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Dependent Glycerol-3-Phosphate Dehydrogenases in Trypanosoma
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Czech Republic®; Centre de Resonance Magnetique des Systemes Biologiques, UMR 5536, Universite Bordeaux Segalen, Bordeaux, France®; Faculty of Sciences, University
of South Bohemia, Ceské Budgjovice (Budweis), Czech Republic?

Glycerol-3-phosphate dehydrogenases (G3PDHs) constitute a shuttle that serves for regeneration of NAD* reduced during gly-
colysis. This NAD-dependent enzyme is employed in glycolysis and produces glycerol-3-phosphate from dihydroxyacetone
phosphate, while its flavin adenine dinucleotide (FAD)-dependent homologue catalyzes a reverse reaction coupled to the respira-
tory chain. Trypanosoma brucei possesses two FAD-dependent G3PDHs. While one of them (mitochondrial G3PDH
[mtG3PDH]) has been attributed to the mitochondrion and seems to be directly involved in G3PDH shuttle reactions, the func-
tion of the other enzyme (putative G3PDH [putG3PDH]) remains unknown. In this work, we used RNA interference and protein
overexpression and tagging to shed light on the relative contributions of both FAD-G3PDHs to overall cellular metabolism. Our
results indicate that mtG3PDH is essential for the bloodstream stage of T. brucei, while in the procyclic stage the enzyme is dis-

pensable. Expressed putG3PDH-V5 was localized to the mitochondrion, and the data obtained by digitonin permeabilization,
Western blot analysis, and immunofluorescence indicate that putG3PDH is located within the mitochondrion.

ypanosoma brucei is a unicellular parasite causing African

sleeping sickness in humans and nagana in cattle. It is wide-
spread in sub-Saharan regions, rendering vast areas unusable for
herding. Drugs used for the treatment of trypanosomiasis in hu-
mans are highly toxic and difficult to administer (1). Hence, new
drug targets are urgently needed.

The main proliferative stages of T. brucei are the long-slender
bloodstream form (BF) in mammals and the procyclic form (PF)
residing in the midgut of the tsetse fly vector Glossina spp. The two
forms differ significantly in their energy and metabolic transduc-
tion pathways. The PF consumes mainly amino acids proline and
threonine, which are abundantly present in the tsetse fly (2). This
stage has a fully developed mitochondrion containing a full com-
plement of cytochromes and most of the enzymes of the Krebs
cycle (2, 3). Unexpectedly, however, the Krebs cycle does not work
as a true cycle such as is seen in other eukaryotes, since it uses
various intermediates produced by the amino acid metabolism as
sources of reducing equivalents (4), which are then oxidized via a
classical respiratory chain (2).

As a consequence of their glucose-rich environment, the BF
cells totally depend on glycolysis for ATP production, as the ATP-
generating functions of its mitochondrion are repressed (5). The
respiratory chain of the BF consists only of a trypanosomal alter-
native terminal oxidase (TAQ) and a flavin adenine dinucleotide
(FAD)-dependent glycerol-3-phosphate dehydrogenase (FAD-
G3PDH) (6). Whereas, together with the other Krebs cycle en-
zymes, respiratory complex IT is missing in the BF (5), complex I is
present, although its contribution to the electron flow remains
uncertain (7, 8).

Glycolysis, confined in kinetoplastid flagellates to a specialized
organelle termed the glycosome (9), is connected with mitochon-
drial respiration via the glycerol-3-phosphate:dihydroxyacetone
phosphate shuttle (G3P:DHAP). This shuttle consists of two
enzymes: FAD-G3PDH, located on an outer face of the inner
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mitochondrial membrane (10), and NAD-dependent glycerol-
3-phophate dehydrogenase (NAD-G3PDH), located in the gly-
cosomes (6). The main distinction of this pathway in Kinetoplas-
tida compared to other eukaryotes is the noncytosolic localization
of NAD-G3PDH (11). Sequestration of the first seven steps in the
glycosome (5) makes glycolysis independent of the cytosolic
NADH/NAD™ ratio. The essential glycolytic NAD " production is
covered either by the succinate-producing glycosomal pathway in
PF (9, 12) or by the G3P:DHAP shuttle in BF. In BF, electrons
from G3P are shuffled by FAD-G3PDH to ubiquinol in the mito-
chondrial respiratory chain, resulting in the production of ubiqui-
none, which is oxidized by the TAO, the only terminal oxidase
transferring electrons to oxygen (13). In PF, the FAD-G3PDH is
expressed, although its involvement in metabolism is not essential
(14).

Trypanosomal NAD-G3PDH is encoded by a single gene, in
contrast to yeast and plants, which carry more isoforms with dif-
ferent functions in their genomes (15, 16). On the other hand, T.
brucei and Leishmania major surprisingly code for two FAD-
G3PDH genes, a situation not described in any other organism. In
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the genome of T. brucei, they are annotated as mitochondrial
FAD-G3PDH (Tb11.02.5280; mtG3PDH) and putative FAD-
G3PDH (Tb927.1.1130; putG3PDH). The subcellular localization
of the latter dehydrogenase is unknown, being in silico predicted
by MitoCarta (http://www.broadinstitute.org/pubs/MitoCarta
/index.html) to have mitochondrial localization (17), or its puta-
tive N-terminal signal peptide can possibly target this protein to
the endoplasmic reticulum (see www.genedb.org entry for
Tb927.1.1130). Mitochondrial localization of mtG3PDH was
experimentally confirmed by ectopic expression in yeast (14),
and this result was subsequently confirmed by a high-through-
put tandem affinity purification (TAP)-tag-based proteomic anal-
ysis (18) (compare results for mt- and putG3PDH at www
trypsproteome.org). Later, involvement of mtG3PDH in the
procyclic glycosome redox balance was described as an alternative
pattern of glycosomal succinate production (12). However, a
functional analysis of trypanosomal G3PDH enzymes and their
overall role(s) in mitochondrial and cell metabolism has been
lacking.

Therefore, the aim of this study was to determine the subcel-
lular localization and physiological importance of both G3PDH
enzymes in the model flagellate T. brucei.

MATERIALS AND METHODS

Organisms used and growth conditions. The procyclic form (PF) of T.
brucei (strain 29-13) was cultivated as described previously (27) at 27°Cin
SDM-79 medium containing 10% (vol/vol) heat-inactivated fetal bovine
serum, 7.5 wg/ml hemin, 50 pg/ml hygromycin, and 15 pg/ml G418, with
2.5 pg/ml phleomycin being added as a selection agent for a transgenic
RNA interference (RNAi) strain. Transgenic cells expressing V5-
tagged putative G3PDH (putG3PDH-V5) have been selected by the ad-
dition of 15 pg/ml puromycin. Bloodstream form (BF) T. brucei (strain
427; single marker) was cultured as described previously (6) at 37°C with
5% CO, in HMI-9 medium supplemented with 28 mg/liter bathocupro-
inedisulfonic acid, 182 mg/liter r-cysteine, 121 mg/liter hypoxanthine,
0.0014% (vol/vol) 2-mercaptoethanol, 110 mg/liter pyruvate, 39 mg/liter
thymidine, 10% (vol/vol) heat-inactivated fetal bovine serum, 3.1 pg/ml
hygromycin, and 2.5 pg/ml phleomycin.

For localization studies, Saccharomyces cerevisiae strain L5366 (ura3)
was grown on LB either in culture or on agar plates. Selection of strain
putG3PDH-yEGEFP (representing a fusion with yeast-enhanced green flu-
orescent protein [yEGFP]) was carried out using minimal medium agar
plates containing yeast nitrogen base (YNB) supplemented with 0.4 mg/
liter adenine, 0.4 mg/liter histidine, 0.4 mg/liter tryptophan, 0.6 mg/liter
lysine, 0.6 mg/liter leucine, and 2% (wt/vol) glucose; 0.4 mg/liter methi-
onine was added to suppress the expression of the pUG35 plasmid. For
localization assays, methionine was omitted and glucose or 3% (wt/vol)
glycerol was used as a carbon source.

T. brucei cells were counted using a Z2 Coulter Counter. Cell cultures
were diluted 10 times as soon as they reached concentrations of 107 and
10 cells/ml for PF and BF, respectively. The S. cerevisiae cell concentra-
tion was established using the optical density at 600 nm (ODy,), assum-
ing that ODy,, = 1 is equal to 8 X 10° cells/ml. For expression assays, cells
in the logarithmic phase were used.

Construction of cell lines and RNAi. The T. brucei PF and BF were
transfected with the RNAi p2T7-177 vector (19), allowing ablation of the
mitochondrial FAD-G3PDH. This construct was prepared by cloning a
PCR-amplified fragment of the region spanning nucleotides 493 to 1303
of the FAD-G3PDH gene (Tb11.02.5280). An 810-bp-long amplicon gen-
erated using a forward primer (5'-CGGATCCAACAAGTGGTGAAGGC
AACC-3") (BamHI restriction site underlined) and a reverse primer (5'-
AAGCTTCCCACAACACTCACCATCAG-3") (HindIII site underlined)
was cloned into the pCR2.1-TOPO TA vector (Invitrogen), cut out using
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the added restriction sites, and recloned into the p2T7-177 vector. Finally,
the resulting construct was linearized using NotI and 10 pg of DNA was
electroporated into the PF and BF cells. For selection of transformants,
phleomycin was added 24 h after electroporation, and clones were ob-
tained as described elsewhere (20). Synthesis of double-stranded RNA
(dsRNA) was induced by the addition of 1 g/ml tetracycline (tet) to the
medium.

The whole open reading frame (ORF) of the putG3PDH gene
(Tb927.1.1130) was amplified by PCR using a forward primer (5'-AAAG
CTTATGGGTCGCTATACGCG-3") (added HindlIII site underlined)
and a reverse primer (5'-TGGATCCACACTCTCGGCACC-3") (BamHI
site underlined) and cloned into pCRII-TOPO (Invitrogen). Upon veri-
fication by sequencing, the ORF was cut out via the added restriction sites
and cloned into the predigested pLew79 plasmid (21) bearing a V5 tag
(22). A 10- g volume of the resulting vector was Notl linearized prior to
electroporation into PF T. brucei cells. Transformants were selected with
puromycin (15 pg/ml) added 1 day after electroporation, and the expres-
sion was induced by 1 pg/ml tet as described above.

For heterologous expression in Saccharomyces cerevisiae, putG3PDH
was amplified using a forward primer (5'-GTCTAGACAATGGGTCGCT
ATACGC-3") (Xbal site underlined) and a reverse primer (5'-CATAAA
GCTTTGTGAGAGCCGTGGC-3") (added HindIII site underlined), and
the PCR product was cloned into pCR4-TOPO (Invitrogen). Upon se-
quencing, the ORF was cut out using added restriction sites and cloned
into pUG35 (23). Transformation of yeast was carried out following stan-
dard protocols (24).

RNAI was evaluated using real-time quantitative PCR (qQPCR). To this
end, total RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer’s protocol, and 15 g of RNA was treated with 4 U of
DNase and the appropriate buffer in a total volume of 50 .l at 37°C for 30
min (Turbo DNase kit; Ambion). Following the incubation, an additional
2 U of DNase was added and the reaction was stopped after 30 min by the
addition of 10 pl of DNase inhibitor. RNA was coprecipitated with 5 pg
glycogen (Invitrogen) in a mixture of ice-cold 96% ethanol and 50 mM
sodium acetate. To prepare templates for gPCR, cDNA was synthesized
from 5 g RNA using SuperScript III reverse transcriptase (RT; Invitro-
gen) and random hexamers, with a parallel reaction mixture lacking the
enzyme used as a negative control. Both cDNA reaction mixtures were
diluted 1:10 in water prior to qPCR, which was performed using a Rotor-
Gene 3000 real-time DNA detection system thermocycler. Data were ac-
quired using Rotor-Gene v.6.1 software (Corbett Life Science). A house-
keeping 18S rRNA transcript served as a reference (25). For the detection
of mtG3PDH transcripts, a forward primer (5'-TGTCTCGTATTCCTG
AGAAG-3") and a reverse primer (5'-GGCGTTTGCTGGTAGAGAAG-
3") (4 pleach from 1.5 uM stock) were added to a 20-pl reaction mixture
containing 10 pl of Power SYBR green PCR Master Mix (Applied Biosys-
tems) and 2 pl of the cDNA. In the case of the reference gene, the cDNA
was additionally diluted 1:50 in water. The samples were subjected to the
following qPCR program: 2 min at 50°C, 10 min at 95°C, and 40 cycles of
15 s at 95°C and 60 s at 60°C. Fluorescence was detected at the end of the
latter step. The relative abundance levels of RNAs of induced and nonin-
duced samples were determined by the Pfaffl method (26).

Spliced leader RNA. cDNA, prepared from total cellular RNA using a
High Pure RNA isolation kit (Roche) following the manufacturer’s in-
structions, was used as a template for nested PCR with the following
design. In the first reaction, a primer specific for either gene of interest (for
putG3PDHI, 5'-CAGAGTAACCGGAGGCAAAAT-3'; for mtG3PDHI,
5'-CAGCTTTTTCAAGGTAACGGATA-3") was used together with a
primer derived from the splice leader (SL) RNA gene (SL1 [5'-ACTAAC
GCTATTATTAGAACAGTTCC-3']). In the second step, one of the gene-
specific primers (for putG3PDH2, 5'-GCAAAATCACCCGCACC-3'; for
mtG3PDH2, 5-ACGGATACCACCGTGAATGA-3') was mixed with
primer SL2 (5'-TATTAGAACAGTTCCTGTACTATATTG-3") (the two
primers were located closer to each other than the paired primers de-
scribed above were to each other).
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FIG 1 Analyses of supernatants obtained by digitonin fractionation. (A) Western analysis of samples treated with increasing concentrations of digitonin.
Concentrations of digitonin per mg protein (ranging from 0 mg to 4 mg) are indicated. Enolase and NAD-G3PDH served as cytosolic and glycosomal markers,
respectively; VDAC and Hsp60 were used as markers of the outer mitochondrial membrane and mitochondrial matrix, respectively. (B) Spectrophotometric
measurements of FAD-G3PDH activity in digitonin fractions. The cell lines used were putG3PDH-V5 (black columns), noninduced (white columns), and
tetracycline-induced (gray columns) mtG3PDH RNAi knockdown cells. x axis = concentration of digitonin per mg protein; y axis = FAD-G3PDH activity in

AODg, per min.

Enzymatic activities. For FAD-dependent G3PDH activity, we have
modified the original protocol of Ebikeme et al. (12). This modification in
our hands increased the sensitivity by approximately 3 times. A 75-pg
volume of mitochondrial lysate was added to a 1-ml cuvette containing 25
mM Tris buffer (pH 7.0), 0.075 mM 2,6-dichlorophenolindophenol, and
0.1 mM phenazine methosulfate, and the activity was measured by re-
cording the decrease of absorbance at 600 nm triggered by the addition of
50 mM pr-glycerol-3-phosphate (G3P).

Mitochondrial bcl activity was measured as described previously (27).

Digitonin permeabilization. This experiment was performed follow-
ing modifications described elsewhere (28). A 15-ml volume of exponen-
tial-growth culture (~1.5 X 107 cells/ml) was spun for 10 min (1,500 X g
at room temperature), and the resuspended pellet was washed twice in
STE buffer (250 mM sucrose, 10 mM Tris-HCI [pH 7.4], 1 mM EDTA).
Next, the protein concentration was determined using the Bradford assay,
and the pellets were divided into aliquots containing 150 pg of protein
each and resuspended in digitonin lysis buffer (50 mM NaCl, 50 mM
imidazole/HCI [pH 7.0], 2 mM aminocaproic acid, 1 mM EDTA) supple-
mented with increasing concentrations of digitonin (for final concentra-
tions, see Fig. 1) to a final volume of 150 pl. Aliquots were incubated on ice
for 5 min followed by 10 min of centrifugation (21,400 X g at 4°C). The
resulting pellets and/or supernatants were either resuspended in SDS-
PAGE loading buffer (62.5 mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS,
2.5% 2-mercaptoethanol, 0.0025% bromophenol blue), incubated for 30
min at 37°C, and loaded on an SDS-PAGE gel or immediately used for the
determination of enzymatic activities.

Western blot analyses. Digitonin-extracted fractions were separated
on 12% SDS-PAGE gels and blotted onto nitrocellulose membranes,
which were probed with rabbit polyclonal antibodies (Abs) against the T.
brucei enolase (dilution, 1:150,000), heat shock protein Hsp60 (1:1,000),
glycosomal NAD-G3PDH (kindly provided by P. Michels) (1:1,000), volt-
age-dependent anion channel (VDAG; kindly provided by A. Schneider)
(1:1,000), and mouse monoclonal Ab against the V5 tag (Sigma-Aldrich)
(1:1,000). Appropriate secondary Abs (Sevapharma) (1:2,000) coupled to
horseradish peroxidase were visualized using an ECL kit according to the
manufacturer’s protocol (Pierce). For specification of band intensities,
Manual Rectangle Selection of regions of interest (ROIs) was used (Kodak
Molecular Imaging Software).

Isolation of mitochondria and preparation of cell and mitochon-
drial lysates. Mitochondria were isolated from 5 X 10® cells by hypotonic
lysis as described previously (27). Mitochondrial pellets were stored at
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—80°C for spectrophotometric measurements of the G3PDH activity. To
obtain cleared lysates, either isolated mitochondria or 5 X 108 cells were
incubated with 2% (wt/vol) dodecylmaltoside in 0.5 M aminocaproic acid
in a final volume of 50 pl on ice for 1 h and then spun at 21,000 X g for 30
min at 4°C. Supernatants were kept on ice until further use.

Phospholipid extraction and TLC analysis. A 5-ml volume of expo-
nential culture was centrifuged and washed in STE buffer, and pelleted
cells were resuspended in 1 ml of a chloroform:methanol:water mixture
(10:10:3). The mixture was then transferred into a clean glass tube, and
upon the addition of 100 mg glass beads (0.5 mm in diameter), the mix-
ture was subjected to a vortex procedure 6 times (at maximum speed for 1
min with 1 min of incubation on ice). The lower layer was carefully sep-
arated, avoiding any uptake of glass beads, and kept on ice. The remaining
supernatant was replaced with 500 pl of extraction mixture, and the ex-
traction was repeated. The lower layer was combined with the first aliquot
and dried using a SpeedVac. The dried sample was extracted using a bu-
tanol:water mixture (1:1), and the upper phase was recovered and dried
using a SpeedVac. The dried sample was dissolved in a chloroform:metha-
nol mixture (2:1) and transferred onto a thin layer chromatography
(TLC) plate (TLC aluminum sheets with silica gel 60; Merck).

Phospholipids were separated using a chloroform:methanol:water
mixture (65:25:4). Upon reaching the front side, the plate was air-dried
and submerged into a visualization solution containing 10% CuSO, and
8% H,PO,. The TLC plate was then dried at 130°C until bands became
visible.

Localization of putG3PDH in S. cerevisiae and T. brucei. Both local-
ization procedures were performed using a FluoView 1000 (Olympus)
confocal microscope, and yEGFP was detected at 488 nm. Yeast mito-
chondria were stained using 5 nM Mitotracker Red (Invitrogen)—growth
medium for 30 min and visualized at 594 nm. Samples were mounted by
the use of Vectashield mounting medium with 1.5 pg/ml DAPI (4’,6-
diamidino-2-phenylindole) (Vector Laboratories), and the visualization
was performed at 470 nm.

Staining and immunofluorescence analyses of the T. brucei PF were
performed either with Mitotracker Red and a single Ab or with two dif-
ferent Abs. For Mitotracker Red staining, the dye was added to 3 ml of
exponential culture to reach a final concentration of 1 wM and the culture
was then gently agitated for 30 min at 27°C.

For immunofluorescence, trypanosomes were washed in phosphate-
buffered saline (PBS), resuspended in fresh 4% formaldehyde, and settled
onto poly-1-lysine coated slides. Slides were fixed with ice-cold methanol
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for 1 h, briefly rehydrated in PBS, and incubated for 2 h with the primary
Ab followed by three washes in PBS. They were then incubated with flu-
orescein-conjugated secondary Alexa Fluor 488 (anti-rabbit) and/or Al-
exa Fluor green (anti-mouse) Ab (Life Technologies) (both 1:1,000). Pri-
mary antibodies were used in the following combinations: Mitotracker
Red with a-V5-tagged Ab (10 wg/ml), a-V5-tagged Ab with rabbit poly-
clonal Ab against glycosomal GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) (kindly provided by P. Michels) (1:10,000), and, finally,
a-V5-tagged Ab with a-enolase Ab (1:10,000).

Images were manipulated using GNU Image Manipulation Program
(GIMP) 2.6.8 software. Raw pictures were normalized using Automatic
Normalization followed by Curves manipulation to decrease nonspecific
background spotting.

Flow cytometry. Analysis of mitochondrial membrane potential was
performed as described previously (29). Briefly, the cells were stained
using 60 nM TMRE (tetramethylrhodamine, ethyl ester) (Invitrogen) di-
rectly in the medium. To assess the physiological zero potential, carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was added to
reach a final concentration of 10 wM. Flow cytometry was performed
using BD FACSCanto II and analyzed in FACSDiva and CyfLogic soft-
ware. A total of 20,000 cells were analyzed in each run.

Respiration of digitonin-permeabilized cells. A respiration experi-
ment was performed as described previously (29). Briefly, cells were
counted, pelleted, and resuspended in manitol buffer (0.65 M manitol, 10
mM Tris, 40 mM KPi; pH 6.8) at a concentration of 10® cells/ml. An
aqueous solution of digitonin was added to reach a final concentration of
150 pg/ml, and the permeabilized cells were incubated on ice for 5 min
and then pelleted and resuspended in the same volume of the respiration
buffer supplemented with a mixture consisting of 10 mM MgSO,, 2.5
mg/ml fatty acid-free bovine serum albumin (BSA), and 1 mM ADP.
Respiration was recorded using a Clark-type electrode following 4 min of
stabilization in 50 mM bL-glycerol-3-phosphate—10 mM Tris-HCl (pH
7.0) or 10 mM NADH-water.

RESULTS

Expression of FAD-G3PDHs. Expression of both genes coding
for FAD-G3PDH was evaluated using the SL RNA-based strategy.
cDNA prepared from total RNA was used as a template for nested
PCR performed with two pairs of SL RNA-specific primers. At-
tachment of the SL RNA to the 5" end of the mRNA via trans-
splicing provides evidence that the gene is transcribed into a trans-
latable mRNA. Sequencing-confirmed ~350-bp-long amplicons
provide evidence that mtG3PDH and putG3PDH are expressed in
both the PF and BF cells (30).

In silico and in vivo subcellular localization of putG3PDH.
The gene database entry at www.genedb.org predicts for
putG3PDH two alternative intracellular compartments: the mito-
chondrion, predicted by MitoCarta (17), and the endoplasmic
reticulum (F. Opperdoes, personal communication). To clarify
this conundrum, we amplified the whole ORF from strain 29-13
and cloned it into two different plasmids with C-terminal tags:
pLew79 bearing a V5 tag for analysis of expression in T. brucei and
pUGS35 bearing yEGFP for analysis of expression in S. cerevisiae.

In the amplified ORF, several nonsynonymous mutations were
found that are also present in the putG3PDH sequence obtained
from strain 427 (available at www.tritrypdb.org). Sequence differ-
ences between the putG3PDHs from strains 427 and 927 are
marked in Fig. S1 and S2 in the supplemental material. Although
the overall secondary structure is conserved, the N termini (amino
acids 1 to 11) of the two proteins differ as a consequence of two
mutations, F10L and A17V, with strain 427 being the reference.
While that strain possesses in this region a mostly helical structure
(average confidence prediction, 55%), strain 927 bears a predom-
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inantly coiled structure with a rather low (40%) average confi-
dence prediction. In silico analysis of subcellular localization using
WOoLF PSORT (31) predicted mitochondrial localization of the
putG3PDH gene product from the 427 strain, while its homo-
logue from strain 927 was predicted to lack any mitochondrial
import signal. Further analysis showed that the two above-men-
tioned N-terminal mutations are indeed responsible for the dif-
ferent in silico predictions, as a change of either of the two amino
acids present in strain 427 was sufficient to again support in silico
mitochondrial localization (see Table S1 in the supplemental ma-
terial).

We have optimized the expression of putG3PDH-V5 and com-
pared it with the expression of COX6-V5 (COXG6 is a subunit of
respiratory complex IV in the same vector). The COX6-V5 pro-
tein was detected with antibodies against both the V5 tag and
COX6 itself (see Fig. S4 in the supplemental material). The results
showed that COX6-V5 represents only a small part of the total
COX6 protein; most of COX6-V5 is assembled into complex IV,
and the level of expression of putG3PDH-V5 is lower than that of
COX6-V5. These facts strongly support the interpretation that
putG3PDH-V5 is not strongly overexpressed and that, with high
probability, the V5 tag has no negative effect on the function of
putG3PDH-V5 (see Fig. $4 in the supplemental material).

Using digitonin titration, the subcellular localization of
putG3PDH was experimentally addressed in cells expressing the
V5-tagged version of the protein, as increasing concentrations of
this nonionic detergent sequentially permeabilize cell membranes
on the basis of their different levels of sterol content (32). Marker
Abs for different T. brucei cell compartments were used as controls
(Fig. 1A). While the enolase was released at the lowest digitonin
concentrations, the majority of glycosomal NAD-G3PDH and all
mitochondrial outer membrane-specific VDAC were released at a
higher concentration (0.25 mg digitonin/mg protein). Finally, mi-
tochondrial inner membrane and matrix proteins, represented by
Hsp60, were efficiently released only at a high concentration (0.5
mg digitonin/mg protein) (Fig. 1A). The putG3PDH-V5 protein
was released from the pellet along with VDAC, suggesting that the
studied enzyme is predominantly localized within one of the mi-
tochondrial membranes and most likely not in another organelle
(Fig. 1A). Along with digitonin extraction, we fractionated cells
using silicon carbide (see Fig. S3 [E] in the supplemental mate-
rial). This experiment confirmed the mitochondrial localization
of putG3PDH. The pattern of putG3PDH-V5 localization corre-
lated with the activity of mitochondrial complex IIT (Fig. S3 [B and
C]) as well as with that of the matrix Hsp70 protein (Fig. S3 [D]).

To further address the localization of putG3PDH, 12 h after its
expression was induced, the V5-tagged protein was followed by
immunofluorescence. In the PF cells, its signal invariably colocal-
ized with that of the Mitotracker Red-stained mitochondrion,
strongly indicating that this organelle is the site of putG3PDH-V5
residence (Fig. 2A). Control immunofluorescence experiments
were performed with Ab against glycosomal GAPDH and enolase
(Fig. 2A). Moreover, this result was independently confirmed in
the yeast system. Yeast cells bearing a methionine-regulated ecto-
pic copy of the T. brucei putG3PDH gene fused with yEGFP at its
C terminus showed in the confocal microscope a strong green
signal exclusively colocalizing with Mitotracker Red (Fig. 2B).
Thus, we propose the mitochondrion as the place of residence of
the putG3PDH protein.

FAD-G3PDH activity in subcellular fractions. Supernatants
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FIG 2 Localization of tagged putG3PDH and its effect on G3PDH activity. Confocal microscopy shows the distribution of the overexpressed putG3PDH-V5
after 12 h of induction in T. brucei PF. (A) Antibodies against enolase and GAPDH and Mitotracker Red dye were used to visualize the cytosolic, glycosomal, and
mitochondrial compartments, respectively. The Merge column shows the overlap of V5 signal with the mitochondrion. (B) Confocal microscopy analysis of S.
cerevisiae expressing TbputG3PDH-yEGFP. The cells were stained using Mitotracker Red (red signal), and the green signal corresponds to yEGFP fluorescence.
(C) Comparison of the levels of FAD-G3PDH activity upon expression of putG3PDH-V5. Data represent comparisons of the levels of FAD-G3PDH activity in
the parental 29-13 cell line and in cells overexpressing putG3PDH for 12 h. Averages and standard deviations of the results are shown for total cell and
mitochondrial lysates of putG3PDH-V5 cells (white columns) and strain 29-13 cells (black columns). y axis = FAD-G3PDH activity expressed as a percentage
of the parental strain level. (D) Comparison of the relative levels of proteins in whole cells and in hypotonically isolated mitochondria. Lysates of cells (lanes 1 and
3) and hypotonically isolated mitochondria (lanes 2 and 4) were resolved by electrophoresis in 12% SDS gel, and Western analysis was performed with antibodies
against V5 epitope and cytosolic (enolase), glycosomal (NAD-G3PDH), mitochondrial outer membrane (VDAC), and mitochondrial matrix (Hsp60) proteins
(lanes 1 and 2). The intensity of the signal in the cell fraction was defined as 100% for each tested protein, and the relative intensity of the appropriate signal in
the mitochondrial fraction was calculated (lanes 3 and 4).

obtained after digitonin treatment were used for a spectrophoto-
metric assay of the FAD-G3PDH activity. In the absence of digi-
tonin, the pellet contained intact cells and no activity was mea-
sured in the supernatant. Increasing concentrations of the
detergent caused increases in the release of the FAD-G3PDH ac-
tivity from the pellet, derived sequentially from the cytosol, the
single-membrane organelles, and, finally, the mitochondrion.
The FAD-G3PDH activity was determined in the putG3PDH-V5
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cell line with the aim to check whether the tagged protein still
retains its activity. A major increase of activity was recorded in the
fraction treated with 0.25 mg digitonin/mg protein (Fig. 1B), cor-
responding to the lower putG3PDH-V5 signal in th Western blot
analysis (Fig. 1A). The activity increased linearly and reached a
plateau at 0.55 mg digitonin/mg protein. That remarkable jump
represents the concentration of 4 mg digitonin/mg protein that
released all proteins from the cells. It led to a 3-fold increase in
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represents 100%.

FAD-G3PDH activity in the putG3PDH-V5 cells (~0.03 AOD/
min for 4 mg of digitonin compared to ~0.01 AOD/min for 0.6
mg of digitonin). In all fractions in which putG3PDH-V5 was
released, the measured FAD-G3PDH activity was remarkably
higher than that seen with the noninduced mtG3PDH cells (see
below), strongly associating the FAD-G3PDH activity with
putG3PDH-V5.

We have also measured the FAD-G3PDH activity on whole-
cell lysates and hypotonically isolated mitochondria obtained
from the putG3PDH-V5 cell line (12 h after induction of expres-
sion) and the parental strain. The putG3PDH-V5 activity was
confirmed by the massive increase of activity observed in total
lysates of the tagged cell line compared to the lysates of the wild-
type cells (+80% = 7%). However, a small yet statistically signif-
icant (Mann-Whitney U-test; see Table S2 in the supplemental
material) increase in the activity occurred in the putG3PDH-V5-
containing mitochondria (+24% = 11%) (Fig. 2C), suggesting
that putG3PDH is weakly associated with this organelle. To assess
the purity of the hypotonically isolated mitochondria, we probed
total cell and mitochondrial lysates with the same antibodies as
were used for screening the digitonin fractions (Fig. 2D). Al-
though the hypotonically isolated mitochondria are contami-
nated with glycosomal proteins, the mitochondrial fraction is en-
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riched for proteins from both the mitochondrial matrix and the
outer mitochondrial membrane, as shown by signals of Hsp60 and
VDAC, respectively. This fraction was also enriched for the
G3PDH-V5 construct.

We then tried to test the activity of putG3PDH-VS5 directly by
isolating the pure protein by immunoprecipitation using a protein
G Sepharose matrix (see Fig. S5 in the supplemental material).
Lysate from the cells expressing putG3PDH-V5 had G3PDH ac-
tivity that was two times higher than the activity seen with the
parental strain (data not shown). However, there was no measur-
able activity in the sample with putG3PDH-V5 bound to the pro-
tein G Sepharose with antibodies against the V5 tag, probably a
consequence of tight interaction between putG3PDH-V5 and the
affinity Sepharose. We were not able to release it from the matrix
using natural conditions, and even boiling released the protein
only partially (see Fig. S5 in the supplemental material).

Depletion of mtG3PDH. To establish the relative contribu-
tions of mtG3PDH and putG3PDH to the total cellular FAD-
G3PDH activity, we prepared cell lines of both life stages with
mtG3PDH inducibly ablatable by RNAi and collected total RNA
from cells 4 days after RNAi induction. Quantitative RT-PCR
confirmed downregulation of the mtG3PDH transcript by 50% to
60% (Fig. 3A and B [insets]).
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Growth of the noninduced and RNAi-induced cells was mon-
itored, and the cells were daily diluted back to the initial concen-
tration. Confirming the data by Ebikeme et al. (12), the PF cells
ablated for mtG3PDH showed no growth retardation, and the
enzyme is therefore nonessential for this life cycle stage (Fig. 3B).
In contrast, the BF cells grew slower from the very beginning of
RNAI induction. On day 1 and 3, the induced cells reached only
34% and 4%, respectively, of the concentration of their nonin-
duced counterparts. On the fourth day, the cultures were virtually
dead (Fig. 3A).

The FAD-G3PDH activity was measured in either total cells or
mitochondrial lysates 3 days after RNAi induction and compared
with the same activity in the noninduced cells (Fig. 3C and D; see
also Table S3 in the supplemental material). Downregulation of
mtG3PDH expression resulted in 70% (PF) and 80% (BF) de-
creases of the FAD-G3PDH activity in total cell extracts. Ebikeme
et al. (12) did not find any residual FAD-dependent G3PDH ac-
tivity in whole PF cell lysates after ablation of mtG3PDH. It is
quite possible that the residual activity remained under the detec-
tion limit of their measurement due to the lower sensitivity of the
assay used (in our hands, the measured activity was 3 times higher
than the activity level published in reference 12). The remaining
20% to 30% of activity probably corresponds to the contribution
of putG3PDH. To test this hypothesis, the activity was recorded in
the noninduced and RNAi-induced cells permeabilized by digi-
tonin (Fig. 1B; white and gray columns). In the noninduced cells,
an initial release of the FAD-G3PDH activity appeared with 0.1
mg digitonin/mg protein, followed by a second release at 0.6 mg
digitonin/mg protein (Fig. 1B). The RNAi-induced cells lacked
the second wave of FAD-G3PDH activity, which was clearly at-
tributable to mtG3PDH located in the mitochondrial inner mem-
brane.

mtG3PDH in mitochondrial metabolism and physiology. In
a previous study of an alternative NADH:ubiquinone oxidoreduc-
tase (NDH?2), we observed elevated and reduced respiration on
G3P and NADH, respectively, upon RNAi-mediated depletion of
NDH2, probably due to the upregulated expression of mtG3PDH
(29). To see whether the downregulation of mtG3PDH has the
opposite effect, a respiratory experiment with digitonin-permea-
bilized PF cells was performed 6 days after RNAi induction, with
G3P and NADH as the respiratory substrates (Fig. 4A). As ex-
pected, a massive decrease of respiration on G3P occurred; how-
ever, NADH did not show any significant change (Mann-Whitney
U-test Pvalue = 0.2). Other mitochondrial functions, namely, the
activities of respiratory complexes II, III, and IV, did not change
(data not shown).

Since cells RNAi depleted for NDH2 show decreased mito-
chondrial membrane potential and yet increased in vitro
mtG3PDH activity (29), we decided to perform the same mea-
surements in the PF cells ablated for mtG3PDH. The cells were
induced for 3 days, stained with TMRE, and analyzed by flow
cytometry, and the uncoupler FCCP was used as a control. A rep-
resentative output of a typical experiment (Fig. 4B and C) illus-
trates that in the RNAi-induced cells only a minor change of dis-
tribution leads to the shift in median fluorescence, corresponding
to an approximately 20% decrease of mitochondrial membrane
potential (Fig. 4D).

In T. brucei, synthesis of phospholipids starts with the conver-
sion of glycolysis-generated G3P (33) to phosphatidic acid in a two-
step reaction (EC 2.3.1.15) (G3P + acyl-coenzyme A [CoA] —
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1-acyl-G3P; 1-acyl-G3P + acyl-CoA — phosphatidic acid [1,2-
diacyl-glycerol-3-phosphate]). In the following steps, phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phosphatidyl-
serine (PS), phosphatidylinositol (PI), and cardiolipin are
produced, with the last-named compound requiring additional
condensation of G3P. To evaluate whether ablation of mtG3PDH
has an impact on the phospholipid metabolism, we analyzed
the extracted phospholipids on TLC plates. Neither PC nor PE
and PI showed any change in the RNAi knockdowns or the
putG3PDH-VS5 cells (data not shown). While other phospholipids
were repeatedly identified, cardiolipin was undetectable.

DISCUSSION

The glycerol-3-phosphate:dihydroxyacetone phosphate (G3P:
DHAP) shuttle represents a key link between glycolysis and mito-
chondrial metabolism. While the presence of several different
forms of NAD-G3PDH is relatively common in eukaryotes (15,
16), two isoforms of FAD-G3PDH are, as far as we know, unique
to trypanosomatids. To date, TAO and other components of the
respiratory chain have been subjected to numerous investigations
(8, 12, 14, 27, 29, 34-41), while only two studies dealt with the
function of mtG3PDH (12, 14), and the role of putG3PDH re-
mains totally unknown.

Both genes are expressed throughout the life cycle of T. brucei,
which is in accordance with an earlier report (14) as well as tran-
scriptomic analyses (30, 42, 43), with both of them showing more
than 2-fold upregulation of putG3PDH mRNA in the PF cells.
Indeed, in a comparative SILAC study, the putG3PDH protein
was detected 5 times more often in PF than in BF (44), and yet two
other studies using the same protein-labeling method failed to
detect putG3PDH at all (45, 46) (see Table S4 in the supplemental
material). Although this discrepancy might reflect different pro-
teomics approaches, one cannot exclude the possibility that it has
been influenced by the different cultivation media and strains
used (44-46).

In the absence of Ab against any of the FAD-G3PDH iso-
forms, we have used the tagging strategy to independently ad-
dress localization of putG3PDH in the PF flagellates. Western
blot analysis of fractions obtained by the digitonin permeabilization
and immunolocalization data of the C-tagged putG3PDH allowed
establishing intracellular localization of the studied proteins. First,
along with its genuine mitochondrial import signal, T. brucei
putG3PDH has been expressed as a yEGFP fusion in yeast. The
same approach was successfully used by Guerra et al. (14) for
localizing mtG3PDH in the mitochondrion. Although the robust-
ness of the expression varied depending on the carbon source
used for cultivation (data not shown), the protein invariably co-
localized with Mitotracker Red, confirming its mitochondrial lo-
calization. Second, using immunofluorescence, the V5-tagged
putG3PDH was localized to the single-branched mitochondrion
of T. brucei, which is in agreement with the in silico-predicted
localization for the strain 427-derived isoform; the localization of
the strain 427-derived isoform remains an open issue, as in silico
analysis did not reveal any targeting signal. However, this obser-
vation is likely to reflect the data sets used for application training.
Combined with all our obtained data, we propose the mitochon-
drial outer membrane to be likely the membrane housing
putG3PDH. The idea that it is an appurtenance to this compart-
ment is further supported by the detection of putG3PDH in the T.
brucei outer membrane mitoproteome (47). However, contrary to
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our conclusions, putG3PDH was also detected in the crude prep-
aration of the mitochondrial inner membrane, although this iden-
tification was based on only a single unique peptide compared to
the 21 unique peptides corresponding to mtG3PDH (47), suggest-
ing that the inner mitochondrial membrane preparation was con-
taminated with material from the outer membrane.

Digitonin-extracted cellular fractions were also instrumental
in the measurement of the FAD-G3PDH activity. While its relative
activity in the parental cells was higher in the organellar fraction
than in the total cell lysate, the situation was the opposite in the cell
line overexpressing putG3PDH-V5. We believe that the relatively
low increase of the organellar FAD-G3PDH activity is in this case
likely due to the nature of isolation, as the hypotonically isolated
mitochondria probably lost part of an outer membrane. This as-
sumption fits with the observation that an RNAi knockdown of
mtG3PDH leads to almost complete depletion of the G3PDH ac-
tivity in the mitochondrial fraction, while there is still up to 20% of
the FAD-G3PDH activity in total cell lysates. Our data may also
explain the early observations of Allemann and Schneider, who
described findings indicating that hypotonically isolated mito-
chondria were unable to synthesize ATP upon the addition of G3P
(10). Furthermore, they observed that the overall FAD-G3PDH
activity dropped by half in the hypotonically treated and yet iso-
tonically isolated organelles (10). All available data are therefore
compatible with localization of putG3PDH in the outer mito-
chondrial membrane (Fig. 5), despite the absence of direct evi-
dence to prove this localization.

Next, we wanted to establish the relative contributions of the
two FAD-G3PDHs to the cellular metabolism of T brucei. In con-
trast to PF, the BF cells do not contain a succinate-producing
branch in their glycosomes (9) and hence exclusively regenerate
the reduced cofactors required for glycolysis via the G3P:DHAP
shuttle using mtG3PDH (13, 14). The importance of mtG3PDH
for the BF cells is further reflected by its upregulation compared to
PF in this life stage at both the RNA level (42, 43) and the protein
level (44-46). The essentiality of mtG3PDH for BF is therefore not
surprising, while depletion of the same protein in PF, reflected in
the absence of its respective enzymatic activity, did not result in an
altered growth phenotype, regardless of whether regular or low-
glucose SDM-79 medium was used (data not shown). Although
mtG3PDH is also expressed in PF, its contribution to the mito-
chondrial electron transport chain seems to be negligible or non-
existent, which is also reflected by the lack of any significant
changes in the mitochondrial membrane potential. The data
further confirm a previous observation of the utilization of
mtG3PDH upon loss of the glycosomal succinate-producing
branch (12).

Increasing FAD-G3PDH activity in the tag-bearing cells con-
firmed the ability of putG3PDH to perform FAD-dependent con-
version of G3P to DHAP. However, measurement of the FAD-
G3PDH activity in the digitonin fractions of noninduced and
RNAi-induced mtG3PDH mutants excluded the possibility of up-
regulation of putG3PDH as a means for the cells to cope with the
drop in the mtG3PDH activity. The best way to get an insight into
the physiological function of putG3PDH would be depletion of
the protein in PF. Unfortunately, repeated attempts to generate
viable RNAi cell lines targeting this protein have so far failed.

Due to its localization outside the inner mitochondrial mem-
brane and its FAD-G3PDH activity, putG3PDH function may be
related to the maintenance of the cellular redox balance but with a
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FIG 5 Schematic representation of energy metabolism of glycosome and its
connection with mitochondrion. Data represent subcellular localization of
G3PDHs in T. brucei and their involvement in biochemical pathways. Thin
black arrows represent glucose degradation common for both PF and BF. Bold
black arrows represent a G3P:dihydroxyacetone phosphate shuttle and its in-
tegration into the glycosomal redox balance in BF. Gray dotted arrows repre-
sent a redox balancing pathway specific for PF. G3PDH is a glycosomal NAD-
dependent isoform; mtG3PDH is the mitochondrial FAD-dependent isoform
that constitutes the shuttle. putG3PDH represents the second FAD-dependent
isoform with an unknown role in cellular metabolism (see the text). Boxes
represent enzymes: GAPDH, glycosomal glyceraldehyde-3-phosphate dehy-
drogenase; FF,, mitochondrial complex V/ATPase; TAO, trypanosomal alter-
native oxidase. Q in an oval represents coenzyme Q/ubiquinol. Abbreviations
represent metabolic intermediates: 1,3BPGA, 1,3-bisphosphoglycerate; DHAP,
dihydroxyacetone phosphate; FBP, fructose bisphosphate; FUM, fumarate; GAP,
glyceraldehyde-3-phosphate; G3P, glycerol-3-phosphate; MAL, malate; OAA, ox-
aloacetate; PEP, phosphoenolpyruvate. ?, a place of reaction is not certain, i.e.,
glycosome versus cytosol for fumarase and intermembrane space-facing versus
cytosol-facing for putG3PDH.

role different from that of mtG3PDH. Because of its possible outer
mitochondrial membrane localization, which remains to be
clearly demonstrated, we propose that putG3PDH is particularly
involved in the glycosomal redox balance (Fig. 5). The PF cells
have developed several pathways to reoxidize NADH produced in
the glycosomes, such as the organellar succinate-producing
branch and the DHAP:G3P shuttle involving mtG3PDH (14). The
above-described upregulation of putG3PDH in PF (42, 44) indi-
cates that this enzyme may to some extent replace mtG3PDH in
this life stage. Theoretically, putG3PDH could indeed replace
mtG3PDH or compete with it for the same G3P substrate, since
the two enzymes share the FAD-G3PDH activity. However, while
mtG3PDH uses ubiquinol as an electron acceptor to keep its FAD
cofactor oxidized, putG3PDH does not seem to have direct access
to the quinone pool. Consequently, FAD bound to putG3PDH
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might shuffle its electrons to an electron transfer flavoprotein,
should any be available. Indeed, several electron-transfer flavo-
proteins (ETF) have been detected in the T. brucei genome. A
recent study on the mitochondrial outer membrane proteome
(47) detected three and two ETFs in the inner and outer mem-
brane clusters, respectively. Such an ample presence of ETFs in the
membranes makes it tempting to speculate that putG3PDH could
be coupled by one of them to the ETF:ubiquinone oxidoreductase
localized in the inner mitochondrial membrane. However, at this
stage we cannot exclude the alternative possibility that putG3PDH
regenerates cytosolic DHAP and ultimately transfers electrons to
another terminal acceptor (mtG3PDH uses molecular oxygen) yet
to be identified or performs the reverse reaction, utilizing DHAP
to produce G3P, which would be even more intriguing.
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