of unlabeled carbonate (Fig. 4, A and B). Simi-
larly, addition of NaH'*CO, to the medium led to the incorpo-
ration of a single labeled carbon into malate, fumarate, and
succinate (Fig. 3B).

Succinate fermentation is initiated by the enzyme PEP car-
boxykinase, which contains a canonical glycosome-targeting
motif and is predicted to be primarily localized to the glyco-
some from subcellular fractionation studies (38). The localiza-
tion of this enzyme was confirmed by transfecting L. mexicana
promastigotes with a plasmid encoding full-length or truncated
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FIGURE 4. Isotopomer analysis of key succinate fermentation/TCA cycle intermediates in [U-'>C]glucose-fed promastigotes. A, L. mexicana promastig-
otes were cultivated in CDM containing [U-"3Clglucose and harvested at 3 h (gray bar) and 24 h (black bar). The relative abundance (mole percent) of the mass
isotopomers (Mo, M, M., etc. containing 0, 1, 2, etc. of labeled carbons) of key intermediates in succinate fermentation and the TCA cycle were determined
following correction for natural isotopic abundance (error bars, S.E., n = 3). B, metabolic scheme showing expected labeling of glycosomal C4 dicarboxylic acids

and TCA cycle intermediates with fully labeled PEP (blue) or pyruvate (red).

PEP carboxykinase fused to GFP. As shown in Fig. 5, the fusion
protein containing full-length PEP carboxykinase was exclu-
sively targeted to punctate organelles that are indistinguishable
from glycosomes (39). In contrast, the truncated fusion protein,
lacking the canonical C-terminal tripeptide glycosomal target-
ing signal, was primarily localized in the cytosol (Fig. 5). These
data suggest that succinate fermentation is initiated exclusively
in the glycosomes, consistent with the proposed function of this
pathway in maintaining ATP/NAD™ levels in this organelle.

Studies in other trypanosomatid parasites have shown that
glycosomal pools of NAD ™ and ATP can also be regenerated by
a dihydroxyacetone/glycerol 3-phosphate shuttle, in which gly-
cosomal dihydroxyacetone is reduced to glycerol 3-phosphate
by a glycosomal NADH-dependent glycerol-3-phosphate dehy-
drogenase and then regenerated by a mitochondrial FAD-de-
pendent glycerol-3-P dehydrogenase (13). The glycerol 3-phos-
phate produced by the glycosomal dehydrogenase can also be
converted to glycerol by a glycosomal glycerol-3-P kinase to
produce ATP. Although the Leishmania genomes encode both
glycosomal enzymes needed for glycerol 3-phosphate and glyc-
erol production (13), the flux through these pathways appears
to be negligible as glycerol 3-phosphate was labeled with very
slow kinetics in [U-'*C]glucose-fed promastigotes (Fig. 3, A and
B), and glycerol was not detected in either parasite extracts or as
a secreted product in the medium (data not shown). Collec-
tively, these findings indicate that glycosomal succinate fer-
mentation is the primary or sole pathway used to regenerate
ATP and NAD™ consumed during glycolysis.
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Operation of a Complete TCA Cycle in Leishmania
Promastigotes—A major fraction of the internalized glucose is
catabolized to CO, indicating that most of the end products of
glycolysis are further catabolized in the mitochondria (Fig. 2).
The operation of a complete TCA cycle was supported by the
identification of fully labeled citrate, glutamate (derived from
a-ketoglutarate), fumarate, malate, and succinate (Fig. 4A4).
Uniform labeling of these intermediates indicates participation
in at least two turns of the TCA cycle. Interestingly, a major
fraction of intracellular citrate and glutamate (reflecting label-
ing of TCA cycle a-ketoglutarate) contained three labeled car-
bon atoms (Fig. 44). The predominance of these isotopomers
indicated that C4 dicarboxylic acids generated by the succinate
fermentation pathway are used to replenish the TCA cycle (Fig.
4B). Similarly, the presence of +5-labeled citrate likely reflects
synthesis from +3-labeled oxaloacetate and +2-labeled acetyl-
CoA (Fig. 4, A and B). TCA cycle anaplerosis, utilizing glyco-
somal C4 dicarboxylic acids, was further supported by the
equivalent labeling of citrate and glutamate with H'*CO, com-
pared with malate, fumarate, and succinate (Fig. 3B). These
anaplerotic processes must be matched by cataplerotic reac-
tions, such as export of citrate for fatty acid biosynthesis or
a-ketoglutarate for glutamate synthesis. Although promastig-
ote fatty acids are labeled with [U-'*C]glucose (data not
shown), incorporation is likely to occur via acetate produced by
acetate:succinyl-CoA transferase rather than by citrate lyase
(40). Conversely, the large intracellular pool of glutamate was
rapidly labeled in [U-'?C]glucose-fed parasites (Fig. 3, A and B).
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FIGURE 5. Localization of PEP carboxykinase (PEPCK) to glycosomes. Full-
length and truncated PEP carboxykinase were expressed as GFP fusion pro-
teins in promastigotes, and localization was determined by fluorescence
microscopy. Top, full-length GFP:PEP carboxykinase chimera. Bottom,
GFP:PEP carboxykinase chimera lacking the C-terminal tripeptide AHL
(GFP:PEPCK~AHY) Parasites were visualized by fluorescence and differential
interference contrast (DIC) microscopy. Scale bar, 5 um.
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Together with the finding that promastigotes have a limited
capacity to internalize glutamate or other amino acids that
could be catabolized to glutamate (Fig. 2), it is likely that
removal of a-ketoglutarate for glutamate synthesis is the major
cataplerotic process under these growth conditions (Fig. 1).

Catabolism of Alanine, Aspartate, and Glutamate under
Glucose-replete Conditions—We hypothesized that aspartate
uptake under glucose-replete conditions contributes to the
replenishment of TCA intermediates as well as the synthesis of
glutamate via transamination reactions. This conclusion was
supported by the prominent labeling of TCA cycle intermedi-
ates with [U-'3CJaspartate (Fig. 3) and isotopomer analysis of
individual metabolite species (Fig. 6A). In particular, the pres-
ence of +4-labeled citrate and +3-labeled glutamate in
[U-"3C]aspartate-labeled parasites (Fig. 6A) indicated that the
carbon backbone of aspartate was directly incorporated into
the TCA cycle. The low abundance of +5- and +6-labeled cit-
rate or +4- and +5-labeled glutamate (Fig. 6A) indicated that
the carbon skeleton of aspartate primarily enters the TCA cycle
intact (Fig. 64).

[U-'3C]Alanine was also internalized and catabolized in the
TCA cycle (Fig. 6B). Labeled TCA cycle intermediates con-
tained predominantly one or two labeled carbons, demonstrat-
ing that the internalized [U-">C]alanine is deaminated to pyru-
vate and enters the TCA cycle via acetyl-CoA. In contrast, very
little of the internalized [U-'?Clglutamate was catabolized in
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FIGURE 6. Isotopomer analysis of central carbon metabolites in [U-'3C]as-
partate, [U-'>Clalanine, and [U-'3C]glutamate-fed parasites. L. mexicana
promastigotes were cultivated in CDM containing either 1.5 mm [U-'3Claspar-
tate (A), 1.9 mm [U-">Clalanine (B), or 1.5 mm [U-"*Clglutamate (C) for 3 h, and
the mass isotopomers (M,, M, M., etc.containing 0, 1, 2, etc. labeled carbons)
of key intermediates in succinate fermentation and the TCA cycle quantitated
by GC-MS (error bars, S.E., n = 3).

the TCA cycle, as indicated by the predominance of +5-labeled
species (Fig. 6C). These experiments suggest that the promas-
tigote TCA cycle has an important anabolic function in gluta-
mate, glutamine, and proline synthesis and that internalized
glutamate is primary used for biosynthetic purposes rather than
being catabolized.

TCA Cycle Activity Is Required for Growth of L. mexicana
Promastigotes—To investigate whether the TCA cycle is
required for parasite growth, L. mexicana promastigotes were
cultivated in the presence of the metabolic inhibitor sodium
fluoroacetate (NaFAc). Incubation with NaFAc leads to the for-
mation of fluorocitrate, a potent inhibitor of aconitase. NaFAc
treatment resulted in growth arrest, although parasites
remained viable over several days (Fig. 7A). Growth arrest
occurred in the presence of 0.3 mm exogenous glutamate but
was completely reversed by supplementation of the medium
with 10-fold higher concentrations of glutamate (3 mm) (Fig.
8A). These results indicate that the operation of TCA cycle is
essential for growth and that the conversion of citrate to a-ke-
toglutarate might be required for synthesis of glutamate under
standard culture conditions.

To confirm that NaFAc is selective for the aconitase reaction,
changes in key metabolite levels were determined by GC-MS at
various times after addition of the inhibitor. Addition of NaFAc
led to a >20-fold increase in the intracellular concentration of
citrate and a pronounced increase in citrate secretion (Fig. 7, B
and C). This was associated with concomitant decrease in glu-
tamate levels, despite the presence of 0.3 mm exogenous gluta-
mate (Fig. 7B). These data confirm that NaFAc specifically
inhibits the aconitase reaction and biosynthesis of a-ketogl-
utarate/glutamate and demonstrates that glutamate uptake is
insufficient to maintain cellular pools when this amino acid is
present in the medium at submillimolar concentrations. Unex-
pectedly, NaFAc treatment had little effect on glucose uptake or
the secretion of alanine and acetate (Fig. 7D), indicating the
absence of strong feedback inhibition by citrate on glucose
catabolism. Production of acetate requires a continuous supply
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FIGURE 7. TCA cycle is required for L. mexicana growth. A, L. mexicana
promastigotes were cultured in M199 medium containing 0.3 mm glutamate
with (open square) or without (closed diamond) the aconitase inhibitor, NaFAc.
Supplementation of the medium with 3 mm glutamate (gray squares) pre-
vented the growth arrest induced by NaFAc. Promastigote proliferation was
monitored by change in Agy,. B and C, L. mexicana promastigotes were cul-
tured in M199 medium, with (open squares) or without (black diamonds) 5 mm
NaFAc and changes in intracellular levels of citrate and glutamate (B) or the
secreted metabolites, citrate, alanine, and succinate (C) determined at the
indicated time points by GC-MS. D, utilization of [U-"3*Clglucose (Glc) and
secretion of '*C-labeled end products (acetate (Ac) and alanine (Ala)) by L.
mexicana promastigotes cultivated in M199 medium in the presence (filled
bars) or absence (open bars) 0.5 mm NaFAc. Values are based on '*C NMR
quantitation of ['*Clglucose, ['*Clacetate, and ['*Clalanine in the culture
medium after 24 h of incubation.

of succinate that is normally provided by mitochondrial succi-
nyl-CoA synthetase (Fig. 84). Following inhibition of mito-
chondrial aconitase, the only source of succinate would be the
glycosomal pools generated by succinate fermentation. Indeed,
NaFAc treatment resulted in a dramatic decrease in succinate
secretion (Fig. 7C). Furthermore, the citrate pool in NaFAc-
treated parasites contained predominantly +2-, +3-, and
+5-labeled species following labeling with [U-">C]glucose
(supplemental Fig. S4) indicating that accumulated citrate was
synthesized from glycosomal C4 dicarboxylic acids. Thus, con-
tinuous flux through the disrupted TCA cycle (from succinyl-
CoA to citrate) is sustained by increased anaplerosis (Fig. 8B).
These data suggest that operation of the TCA cycle from citrate
to succinyl-CoA is critical for promastigote growth, most likely
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FIGURE 8. Predicted changes in metabolic fluxes in L. mexicana promas-
tigote following inhibition of the TCA cycle. A, C4 dicarboxylic acids gen-
erated by succinate glycosomal fermentation and exogenous aspartate are
used to replenish TCA intermediates, such as a-ketoglutarate that are
removed for glutamate biosynthesis by reductive amination or transamina-
tion reactions. The glycosome contains transporters for malate, fumarate,
and succinate, all of which could be transported to the mitochondria for TCA
cycle anaplerosis (only transport of malate and succinate shown). Excess suc-
cinate is secreted. B, NaFAc treatment inhibits the mitochondrial aconitase
resulting in the intracellular accumulation and secretion of citrate, with a
concomitant decrease in cellular glutamate levels. Intracellular pools of glu-
tamate can be restored by uptake of glutamate, but only when exogenous
concentrations are high (dotted line). Other steps in the TCA cycle are main-
tained by the diversion of glycosomal succinate to the mitochondria and its
conversion to succinyl-CoA (by acetate:succinyl-CoA transferase) or citrate.
Abbreviations are as used in Fig. 1.

by maintaining pools of «a-ketoglutarate for glutamate
synthesis.

Several Pathways of Amino Acid Synthesis Are Repressed in
the Presence of Exogenous Amino Acids—The Leishmania
genomes encode all of the enzymes needed for de novo synthe-
sis of serine, glycine, and proline (3, 41). They are also predicted
to have most of the enzymes required for threonine biosynthe-
sis, although gene homologues for two initiating enzymes in the
canonical aspartate-phosphate pathway (aspartate kinase (EC
2.7.24) and [-aspartate semialdehyde dehydrogenase (EC
1.2.1.11) (supplemental Fig. S3)) have not been identified (3).
The biosynthesis of these amino acids was clearly repressed in
the presence of exogenous amino acids, as intracellular pools
were not detectably labeled when promastigotes were labeled
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FIGURE 9. Regulation of amino acid biosynthesis and detection of de novo
threonine biosynthesis in L. mexicana promastigotes. A, L. mexicana pro-
mastigotes were cultivated in CDM containing [U-">Clglucose with or with-
out amino acids for 3 h. Percent labeling of intracellular pools of glycine,
sering, threonine, and proline was determined by GC-MS. B, promastigotes
were cultivated in [U-">Claspartate-containing CDM with or without glucose
orotheramino acids for 3 h. Percent labeling of intracellular pool of threonine
was determined by GC-MS.
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with [U-"?C]glucose in full CDM (Fig. 3B). In contrast, label was
incorporated into glycine, serine, proline, and threonine when
promastigotes were labeled with [U-'*C]glucose in amino acid-
deficient CDM (Fig. 9A4). Threonine was also efficiently labeled
with [U-'"?Claspartate, indicating synthesis via the B-aspartyl
phosphate pathway. Labeling with [U-'>Claspartate was
increased in the absence of glucose, as expected given that glu-
cose catabolism contributes to the formation unlabeled aspar-
tate (Fig. 9B). These findings support the conclusion that key
enzymes involved in amino acid biosynthesis are constitutively
expressed, but are under tight allosteric control, ensuring the
utilization of exogenous nutrient sources.

DISCUSSION

Genome-wide reconstructions of the Leishmania metabolic
network have provided a broad overview of the metabolic
potential of these parasites (41, 42). However, direct experi-
mental evidence for the operation of specific pathways is lim-
ited. We have coupled '*C-labeling experiments with compre-
hensive GC-MS metabolite profiling to investigate carbon
metabolism in L. mexicana promastigotes under glucose-re-
plete conditions. Our analyses suggest that there are significant
differences in the way promastigote carbon metabolism is hard-
wired compared with other trypanosomatids. In particular, our
studies reveal an expanded role for succinate fermentation
and aspartate/alanine uptake in TCA cycle anaplerosis and
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the synthesis of glutamate. These findings are incorporated
into a new model of Leishmania carbon metabolism outlined
in Figs. 1 and 8.

Glucose, internalized by L. mexicana facilitative hexose
transporters, is phosphorylated in the glycosome and catabo-
lized by either the glycolytic or pentose phosphate pathways.
Although the first five enzymes in the glycolytic pathway are
primarily or exclusively targeted to the glycosomes, the first
committed enzyme in the pentose phosphate pathway is pri-
marily located in the cytosol (38) indicating that some of the
newly formed glucose 6-phosphate is exported to the cytosol.
Although pentose phosphate pathway intermediates were
labeled with slower kinetics compared with glycolytic interme-
diates, this pathway is likely to be important for both the gen-
eration of NADPH and production of ribose 5-phosphate for
nucleotide biosynthesis in rapidly dividing promastigote (as
shown by the rapid labeling of several nucleotides). [U-'*C]
Glucose was also incorporated into the major carbohydrate
reserve material, mannogen. These oligosaccharides are syn-
thesized in the cytosol,® requiring an additional flux of hexose
6-phosphate from the glycosomes. The rapid labeling of
mannogen oligomers was unexpected as this unusual carbohy-
drate reserve material (including oligomers of B1-2-linked
mannose) is maintained at low steady state levels in log phase
parasites and only accumulates at the end of log growth and
beginning of stationary growth (34). Although previous studies
have shown that mannogen is rapidly mobilized under glucose
starvation conditions (34), our data suggest that mannogen is
also constitutively synthesized and catabolized under condi-
tions of glucose excess. Mannogen turnover could provide a
mechanism for regulating cytosolic hexose phosphate levels
and fluxes through other essential metabolic pathways, such as
the pentose phosphate pathway, amino sugar biosynthesis, and
N-glycosylation (43, 44).

To sustain a high glycolytic flux in the promastigote glyco-
somes, as well as the export of sugar phosphates, the ATP and
NAD™ consumed in the early glycolytic reactions must be
regenerated. Our data indicate that this is primarily accom-
plished by succinate fermentation. Although NAD™ could also
be regenerated by a glycosomally located NADH-dependent
glycerol-3-phosphate dehydrogenase, flux into this pathway
was very low indicating a negligible contribution to glycosomal
redox balancing. The succinate fermentation pathway is initi-
ated by PEP carboxykinase, encoded by a single copy gene. We
show here that this enzyme is efficiently targeted to the glyco-
somes via a canonical C-terminal glycosome/peroxisome tar-
geting signal (Fig. 5). The carboxylation of PEP results in the
production of ATP, whereas subsequent steps in this pathway
catalyzed by malate dehydrogenase and a NADH-dependent
fumarate reductase regenerate NAD ™. Intriguingly, L. mewxi-
cana promastigotes express cytosolic and glycosomal isoforms
of both glyceraldehyde-3-phosphate dehydrogenase (45) and
3-phosphoglycerate kinase (46, 47), which could, in principal,
remove the need for succinate fermentation by relieving the
need to use glycosomal pools of NAD™ and/or providing an

3 ). E. Ralton, M. F. Sernee, and M. J. McConville, unpublished data.
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additional mechanism for synthesizing ATP, respectively.
Although succinate fermentation may increase the metabolic
flexibility of Leishmania glycosomes, it may therefore not be
essential for redox/energy balancing in Leishmania, as has
recently shown to be the case in T. brucei procyclic stages (12).
However, as outlined below, we propose that succinate fermen-
tation has a second and possibly more important role in TCA
cycle anaplerosis in Leishmania.

In marked contrast to the situation in 7. brucei procyclic
stages, we show that a major fraction of the internalized glucose
is fully catabolized to CO, in a complete TCA cycle. The oper-
ation of a complete cycle was demonstrated by the generation
of uniformly labeled citrate and glutamate and production of
H'3CO; in [U-**C]glucose-fed promastigotes. Moreover, inhi-
bition of the TCA cycle with sodium fluoroacetate resulted in
the marked accumulation of citrate and growth arrest. A similar
growth arrest can be induced by treating L. mexicana promas-
tigotes with inhibitors of the respiratory chain (cyanide and
antimycin) suggesting that oxidation of glucose in the TCA
cycle is important for energy generation (20). However, respi-
ratory chain inhibitors can also inhibit the operation of the
TCA cycle” raising the possibility that growth inhibition may be
a consequence of loss of TCA cycle anabolic functions, rather
than decreased energy production. A major anabolic role for
the TCA cycle was initially suggested by the finding that most of
the C4 dicarboxylic acids generated by succinate fermentation
are used to replenish TCA cycle intermediates. The recycling of
glycosomal C4 acids is consistent with the observed low rate of
secretion of succinate under the growth conditions used here. A
high rate of TCA cycle anaplerosis was also indicated by the
uptake of aspartate in glucose-rich medium and the catabolism
of oxaloacetic acid carbon skeleton in the TCA cycle. Collec-
tively, these data suggest that the promastigote TCA cycle func-
tions as both a complete cycle (providing a source of reducing
equivalents for oxidative phosphorylation as well as substrate
level phosphorylation via the acetate:succinyl-CoA transferase/
succinyl-CoA synthetase metabolic cycle) and as a source of
biosynthetic precursors for anabolic processes that require
continued replenishment of TCA cycle intermediates.

The major anabolic function of the TCA cycle is likely to be
the synthesis of glutamate. Glutamate is the most abundant free
amino acid in promastigote stages (data not shown) but is inter-
nalized at a low rate under standard culture conditions.
Although the Leishmania glutamate transporter has not been
identified, uptake experiments suggest that the promastigote
glutamate transporter(s) have a high K, value (48). Conversely,
a high rate of de novo glutamate synthesis were suggested by the
rapid labeling of this amino acid with [U-'*C]glucose,
[U-"*C]aspartate, [U-'*CJalanine, and H'*CO; . Most signifi-
cantly, intracellular glutamate levels were rapidly depleted fol-
lowing inhibition of TCA cycle aconitase with NaFAc. This
decrease occurred even when parasites were cultivated in the
presence of 0.3 mM glutamate, indicating that glutamate uptake
is not increased when de novo synthesis is inhibited. Glutamate
is synthesized from a-ketoglutarate by glutamate dehydrogen-

4E. C. Saunders, D. Tull, and M. J. McConville, unpublished data.
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ase (38) or by transamination reactions. The L. mexicana glu-
tamate dehydrogenase is located in the cytosol and, to a lesser
extent, the mitochondrion (38). It utilizes NADPH, which
could be provided by the pentose phosphate pathway, the malic
enzyme, or the NADPH-dependent mitochondrial isocitrate
dehydrogenase (49). Alternatively, Leishmania express a range
of transaminases that are selective for specific amino acid/keto
acid pairs (i.e. for alanine/a-ketoglutarate and aspartate/a-ke-
toglutarate) or have a broad specificity (50, 51). These transam-
ination reactions are likely to be important for glutamate syn-
thesis as L. mexicana promastigotes grew more slowly in
medium lacking nonessential amino acids, such as aspartate
and alanine, that could provide amino groups for glutamate
synthesis as well as additional carbon skeletons. Interestingly,
alanine was both internalized and secreted during growth on
glucose. This may reflect the competing functions of the ala-
nine aminotransferase (and potentially other amino trans-
ferases) in regulating the intracellular levels of pyruvate versus
its role in regulating amino acid biosynthesis.

The maintenance of intracellular glutamate pools is likely to
be critical for promastigote growth. Glutamate is the precursor
for other amino acids, such as proline and glutamine, that are
both internalized at low rates under standard culture condi-
tions. Glutamine is also required for pyrimidine and hexosa-
mine biosynthesis (44, 52), as well as the synthesis of the major
thiols of these parasites, glutathione and trypanothione (53, 54).
Trypanothione participates in many anabolic and redox pro-
cesses and can be conjugated to other metabolites necessitating
continuous synthesis (53, 54). Given the importance of gluta-
mate for Leishmania growth and pathogenesis, it is curious why
this parasite has such a limited capacity to take up this amino
acid. Although the Leishmania glutamate transport has not
been studied in detail (48), leakage of intracellular pools was
clearly detected during rapid growth (Fig. 2). Limited trans-
porter expression may therefore be essential for maintaining
high intracellular concentrations and preventing release when
exogenous glucose/glutamate levels are low.

Our results suggest that metabolic fluxes in the glycosome
and mitochondrial are intimately linked. Isotopomer analysis
indicated that the majority of the C4 dicarboxylic acids gener-
ated during glycosomal succinate fermentation are subse-
quently used for TCA cycle anaplerosis. Export of C4 dicar-
boxylic acids from glycosomes could occur via malate or
succinate transporters, whereas import into the mitochondria
could occur via a malate/a-ketoglutarate transporter that
would ensure a balance between anaplerotic and cataplerotic
fluxes across the mitochondrion membrane. This inter-organ-
ellar flux increased when the TCA cycle was inhibited with
NaFAc, as shown by maintenance of acetate secretion (requir-
ing continuous production of mitochondrial succinate) at the
expense of succinate secretion. Based on these observations, we
propose that succinate fermentation has two major roles in
Leishmania as follows: to maintain the energy/redox balance of
glycosomes and to replenish TCA cycle intermediates lost via
cataplerotic reactions such as glutamate synthesis (Fig. 84).

These findings have important implications for the biology of
Leishmania in both the insect and mammalian hosts. Although
it is commonly assumed that Leishmania promastigotes utilize
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a range of carbon sources in the sandfly vector, including sug-
ars, amino acids, and fatty acids, our data suggest that hexose
availability may be a key factor regulating promastigote expan-
sion in the mid-gut after the initial digestion of the blood meal.
In contrast, amino acid levels in the mid-guts of trypanosoma-
tid vectors are unlikely to be sufficient to sustain rapid growth
(55). A dependence on carbohydrate metabolism is supported
by the presence of multiple sugar kinases in the Leishmania
genomes (3) and may reflect the abundance of sugars in the
sandfly mid-gut, particularly at later stages of infection when
infected female sandflies feed on plants and sugar-rich honey-
dews (56). Intriguingly, hexose uptake and catabolism has also
been shown to be essential for the survival and proliferation of
L. mexicana and L. major amastigotes in the mammalian host
(6, 5) despite the fact that the macrophage phagolysosome
appears to be a sugar-poor niche (39). Although the macro-
phage phagolysosome is expected to have relatively high levels
of amino acids, amastigotes may still be limited in their capacity
to salvage key amino acids such as glutamate, glutamine, and
proline. Continued uptake of hexose and mitochondrial metab-
olism may therefore be required to maintain intracellular levels
of these amino acids.

Finally, '*C-tracer experiments provide a useful tool for fill-
ing gaps in predicted metabolic networks and identifying allo-
steric regulatory mechanisms. Specifically, most predicted
pathways of amino acid biosynthesis were effectively repressed
when promastigotes were cultivated in complex medium, as
indicated by the absence of label in specific amino acid pools in
[U-'3C]glucose-fed promastigotes. Pathways for the de novo
synthesis of serine, glycine, proline, and threonine were all acti-
vated when promastigotes were suspended in amino acid-free
CDM, indicating that the enzymes involved in these pathways
are constitutively expressed. Significantly, previous genome-
wide analyses had failed to identify enzymes required for the
formation of aspartyl-B-phosphate, the first committed inter-
mediate in threonine biosynthesis (3). The presence of a com-
plete pathway for de novo synthesis of threonine was supported
by complementary labeling experiments with [U-'>Claspartate
(Fig. 9), whereas re-examination of the Leishmania genomes
led to the identification of candidate genes for an aspartate
kinase (LmjF26.2710, a member of the aspartate/glutamate/
uridylate kinase family) and an B-aspartate semialdehyde dehy-
drogenase (LmjF09.0390).

In summary, this study provides further insights into the
diversity of carbon metabolism in trypanosomatid parasites (8).
In particular, we have identified significant differences in glu-
cose catabolism in Leishmania promastigotes compared with
the insect stages of T. brucei that were not anticipated from
genome analysis and existing biochemical approaches. The uti-
lization of the comprehensive '*C-tracer approach developed
here will be useful for identifying new and/or unanticipated
pathways in these parasites that could be exploited in the devel-
opment of new drugs.
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