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Background: TbMCP5 was predicted to function as a mitochondrial ADP/ATP carrier.

Results: TbMCP5 functionally complemented ANC-deficient S. cerevisae, has biochemical properties comparable with those of
ScAnc2p, and is essential for mitochondrial ADP/ATP exchange in T. brucei.

Conclusion: TbMCP5 is a conserved and essential mitochondrial ADP/ATP carrier in 7. brucei.

Significance: TbMCP5 is the first functionally characterized mitochondrial ADP/ATP carrier from a kinetoplastid parasite.

Trypanosoma brucei is a kinetoplastid parasite of medical and
veterinary importance. Its digenetic life cycle alternates
between the bloodstream form in the mammalian host and the
procyclic form (PCF) in the bloodsucking insect vector, the
tsetse fly. PCF trypanosomes rely in the glucose-depleted envi-
ronment of the insect vector primarily on the mitochondrial
oxidative phosphorylation of proline for their cellular ATP pro-
vision. We previously identified two T. brucei mitochondrial
carrier family proteins, TbMCP5 and TbMCP15, with signifi-
cant sequence similarity to functionally characterized ADP/
ATP carriers from other eukaryotes. Comprehensive sequence
analysis confirmed that TbMCP5 contains canonical ADP/ATP
carrier sequence features, whereas they are not conserved in
TbMCP15. Heterologous expression in the ANC-deficient yeast
strain JLIA2A3u~ revealed that only TbMCP5 was able to
restore its growth on the non-fermentable carbon source lac-
tate. Transport studies in yeast mitochondria showed that
TbMCP5 has biochemical properties and ADP/ATP exchange
kinetics similar to those of Anc2p, the prototypical ADP/ATP
carrier of S. cerevisiae. Immunofluorescence microscopy and
Western blot analysis confirmed that TbMCP5 is exclusively
mitochondrial and is differentially expressed with 4.5-fold more
TbMCP5 in the procyclic form of the parasite. Silencing of
TbMCP5 expression in PCF T. brucei revealed that this ADP/
ATP carrier is essential for parasite growth, particularly when
depending on proline for energy generation. Moreover, ADP/
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ATP exchange in isolated T. brucei mitochondria was elimi-
nated upon TbMCP5 depletion. These results confirmed that
TbMCP5 functions as the main ADP/ATP carrier in the
trypanosome mitochondrion. The important role of TbMCP5 in
the T. brucei energy metabolism is further discussed.

The Kinetoplastida are the earliest-branching unicellular
eukaryotes to possess “classical” mitochondria (1). They
include the closely related trypanosomatid protozoa Trypano-
soma brucei, Trypanosoma cruzi, and Leishmania sp., which
have been well studied mainly because of their significant med-
ical and veterinary importance (see the World Health Organi-
zation Web site). T. brucei is predominantly found in sub-Sa-
haran Africa, and its subspecies are the etiological agents of
sleeping sickness in humans and the wasting disease “Nagana”
in cattle. The complex life cycle of T. brucei includes two repli-
cating forms that can be grown in vitro: the bloodstream form
(BSF)? found in the blood and tissue fluids of the mammalian
host and the procyclic form (PCF) in the intestinal tract and
salivary glands of the bloodsucking insect vector, the tsetse fly.
The energy metabolism of the parasite is subject to substantial
rearrangements in order to adapt to the distinct host environ-
ments (2, 3). BSF trypanosomes rely exclusively on glucose and
its degradation by glycolysis for their cellular energy (ATP) pro-
vision, with pyruvate and glycerol excreted as incomplete fer-
mentation products. Most of the glycolytic pathway is compart-
mentalized in a specialized peroxisome, the glycosome (3). ATP

3 The abbreviations used are: BSF, bloodstream form; PCF, procyclic form;
ASCT, acetate:succinate CoA-transferase; ATR, atractyloside; N-ATR, 6'-O-
naphthoyl-atractyloside; BA, bongkrekic acid; CATR, carboxyatractyloside;
MCF, mitochondrial carrier family; N-ADP, 3'-O-(1-naphthoyl)-adenosine
5'-diphosphate; SCoAS, succinyl-CoA synthase; YNB, yeast nitrogen broth
medium; YPL, rich yeast extract peptone lactate medium; ApsA, P',P°-dia-
denosine-pentaphosphate; PEPCK, phosphoenolpyruvate carboxykinase.
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production and consumption in the glycosome is balanced, and
it has been postulated that this organelle does not provide ATP
to the rest of the cell (3). Instead, net production of ATP occurs
in the final and cytosolic part of the glycolytic pathway, during
the conversion of phosphoenolpyruvate to pyruvate. The BSF
mitochondrion lacks key enzymes and components of the
Krebs cycle, and its role in the energy metabolism is restricted
to the reoxidation of glycosome-derived glycerol-3-phosphate
by an alternative oxidase located at the inner mitochondrial
membrane (4, 5). The procyclic form of T. brucei has a more
elaborate energy metabolism, predominantly depending on the
mitochondrion (6). Remarkably, PCF trypanosomes do not use
the Krebs cycle for the generation of ATP (7). Instead, ATP is
mainly generated by the incomplete aerobic fermentation of
glucose present in the blood meal or from proline found in the
insect vector (8, 9). During glycolysis, the metabolic intermedi-
ate phosphoenolpyruvate is produced in the cytosol. Depend-
ing on the cellular redox and ATP balances, phosphoenolpyru-
vate is converted to pyruvate and further metabolized in the
mitochondrion to acetate, or it enters the glycosome, where it is
converted to succinate via the succinic fermentation branch
(10). Under glucose-depleted conditions, which reflect the
insect midgut environment, proline is catabolized in the mito-
chondrion where ATP is mainly produced from oxidative phos-
phorylation (9, 11). However, under glucose-rich conditions,
ATP is primarily produced by substrate-level phosphorylation,
whereas oxidative phosphorylation becomes essential in the
absence of glucose (8 -12).

The inner mitochondrial membrane of T. brucei is thought
to be impermeable to metabolites (13), implying the presence of
specific membrane-bound transporters. Mitochondrial carrier
family (MCF) proteins are located in the inner mitochondrial
membrane and mediate the transport of a wide range of meta-
bolic intermediates (see Ref. 14 and references therein). As the
predominant mitochondrial metabolite transporters, they
exert flux control on metabolic pathways and are involved in
the maintenance of cellular redox and ATP balances (14). In
particular, the mitochondrial ADP/ATP carrier plays an
important role in sustaining the cellular ATP homeostasis by
facilitating the 1:1 counterexchange of mitochondrial ATP
for cytosolic ADP (15). The evolution of the ADP/ATP car-
rier has been key to the evolution of the eukaryotic cell by
enabling the establishment of the mitochondrion as an ATP-
generating organelle. ADP/ATP carriers have been exten-
sively and predominantly studied in a wide range of higher
eukaryotes (14, 16), whereas virtually nothing is known
about their homologues from earlier branching eukaryotes,
such as the Kinetoplastida. We previously reported that the
genome of T. brucei codes for 24 different MCF proteins
(17). Two of the identified MCF proteins, TbMCP5 and
TbMCP15, showed significant sequence similarity to func-
tionally characterized ADP/ATP from other
eukaryotes (17). In this paper, we analyzed these MCF proteins
with regard to their predicted function as mitochondrial ATP/
ADP carriers and assessed the importance of TbOMCP5 for the
energy metabolism of T. brucei.

carriers
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EXPERIMENTAL PROCEDURES

Chemicals—[*H]ATR, N-ATR, and N-ADP were synthe-
sized as described previously (18, 19). Succinate, a-ketoglu-
tarate, ADP, ATP, ATR, bonkrekic acid (BA), carboxyatracty-
loside (CATR), and digitonin were purchased from
Sigma-Aldrich. Luciferase and luciferin were from Roche
Applied Science, and Ap;A and n-dodecyl-B-p-maltoside were
from Calbiochem.

Yeast Complementation—The mitochondrial ADP/ATP car-
rier (ANC)-deficient Saccharomyces cerevisiae strain JLIA2A3
was cultured as described previously (20, 21). The complete
open reading frames of TbMCP5 (GeneDB Tb927.10.14820)
and ThMCP15 (GeneDB Tb927.8.1310) were PCR-amplified
using the primer combination 5’'-ggcgaattcatgacggataaaaagcg-
ggaaccgg-3' (sense) and 5'-gcggatccttaattcgatctgegecactcecaca-
taaatgg-3’ (antisense) for ThMCP5 and the primer combina-
tion 5'-ggcgaattcatggttggtggcgatggtgaggage-3’ (sense) and 5'-
gceggatecttaggeagecggtaaaaaccacatatagagtgac-3'  (antisense)
for TbMCP15. Restriction enzyme sites used for subsequent
cloning into the yeast centromeric expression vector pRS314
(see the Saccharomyces Genome Database) are underlined.
Expression from pRS314 takes place under the control of
included ScANC2 regulatory sequences (21). The resulting
TbMCP5-pRS314 and TbMCP15-pRS314 constructs were used
to transform JLIA2A3u™ using a standard LiCl method. The
rescue of non-fermentative growth of JLIA2A3u™ by expres-
sion of ScAnc2p (positive control), TbMCP5, or TbMCP15 was
assessed on solid YPL medium (glucose-free, lactate-contain-
ing rich medium) and compared with the fermentative growth
on YNB Glc W~ medium (tryptophan-free, glucose-supple-
mented minimal medium) (21).

ADP/ATP Transport Assays for Yeast Mitochondria—Yeast
mitochondria were prepared by differential centrifugation (22).
Briefly, yeast cells grown in YPL medium were harvested in the
late log phase (A¢p0 nm ~5)- Spheroplasts obtained after enzy-
matic digestion by Zymolyase 20T were disrupted by Dounce
homogenization in 0.6 M mannitol, 10 mm Tris-HCl, pH 7.4, 1
mM EDTA, 0.1% (w/v) BSA, and 1 mm PMSF. Mitochondria
were isolated by differential centrifugation, washed in the same
buffer devoid of BSA and PMSF, and stored in liquid nitrogen.
Mitochondrial ADP/ATP transport was measured using a
luminescence assay as detailed by Dassa et al. (23). Briefly,
freshly prepared mitochondria were incubated for 5 min at
25°C in 10 mm Tris-HC], pH 7.4, 10 mm KH,PO,, 0.6 M man-
nitol, 0.1 mm EGTA, 2 mm MgCl,, 10 uMm Ap:A, and 1 mm
a-ketoglutarate in the presence of 0.1% (w/v) luciferin and 0.1%
(w/v) luciferase. ADP was added to initiate the mitochondrial
ATP efflux. ATP production was determined by measuring the
luciferase/luciferin-related light emission using a luminometer.
Control experiments were carried out in the presence of the
inhibitors CATR and BA, which specifically inhibit nucleotide
exchange in ADP/ATP carriers.

ATR and CATR Binding Assays—[>*H]ATR binding assays
with isolated yeast mitochondria were carried out as described
previously (24). Mitochondria were diluted (1 mg of protein
ml ') in 1 ml of MKE buffer (0.12 m KCl, 10 mm MOPS, pH 6.8,
1 mm EDTA), and [PH]ATR was added at concentrations up to
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6 uM. After incubation for 1 h at 4 °C, mitochondria were pel-
leted by centrifugation, and radioactivity associated with the
pellet was determined using a liquid scintillation counter. Con-
trol experiments were performed in the presence of 20 um
CATR to correct for minor nonspecific PH]ATR binding. Fluo-
rescence back-titration of CATR-binding sites was performed
on mitochondria in MKE buffer in the presence of 1 um N-ATR
(25). The time course of the CATR-induced release of bound
N-ADP was studied by incubating isolated mitochondria at
20 °C in MKE buffer (1 mg of protein ml™"), and fluorescence
was measured as described previously (26).

Mitochondrial Cytochrome aa; Content—The aa, cyto-
chrome content of the isolated yeast mitochondrial fractions
was determined by calculating the difference between recorded
reduced and oxidized spectra at 550—650 nm (23). Briefly,
mitochondria were diluted to 2 mg of protein ml™" in 100 mm
Na,SO,, 10 mm Tris-HCI, pH 7.3, 1 mm EDTA, and 0.5% (w/v)
n-dodecyl-B-p-maltoside. Cytochromes were oxidized or
reduced by adding solid potassium ferricyanide or sodium
dithionite, respectively. The extinction coefficient used for
cytochrome aa, was 24,000 M " cm ™',

TbMCP5 Peptide Antibody—The peptide VDALKPIYVE-
WRRSN (amino acids 293-307 of TbMCP5) was coupled to
KLH and used for the immunization of rabbits following a
standard immunization protocol (EZBiolab). The aTbMCP5
antiserum was collected 9 weeks after first immunization and
showed an antibody titer of 1:1,192,000. Western blot analysis
(1:2,000 dilution) revealed a singly cross-reacting protein band
with a molecular mass of 34 kDa, as predicted for TbMCP5 (17).

Culture of T. brucei Cell Lines—BSF and PCF T. brucei cell
lines were cultured in HMI9 (27) and glucose-rich SDM79
medium (28), respectively. For growth experiments in the
absence of glucose, PCF trypanosomes were cultured in glu-
cose-depleted SDM80 medium (9). PCF T. brucei strains 449
and EATRO1125.T7T were used as “wild type” cell lines for all
experiments and were cultured in the continuous presence of
phleomycin (5 pug ml™") to maintain stable expression of the
tetracycline repressor from plasmid pHD449 (29) or in the
presence of G418 (10 ug ml~") and hygromycin (25 ug ml™') to
maintain stable expression of the tetracycline repressor and T7
RNA polymerase from plasmids pLew90/Neo and pHD328,
respectively (30). Trypanosomes were transfected as described
previously (29, 31). The PCF cell line TbMCP5-nmyc” (17) was
cultured in the presence of hygromycin (50 ug ml~); the con-
ditional TbMCP5 double knock-out cell line ATbMCP5/Tb-
MCP5-nmyc" was cultured in the presence of hygromycin (50
pgml™t), G418 (15 wg ml~ '), and blasticidin (10 ug ml™'); and
the EATRO1125.T7T RNAi mutant cell lines were cultured in
the presence of hygromycin (25 ug ml™"), G418 (10 ug ml™ %),
and phleomycin (5 wg ml~ ). Cells were harvested at mid-log-
arithmic phase densities of 1 X 10° cells ml~* (BSF) and 1 X 10”
cells ml~" (PCF) for protein and RNA analysis.

Protein Quantification, Western Blot Analysis, and Immuno-
fluorescence Microscopy—Protein concentrations were deter-
mined using the bicinchoninic acid (BCA) reagent kit (Sigma-
Aldrich) and BSA as the protein standard. The raised TbMCP5
antibody (this paper), an antibody against full-length ScAnc2p
(21), and an antibody against heat shock protein 60 (HSP60)
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(32) were used for Western blot analysis at a dilution of 1:2,000,
1:1,500, and 1:10,000, respectively. Immunodetection was per-
formed using horseradish peroxidase (HRP)-coupled protein A
(Bio-Rad) or HRP-coupled Myc antibody (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) and the enhanced chemilumines-
cence (ECL) kit from GE Healthcare. Immunofluorescence
microscopy using paraformaldehyde-fixed trypanosomes was
performed as described previously (17, 33). 4',6-Diamidino-2-
phenyl-indole (DAPI) was used for the specific staining of
nuclear and kinetoplastid (mitochondrial) DNA, the mitochon-
drial marker MitoTracker (Invitrogen) was used for the specific
labeling of T. brucei mitochondria (34), and the TbMCP5 anti-
body was used for the specific labeling of ThbMCP5.

Northern Blot Analysis—Total RNA was isolated from
trypanosomes using the RNeasy minikit (Qiagen). Northern
blot analysis was performed as described by Sambrook et al.
(35). The complete open reading frame of TbMCPS5 was labeled
with [**P]dCTP (PerkinElmer Life Sciences) using a standard
PCR procedure. The RNA blot was prehybridized in hybridiza-
tion buffer (5X SSC, 0.1% (w/v) SDS, 5X Denhardt’s solution,
100 pug ml~ ' denatured and sheared salmon sperm DNA) for 30
min at 60 °C, after which the [**P]dCTP-labeled DNA probe
was added. After overnight hybridization at 60 °C, the blots
were washed for 30 min in 1X SSC, 0.1% (w/v) SDS at room
temperature, for 45 min in 1X SSC, 0.5% (w/v) SDS at 42 °C and
for 30 min in 0.1X SSC, 0.2% (w/v) SDS at 42 °C, followed by
autoradiographic detection.

Generation of the Conditional TbMCPS5 Double Knock-out
Cell Line—The previously generated PCF T. brucei cell line
ThbMCP5-nmyc (17) allows the ectopic and tetracycline-in-
ducible expression of recombinant N-terminal 2X Myc-tagged
TbMCP5 and was used as the parental cell line for generation of
the conditional TbMCP5 double knock-out cell line. The
5'-UTR of ThMCP5a (GeneDB Tb927.10.14820) and 3'-UTR
of TbMCP5c (GeneDB Tb927.10.14840) were inserted on
either side of the NEO (G418) or BSD (blasticidin) antibiotic
resistance cassettes bearing actin 5'-splice sites and actin
3'-untranslated regions (36). The different UTRs were obtained
by PCR from isolated 7. brucei genomic DNA; the primer com-

bination 5'-agggtgagctcgttctcagaagtgacttctgtcgee-3' (sense)
and 5'-accgcactagtgtccatatgcaccagacgeggetagtcg-3’'  (anti-

sense) was used for the 678-bp 5'-UTR of ThbMCP5a, whereas
the primer combination 5'-ctcaccaggatccgtgccegttgetggtttttatt-
tg-3’ (sense) and 5'-ccttgggcccctectcaggeacagecttacegtttt-3’
(antisense) was used for the 724-bp 3'-UTR of TbMCPS5c. The
underlined restriction enzyme sites were used for subsequent
cloning in the different NEO- and BSD-containing knock-out
(KO) plasmids. After transfection of TbMCP5-nmyc” with the
NEO-TbMCP5-KO construct and clonal selection with 15 pg
ml~' G418, the half-knock-out cell line AThbMCP5:NEO/
ThbMCP5/ThMCP5-nmyc" was isolated. The double knock-out
cell line AThbMCP5:NEO/ATbMCP5::BSD/TbMCP5-nmyc",
further referred to as ATbMCP5/ThMCP5-nmyc" in this paper,
was obtained after subsequent transfection with the BSD-Tb-
MCP5-KO plasmid, followed by clonal selection with 15 ug
ml™" G418 and 10 pg ml™" blasticidin. The ThMCP5a to -c
half- and double knock-out cell lines were cultured in the con-
tinuous presence of tetracycline (1 ug ml™") in order to main-
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tain TbOMCP5-nmyc expression and cell viability. Correct inte-
gration of the different NEO/BSD-TbMCP5-KO constructs and
deletion of the two native TbMCP5a to -c¢ gene clusters was
confirmed by Southern blot analysis and PCR (results not
shown) as well as by Western blot analysis for the TbMCP5
gene product (this paper).

ATP Production by T. brucei Mitochondria—Mitochondrial
ATP production in T. brucei was analyzed according to Schnei-
der et al. (13). Briefly, 1 X 10® trypanosomes were harvested and
permeabilized with 0.008% (w/v) digitonin. A mitochondria-
enriched subcellular fraction was obtained after centrifugation
and extensive washing in SoTE buffer (20 mm Tris-HCI, pH 7.5,
2mMm EDTA, 0.6 M Sorbitol). The mitochondria-enriched subcel-
lular fraction was resuspended in ATP Assay Buffer (20 mm Tris-
HC], pH 7.4, 15 mm KH,PO,, 5 mm MgSO,, 0.6 M Sorbitol), and
mitochondrial ATP production was initiated by the addition of 67
M ADP and 5 mm succinate or 5 mMm a-ketoglutarate (13). The
specific ADP/ATP carrier inhibitor CATR (4 ug ml™") was added
during control experiments. ATP formation was quantified using
the ATP Bioluminescence Assay Kit CLS II (Roche Applied Sci-
ence) in combination with a luminometer.

Metabolite Analysis—Wild type and TbMCP5-depleted
ATbMCP5/ThbMCP5-nmyc" trypanosomes were cultured for
72 h in glucose-depleted SDM80 medium. Culture aliquots
were collected every 24 h for the determination of cell density
(cells ml™'). Proline consumption was determined as described
previously (37), whereas product formation, here succinate and
acetate, was determined using corresponding detection Kkits
from Megazyme.

Depletion of TbMCPS by RNA Interference—Inhibition of
TbMCP5 gene expression was performed in PCF T. brucei by
using RNA interference (RNAi) (38). The 563-bp sense and
624-bp antisense sequences of TbMCPS were PCR-amplified
and cloned into the T. brucei expression vector pLew100 (39).
The primer combination 5'-gtgtataagctttggcgaggtaacctgtca-3’
and 5'-gtcatcctegagegecggegaacggtgtecaa-3’' was used for
amplification of the 563-bp sense ThMCP5 sequence, and the
primer combination 5'-gggcgtggatccgetttggegaggtaacctgte-3’
and 5'-tgcaacaagctttccctegagttcttgtacttcacageage-3’ was used
for the 624-bp antisense ThMCP5 sequence. The underlined
restriction enzyme sites were used for cloning into pLew100.
The resulting pLewI00-TbMCP5 RNAIi construct harbors a
phleomycin resistance gene and contains the consecutively
cloned sense and antisense ThMCP5 target sequences sepa-
rated by a 50-bp spacer fragment. Inducible expression is under
control of the procyclic acidic repetitive protein promoter
linked to a prokaryotic tetracycline operator (39). The
pLew100-TbMCP5 RNAI construct was used for transfection of
procyclic form T. brucei EATRO1125-T7T (30). The mutant
RNATHMCPS cell line was obtained after clonal selection in
glucose-rich SDM79 medium containing hygromycin (25 ug
ml ™), neomycin (10 ug ml™'), and phleomycin (5 wg ml™"').
This cell line enables inducible depletion of TbMCP5 on a wild
type PCF background. The pLew100-TbMCP5 RNAI construct
was further used for transfection of the previously generated
PCF T. brucei knock-out mutant Apepck-cll, which lacks the
gene coding for phosphoenolpyruvate carboxykinase (PEPCK)
(10). The mutant cell line Apepck/*N**TbMCPS5 was obtained
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after clonal selection in glucose-rich SDM79 medium contain-
ing puromycin (1 pg ml™"), hygromycin (25 pg ml™'), neomy-
cin (10 ug ml™'), and phleomycin (5 ug ml™"). This cell line
enables inducible depletion of TbMCP5 on a pepck null back-
ground. The obtained mutant cell lines were subsequently adapted
to glucose-depleted SDM80 medium, containing the same antibi-
otics. The addition of tetracycline to the PCF *ThMCPS and
Apepck/*N4*TbMCPS cell lines will lead to the expression of dou-
ble-stranded 7bMCPS5 RNA molecules and the concomitant
down-regulation (silencing) of TbMCP5 expression.

RESULTS

Sequence Analysis of TbMCPS and TbMCP15—TbMCP5
and TbMCP15 have previously been identified as novel mem-
bers of the T. brucei mitochondrial carrier family (17). The
T. brucei genome contains three identical and consecutive
arranged genes coding for TbMCP5 (i.e. ThbMCPSa to -c
(GeneDB Tb927.10.14820/830/840), whereas TbMCP15 is
coded for by a single gene (GeneDB Tb927.8.1310) (17).
TbMCP5 and TbMCP15 contain sequence features that are
conserved in all MCF proteins (14), including the presence of
six trans-membrane helices, a tripartite protein domain struc-
ture with semiconserved sequence repeats of ~100 amino
acids, and the canonical signature sequence motif, PX(D/
E)X,(K/R)X(K/R)X,o_5o(D/E)GX, (W/E/Y)(K/R)G, at the
end of each odd-numbered trans-membrane helix (Fig. 1A4).
They are further the only two members of the T. brucei MCF
inventory that share significant sequence similarity (67—-84%
amino acid identity (17)) with functionally characterized ADP/
ATP carriers from other eukaryotes, such as S. cerevisiae Anc2p
(24) and Homo sapiens Anclp (20).

The hallmark of ADP/ATP carriers is the presence of the
conserved hexapeptide sequence RRRMMM (40). Mutation
analysis confirmed that this motif is involved in ADP binding
and is essential for ADP/ATP exchange (41). Also TbMCP5
contains a conserved RRRMMM motif (Fig. 1B), supporting the
prediction that this MCF protein functions as an ADP/ATP
carrier. MCF proteins further contain several conserved amino
acids that are involved in the selective binding and transport of
substrates. These amino acids are organized in three distinct
substrate contact points (CP1 to -3; Fig. 1B) and are conserved
for MCF proteins that transport similar substrates (42). For
ADP/ATP carriers, CP1 is composed of the three conserved
amino acids arginine, threonine, and asparagine, correspond-
ing to Arg-96, Thr-100, and Asn-104, respectively, of the
ScAnc2p reference sequence; CP2 is composed of a conserved
glycine and isoleucine, here Gly-199 and Ile-200 in ScAnc2p;
and CP3 is composed of only a single amino acid and is, in the
case of ADP/ATP carriers, represented by a conserved arginine,
Arg-294, in ScAnc2p (Fig. 1B). Sequence comparison revealed
that in TbDMCP5 the amino acid compositions of the three dif-
ferent substrate contact points were identical to those of
ScAnc2p and HsAnclp (Fig. 1B). In addition, TbMCP5 con-
tains a well conserved aromatic ladder, corresponding to Tyr-
203, Tyr-207, Phe-208, and Tyr-211 in the ScAnc2p reference
sequence (Fig. 1B), which is crucial for ADP/ATP exchange in
ADP/ATP carriers (26). All of these observations reinforced the
predicted ADP/ATP carrier function of TbMCP5.
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repeat 1 | repeat 2 | repeat 3

INTERMEMBRANE SPACE

INNER MEMBRANE

TbMCP5 MTDKKREPAPKLG--FLEEFMIGGVAAGL 27
ScAnc2p MSSNAQVKTPLPPAPAPKKESNFLIDFLMGGVSAAV 36
HsAnclp MGDHAWSFLKDFLAGGVAAAV 21
TbMCP15 MVGGDGEEPGLORQAKRALGDPLPLDNEMESEAPNDFSNDPSDNI-SVQSLOVACVQKCC 59
.V
M1a M1b
TbMCP5 SKTAAAPIERVKLLVQNQGEMMKQGRLDKPYNGVVDCFRRTISTEGVYPLWRGNLSNVLR 87
ScAnc2p AKTAASPIERVKLLIQNODEMLKQGTLDRKYAGILDCFKRTATQEGVISFWRGNTANVIR 96
HsAnclp SKTAVAPIERVKLLLOVQ-HASKQISAEKQYKGIIDCVVRIPKEQGFLSFWRGNLANVIR 80
TbMCP15 LCTIVAPLDRIKFVMOCOKELORTGVLDRTFRSSWHCFRCIHSIEGIRSFWRGNLVQVG: 119
T RSN . 33 . .C. . :G. .:WRGN :V
CP1
M2a
TbMCP5 YFPTQALNFAFKDKFKKMFN YKKEKDGYGKWFMGNMASGGLAGAASLCFV-YSEDYVRT 145
ScAnc2p YFPTQALNEAFKDKIKAMFG-FKKE-EGYAKWFAGNLASGGAAGALSLLFV-YSLDYART 153
HsAnclp YFPTQALNFAFKDKYKQLFLGGVDRHKQFWRYFAGNLASGGAAGATSLCFV-YPLDFART 139
TbMCP15 LLP /TAA MLLGGPMQMWVY——NNFPRGFPFGHSAATYASILCGALAVSAVSYPLEFARF 177
:P. A :: .GA :: V Y.L::.R
CP2
M2b vw % Yo %
TbMCP5  REANDTKSVKGGGERQFNGIVDCYVKTWKSDGIAGLYRGFVVSCIGIVVYRGFYFGLYDT 205
ScAnc2p RLAADSKSSKKGGARQFNGLIDVYKKTLKSDGVAGLYRGFLPSVVGIVVYRGLYFGMYDS 213
HsAnclp RLAADVG--KGAAQREFHGLGDCIIKIFKSDGLRGLYQGFNVSVQGIIIYRAAYFGVYDT 197
TbMCP15 RLAVDLRR-SPCDLYDYRHSLAFFAQSVFSEAPHLLYAGFGLYVTG: IIYGVMYTGLTQQ 236
RLA D s £t :  S:. LY GF G ::¥Y Y G:
M3a
TbMCP5  LQPMLPVD-——-- TFIVNFFLGWAVTIVAGLLSYPLDT 257
ScAnc2p LKPLLLTGSL-EGSFLASFLLGWVVTTGASTCSYPLDT 269
HsAnclp AKGMLPDPK--NVHIFVSWMIAQSVTAVAGLVSYPEDT 255
TbMCP15 VLSRLPSEPGGYTATVVQVGAGVGVSAVSTLGLHPLDT 294
L N .V :P:DT:R
M3b CP3
TbMCP5 DCMLQVIKQEGAASLMRGAGANILRGIAGAGVLS 307
ScAnc2p DCLRKIVAAEGVGSLFKGCGANILRGVAGAGVISMYDQLOMILFG-KKFK 318
HsAnclp DCWRKIAKDEGAKAFFKGAWSNVLRGMGGAFVLVLYDEI-—-—-———— KKYV 298
TbMCP15 HCFHHILSTEGIAGFYRGAAFTMVRMVYISSLYMWFLPAA-——————=-— 334
.C 33 EG .: :G. .::R :

FIGURE 1. TOMCP5 contains conserved ADP/ATP carrier sequence features. A, schematic representation of MCF protein sequence structure. Trans-mem-
brane helices are represented by H1-H6, whereas the connecting hydrophilic loops are represented by h1-2, h3-4, and h5-6, respectively. M1-M3a indicate
the first part (PX(D/E)XX(K/R)X(K/R)), and M1-M3b indicate the second part ((D/E)GX,,(K/R)G) of the canonical MCF signature sequence. The different conserved
substrate contact points are indicated by CP7-CP3. B, sequence alignment of ToMCP5 and TbMCP15 with S. cerevisiae Anc2p (ScAnc2p) and H. sapiens Ancl1p
(HsAnc1p).The different parts of the canonical signature sequence (see A) are indicated by gray backgrounds. Open stars indicate conserved amino acids of the
aromatic ladder. Conserved amino acids of the different substrate contact points (CP7-CP3) are printed in black boldface type and indicated by arrows, whereas
deviating amino acids are printed in white boldface type. The conserved hexapeptide sequence RRRMMM found in all ADP/ATP carriers is boxed. The C-terminal
peptide sequence of TOMCP5 used for immunization is shown in white on a black background.

In contrast, TbMCP15 contains a degenerated version of the
RRRMMM motif, with a single amino acid substitution (Met to
Ile) at position 3 of the methionine cluster (Fig. 1B). A similar
mutation of the methionine cluster in ScAnc2p resulted in the
elimination of ADP/ATP exchange activity (41). In addition,
the amino acid compositions of CP1 to -3 are different from
those of conventional ADP/ATP carriers; in particular, CP1 is
not conserved at all (Fig. 1B). TbMCP15 further contains a
degenerated aromatic ladder (Fig. 1B). Overall, these deviations
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strongly suggest that TbMCP15 is not a classical ADP/ATP
exchanger, despite its overall sequence similarity to ADP/ATP
carriers from other eukaryotes.

Functional Complementation Analysis of S. cerevisiae
JLIA2A3u~ —The S. cerevisiae deletion strain JLIA2A3u™ is
deficient in mitochondrial ADP/ATP carriers (ANC-deficient)
and is only viable on a fermentable carbon source, such as glu-
cose (21). The putative ADP/ATP exchange function of
TbMCPS5 and TbMCPI15 can therefore be directly assessed in
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vivo by testing their ability to restore growth of JLIA2A3u™
cells on glucose-depleted YPL medium, containing lactate as a
non-fermentable carbon source (21, 43). The open reading
frames of ThbMCPS and ThbMCP15 were cloned into the low
copy number yeast expression vector pRS314, containing
ScANC2 regulatory regions (21). pRS314, containing the
ScANC2 ORF, was used as a positive control, whereas pRS314
without any insert was used as a negative control. The
JLIA2A3u~ strain was transformed with the various constructs
to produce the JL-TbMCPS, JL-TbMCP15, and JL-ScANC2
strains. Growth of these strains was examined on solid YPL
medium and glucose-rich tryptophan-free YNB medium (YNB
Glc W7). As expected, growth of all strains was similar when
plated on YNB Glc W~ medium, whereas growth of
JLIA2A3u™ on YPL medium was restored to wild-type level
with the expression of ScAnc2p (JL-ScANC2) but not with the
empty pRS314 vector (Fig. 2A4). TbMCP15 could not restore
growth of JLIA2A3u™ (JL-TbMCP15) on YPL medium, which
confirmed the in silico prediction that TbMCP15 is not an
ADP/ATP carrier (Fig. 2A). Expression of TbMCP5 in
JLIA2A3u™ yeast cells (JL-TbMCPS5) resulted in a significant
rescue of growth on YPL medium (Fig. 24). This result con-
firmed that TbMCP5 is able to functionally complement the
mitochondrial ADP/ATP carrier deficiency of yeast. However,
the functional complementation is not optimal; for JL-TbMCPS, a
doubling time of 6 h was found at the plateau phase of its growth,
whereas for JL-ScANC2, the doubling time was significantly
shorter, here 2.5 h at the same growth phase (Table 1).

Mitochondrial Localization and Quantification of TbMCP5
in JLIA2A3u~ —Growth of JL-TbMCP5 on YPL medium was
completely inhibited by the addition of the specific ADP/ATP
carrier inhibitors CATR and BA (not shown). These results not
only confirmed that TbMCP5 functions asan ADP/ATP carrier
but also implied that TbDMCP5 has the expected mitochondrial
localization in JL-TbMCP5. The mitochondrial location of
TbMCP5 was further investigated by subcellular fractionation
and Western blot analysis, using a polyclonal antibody directed
against ScAnc2p (21) and the TbMCP5 antibody described in
this paper (see below). Mitochondria were isolated by differen-
tial centrifugation from the JL-TbMCP5 and JL-ScANC2 strains
(22). As expected, the ScAnc2p antibody readily detected the
Anc2p protein in the mitochondrial fraction of JL-ScANC2 (Fig.
2B, left, lane 1). In addition, a smaller cross-reacting protein
band was observed (Fig. 2B, left, lane 1), which most probably
represents a ScAnc2p degradation product resulting from the
mitochondrial preparation. The ScAnc2p antibody was further
able to stain the heterologous TbMCP5 protein in the JL-Tb-
MCPS mitochondria, although the observed signal was rather
faint (Fig. 2B, left, lane 2). Staining with the TbMCP5 antibody
resulted in a single strong signal of the expected size and con-
firmed the presence of TbMCP5 in the mitochondrial fraction
of JL-TbMCP5 (Fig. 2B, right, lane 2). These results unambigu-
ously correlated the restoration of JLIA2A3u~ growth on YPL
medium with the presence of TbMCP5 protein in the yeast
mitochondria.

The amount of TbOMCP5 present in JL-ThbMCP5 mitochon-
dria was estimated by determining the number of ATR-binding
sites via titration using specific ADP/ATP carrier inhibitors
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(25). Interaction parameters were measured directly using the
specific high affinity labeled radioactive ligand [PH]JATR or
indirectly via a fluorescence back-titration assay with N-ATR,
assuming that 1 mol of ATR binds to 1 mol of analyzed ADP/
ATP carrier (25). As expected, the binding of [PHJATR to JL-
TbMCP5 mitochondria increased as a function of the concen-
tration of [’H]ATR added and finally reached saturation (Fig.
2C). The binding isotherm was deduced from the Scatchard
plot (Fig. 2C, inset). The maximum number of ATR-binding
sites (B,,,,,*™®) and the ATR dissociation constant (K,**%)
were determined for TbMCP5 and compared with those
obtained for ScAnc2p (Table 1). The K,*™ measured for
ScAnc2p and TbMCP5 were in the same range, here 396 * 23
and 503 * 15 nw, respectively (Table 1), indicating that both
carriers have similar ATR-binding properties. However, the
B,... ™™ of TbBMCP5 (149 *+ 17 pmol mg ™~ ' protein) is about 5
times lower than the B, , ™% of ScAnc2p (698 = 51 pmol mg ~*
protein) (Table 1). To exclude the possibility that the observed
difference in B, *™® is due to differences in protein concen-
tration, cytochrome aa, was quantified for the different mito-
chondrial fractions. Analysis revealed that the cytochrome aa,
concentrations were similar for the different mitochondrial
fractions (i.e. 200 = 23 versus 188 = 32 pmol mg ' of cyto-
chrome aa,, respectively) (Table 1). Binding of ATR to isolated
mitochondria was estimated by measuring fluorescence varia-
tion of bound N-ATR in competition with added CATR (Fig.
2D). The maximum amount of CATR-binding sites was esti-
mated to be 160 pmol mg ™!, which is in agreement with the
obtained [PH]JATR titration data (149 pmol mg~' protein).
These results indicated that TbMCP5 was about 4-fold less
abundant than ScAnc2p in the isolated mitochondrial frac-
tions, which in turn could account for the reduced growth of
JL-TbMCP5 on YPL medium.

ADP/ATP Transport Kinetics of TbMCPS in Comparison
with ScAnc2p—The ADP/ATP exchange activity of TbMCP5
in JL-TbMCP5 mitochondria was determined as described pre-
viously (23). Mitochondria isolated from ScAnc2p-expressing
yeast cells (JL-ScANC2) were used for comparison. As expected,
no ADP/ATP exchange was found for both mitochondrial
preparations in the presence of the specific ADP/ATP carrier
inhibitors CATR and BA (not shown). The obtained Michaelis-
Menten and Lineweaver-Burk plots (Fig. 2E) were used to
determine the variation in exchange rate as a function of ADP
concentration for TOMCP5 and ScAnc2p (Table 1). Compari-
son of the obtained kinetic parameters revealed that the V. of
TbMCP5 was about 4.5 times lower than the V... of ScAnc2p
(Table 1). This result is in agreement with the lower amount of
TbMCP5 present in yeast mitochondria compared with
ScAnc2p. Comparison revealed further that the k_,, values and
K, values of external free ADP were similar for TbMCP5 and
ScAnc2p (Table 1). The fluorescent compound N-ADP is a
non-transportable ADP analog. Its fluorescence is quenched
upon binding to ADP/ATP carriers, so specific binding to the
mitochondrial ScAnc2p or TbMCP5 can be measured by the
enhancement of fluorescence upon dissociation after the addi-
tion of CATR (Fig. 2F). ADP-binding experiments revealed that
the Ky, value of N-ADP binding to TbMCP5 is 6.2 um, which is
similar to the value found for ScAnc2p, here 5.1 um (Table 1).
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FIGURE 2. TbMCP5 functions as a mitochondrial ADP/ATP carrier. A, yeast growth phenotype associated with the expression of ToMCP5 and TbMCP15.The
ANC-deficientS. cerevisiae strain JL1TA2A3u~ was transformed with pRS374 (no insert) and pRS374 containing SCANC2, TbOMCP5, or TOMCP15. Yeast cell lines were
isolated and inoculated in liquid minimum tryptophan-free medium containing 2% (v/v) glucose as a carbon source (YNB Glc W™). Log phase cultures were
diluted to 2 X 10%to 2 X 10° cells/5 ml before spotting onto YNB Glc W™ or lactate-containing medium (YPL) plates and incubated at 28 °C for 2 days (YNB) or
4 days (YPL). B, immunodetection of TOMCP5 and ScAnc2p in yeast mitochondria. Mitochondrial extracts (20 mg of protein/lane) prepared from JL-SCANC2
(lanes 1) and JL-TOBMCP5 (lanes 2) strains were subjected to SDS-PAGE (12.5% (w/v) acrylamide) and Western blot analysis using a polyclonal rabbit antibody
(aScAnc2p) directed against the complete ScAnc2p sequence and the TOMCP5 peptide antibody («TbMCP5; this paper). C, specific binding of [°H]JATR to
mitochondria expressing TOMCPS5. Isolated mitochondria (1 mg of total protein) from yeast cells expressing ToMCP5 were incubated with increasing concen-
trations of [PHJATR. After centrifugation, the radioactivity associated with the mitochondrial pellet was estimated by scintillation counting. Data were corrected
for nonspecific binding from parallel experiments carried out in the presence of 20 um CATR. The inset shows the Scatchard plot of the binding data. Error bars
were calculated from three independent experiments. D, fluorescence back-titration of CATR-binding sites to quantify the amount of TOMCP5 in mitochondria.
Mitochondria (0.9 mg of protein ml~") were suspended at 20 °C in 2 ml of MKE buffer containing 1 um of N-ATR. Fluorescence variations (AF) induced by
additions of CATR (25 pmol for each addition) were recorded as a function of time and are shown as an inset. AF/AF,,,, was plotted as a function of added CATR
per mg of total proteins. E, ADP/ATP transport activity of TOMCP5 in isolated mitochondria. ADP/ATP transport was measured by means of a luciferase-based
ATP assay. Freshly prepared mitochondria were energized in the presence of 5 um of a-ketoglutarate (as respiratory substrate), the adenylate kinase inhibitor
ApsA, and of 0.1% (w/v) luciferin and 0.1% (w/v) luciferase. After a 3-min incubation period, free ADP (0.06 - 43 umfinal concentration calculated using WinMaxc
version 2.05 software) was added to initiate the ATP efflux, and the related light emission was recorded. The time course of ATP efflux was monitored over a
5-min period. Control experiments were carried out in the presence of 20 um CATR to ensure that the ADP/ATP exchange was mediated by ADP/ATP carriers.
Quantification of released ATP was performed on the basis of the signal amplitude corresponding to additions of 0.5 nmol of ATP as a standard. Kinetic data
were plotted using the graphical representations of Michaelis-Menten and Lineweaver-Burk (inset). The shown values are the means of three independent
experiments. F, fluorescence titration of N-ADP-binding sites. The time course of CATR-induced release of bound N-ADP was studied by incubating isolated
mitochondria (1 mg of mitochondrial proteins ml~") in the presence of N-ADP (0.5-87 um). Thereafter, the fluorescence level was set to zero. The increase in
fluorescence induced upon the addition of 5 ul of 2 mm CATR (AF) was recorded until it became stable. The apparent dissociation constant Ki,, was determined
after plotting AF/AF,,, as a function of added N-ADP concentration. Error bars, S.D.

This similarity in ADP-binding is further in agreement with the
observed small difference in K, value for external free ADP
(Table 1). Overall, ScAnc2p and TbMCP5 present comparable
biochemical properties with regard to their ADP/ATP
exchange activity in yeast mitochondria.

TbMCPS Is Exclusively Mitochondrial and Differentially
Expressed in T. brucei—We previously reported that TbMCP5
has an exclusive mitochondrial localization in the procyclic life
cycle stage of T. brucei (17). This subcellular localization was
determined by immunofluorescence microscopy using a
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TABLE 1

Yeast growth properties, ligand-binding data for carriers, and kinetic
parameters of ADP/ATP transport activity measured in mitochondria
isolated from JL-ScCANC2 and JL-TbMCP5

All of the values are the means of three independent experiments.

Yeast strains JL-ScCANC2  JL-TbMCP5

Cell culture in YPL

Doubling time (h) 2.5 6

Growth yield Agyg 12 11
[PH]ATR binding®

B,..x (pmol mg protein™") 698 + 51 149 *+ 17

K, (nm) 396 = 23 503 * 15

Cytochrome aa, (pmol mg ™) 200 * 23 188 + 32
ADP/ATP exchange”

Vinax (Mmol ATP min™" mg protein™") 1,046 = 173 240 * 17

K (min™") 1,424 =101 1,619 =85

K, external ADP (um) 4.6 = 0.8 42=*0.1
N-ADP dissociation constant®

Ky, 62+ 0.7 51+05

“ Cells were cultivated on liquid YPL medium.

? [*H]ATR binding parameters. The number of binding sites, B, and K, values
were calculated from Scatchard plots of [PHJATR binding data.

¢ The cytochrome aa; content of isolated mitochondria was measured by record-
ing the reduced minus oxidized visible spectrum. €,,5 = 24,000 M ' cm ™.

4V, . and apparent K, for external free ADP were calculated from kinetic data

using the Michaelis-Menten and Lineweaver-Burk equations. k_,, refers to car-
rier turnover, calculated based on the carrier content determined by [*H]ATR-
binding experiments, assuming that 1 mol of ATR binds to 1 mol of transport
unit.

¢ The K, value was determined by plotting AF/AF,,, as a function of added
N-ADP.

T. brucei cell line expressing recombinant N-terminal Myc-
tagged TbMCP5 (ThbMCPS-nmyc”) and a commercial Myc
antibody (17). To assess the expression and subcellular local-
ization of the native protein, a polyclonal rabbit antiserum was
raised against the C-terminal peptide 293-307 of TbMCP5.
Western blot analysis using the TbMCP5 peptide antibody
revealed a single cross-reacting protein band with the expected
molecular size of 34 kDa in both the PCF and BSF of T. brucei
strain 449 (Fig. 34). Quantification of the obtained Western
blot signals revealed that about 4.5-fold more ThMCP5 is pres-
ent in PCF T. brucei compared with the BSF parasite. This dif-
ferential expression of TbMCP5 is supported by Northern blot
analysis, which revealed about 2.5-fold more TbMCP5 mRNA
in PCF T. brucei (Fig. 3B). Immunofluorescence microscopy
showed specific tubular staining patterns for both PCF and BSF
T. brucei when using the TDMCP5 peptide antibody (Fig. 3C).
These staining patterns were identical to those obtained for the
mitochondrial marker MitoTracker (Fig. 3C) (34). These
results confirmed the expression and mitochondrial localiza-
tion of TOMCP5 in the two different life cycle stages of T. brucei
and indicated further that TbMCP5 is more abundant in PCF
T. brucei.

Silencing and Depletion of TOMCP5 in PCF Trypanosomes—
Different approaches were used to silence TbOMCP5 expression
in PCF T. brucei. Initially, a conventional targeted gene replace-
ment method was used to replace the two chromosomal
TbMCP5a to -c gene clusters (diploid organism) through con-
secutive homologous recombination using different antibiotic-
resistant cassettes. The upstream TbMCP5a 5'-UTR and
downstream TbMCP5c 3'-UTR were used for homologous
recombination, allowing each TbMCP5a to -c gene cluster to be
removed in a single recombination event. However, using this
conventional method, no viable TbMCP5a to -c double knock-
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FIGURE 3. TbMCP5 is exclusively mitochondrial and differentially
expressed. A, Western blotting analysis of wild type PCF and BSF T. brucei
using the o TbMCP5 antibody (diluted 1:2,000). Each lane contained 2 X 10°
trypanosomes. B, Northern blot analysis of total RNA from PCF and BSF T. bru-
cei using [a->2P1dCTP-labeled TbMCP5 DNA as a probe for hybridization. Each
lane contained 20 pg of total RNA. C, immunofluorescence microscopy of
wild type BSF and PCF T. brucei, confirming the exclusive mitochondrial local-
ization of TOMCP5. TbMCP5 was stained (green) using the « TbMCP5 antibody
(diluted 1:500). Mitochondria were stained (red) with the specific mitochon-
drial marker Mitotracker, whereas nuclear and kinetoplast DNA was stained
(blue) with DAPI.

Overlay

out clones could be obtained on glucose-rich SDM79 or glu-
cose-depleted SDM80 medium, suggesting that expression of
TbMCPS5 is essential for growth. To overcome the apparent
lethal phenotype, a recombinant tetracycline-inducible and
nmyc-tagged version of ThoMCP5 (inducible rescue copy) was
inserted into the T. brucei genome prior to the deletion of the
two endogenous ThbMCP5a to -c gene clusters. The addition of
tetracycline to the obtained TbMCP5-nmyc” cell line resulted
in the expression of recombinant Myc-tagged TbMCP5
(TbMCP5-nmyc; 37 kDa), whereas tetracycline withdrawal
resulted in the absence (below the detection limit of the method
used) of the same protein (Fig. 4A). The tetracycline-induced
ThMCP5-nmyc" cell line was subsequently used to generate the
conditional TbMCP5 double knock-out cell line ATbMCPS5/
ThMCP5-nmyc". Western blot analysis (Fig. 4B) of the tetracy-
cline-induced ATbMCP5/TbMCP5-nmyc™ cell line confirmed
the absence of endogenous TbMCP5a to -c (34 kDa) and the
presence of recombinant TbMCP5-nmyc (37 kDa). Subsequent
withdrawal of tetracycline resulted in the depletion (below
detection limit) of TbMCP5-nmyc mRNA within 24 h (Fig. 4C).
As expected, also the corresponding TbMCP5-nmyc protein
level decreased significantly, although some recombinant pro-
tein could still be detected at 72 h (Fig. 4C). Withdrawal of
tetracycline for more than 72 h resulted in loss of expression
control and an increased expression of TbMCP5-nmyc (not
shown). This loss of expression control upon gene deletion or
silencing is common for T. brucei, especially if the target gene is
essential for growth/survival of the parasite (31).

Analysis of the non-induced AThbMCPS/TbMCPS-nmyc"
cell line revealed a partial growth defect in glucose-depleted
medium (SDM80) compared with growth of the wild type cell

VOLUME 287 +NUMBER 50-DECEMBER 7, 2012



B1212

A TbMCP5-nmycﬁ

- + ftet kDa
@ | 37 kDa _- dﬁz
aMyc oTbMCP5  aMyc
C 0 24 48 72 h
- + - + - + tet
- - W e
oTbMCP5

. ‘*. ~"r 37 kDa
»

12 4

-
[e¢] o
L L

(o]
1

cell numbers -106 - mL""

SDM80 (-Glu)
T T

T
0 24 48 72 h

FIGURE 4. Analysis of the conditional ATBMCP5/MCP5-nmyc" cell line.
A, Western blot analysis of TbMCP5-nmyc” cells grown without (=) or in the
presence (+) of tetracycline. Each lane contained 2 X 10° trypanosomes.
TbMCP5-nmyc protein was stained with a Myc antibody (aMyc). B, Western
blot analysis of protein extracts from wild type (lanes 1) and tetracycline-
induced ATbMCP5/TbMCP5-nmyc” (TbMCP5-nmyc-expressing; lanes 2)
trypanosomes, using the ToMCP5 antibody (aTbMCP5) and aMyc. Each lane
contained 2 X 10° trypanosomes. C, the conditional AToMCP5/MCP5-nmyc"
cell line was cultured in SDM80 medium with (+, induced) or without (—,
non-induced) tetracycline. Samples were taken every 24 h for Northern blot
analysis (top) using the [a->?P]dCTP-labeled TbMCP5 ORF DNA as hybridiza-
tion probe and for Western blot analysis using aTbMCP5. Each lane contained
20 ug of total RNA (top; Northern blot analysis) or 2 X 10° trypanosomes
(bottom; Western blot analysis). Asterisks indicate residual ToOMCP5-nmyc pro-
tein. D, cumulative growth curve of wild type (solid line) and non-induced
ATbMCP5/MCP5-nmyc” trypanosomes (TbMCP5-depleted; dashed line)
grown in glucose-depleted SDM80 medium. Cell densities (cells ml~") were
determined every 24 h, and means are derived from six independent experi-
ments. Error bars, S.D.

line in the same medium (Fig. 4D). This result was somewhat
unexpected because TOMCP5 was proposed to be essential for
trypanosome growth; thus, its deletion should lead to a severe
and probably lethal growth defect. However, the residual
TbMCP5-nmyc protein observed for the non-induced
ATbMCP5/TbMCP5-nmyc" cell line (Fig. 4C) is apparently suf-
ficient to support substantial growth of the parasite.
Alternatively to the above described conventional and con-
ditional gene replacement methods, we down-regulated the
expression of TbMCP5 in wild type T. brucei through RNAI.
Western blot analysis of the obtained **ThMCP5 cell line
showed that when cultured on glucose-rich SDM79 or glucose-
depleted SDM80 medium, TbMCP5 was completely depleted
(below the detection limit of the method used) within 48 h after
induction of the RNAI (Fig. 5C). TbMCP5 remained depleted
for up to 7 days, after which it slowly reappeared (Fig. 5C). In
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glucose-rich SDM79 medium, growth of the “¥ThMCP5 cell
line was reduced until day 7 after induction (arrow in Fig. 54).
However, with the reappearance of TbMCP5 after day 7 (Fig.
5C), it reverted to wild type growth, suggesting that TbMCP5 is
essential for growth under glucose-rich conditions. Interest-
ingly, the same cell line was unable to grow in glucose-depleted
SDM80 medium (Fig. 5B), although TbMCP5 was re-expressed
after day 7 (Fig. 5C). This result suggested that TbMCP5 plays a
more important role when glucose is absent from the medium.
In the absence of glucose, ATP can only be generated via mito-
chondrial oxidative phosphorylation from proline degradation
(9-11). This process is in turn dependent on the presence of
a functional ADP/ATP carrier in the inner mitochondrial
membrane, which replenishes ADP in the mitochondrion
and provides essential ATP to the rest of the cell. The inabil-
ity of TbMCP5-depleted PCF T. brucei to grow on glucose-
depleted SDM80 medium was therefore expected. In the
presence of glucose, however, ATP can be produced in the
cytosol during the final two steps (phosphoglycerate kinase
and pyruvate kinase) of the cytosolic part of the glycolytic
pathway. PCF T. brucei is therefore not exclusively depend-
ent on the mitochondrion for its cellular ATP provision (9,
11).

To confirm this hypothesis, we subsequently down-regu-
lated TbMCP5 expression on a PEPCK null background.
PEPCK is the first enzyme in the glycosomal succinic fermen-
tation branch and is required for sustaining the ADP/ATP and
redox balances in the glycosome (10). Deletion of the PEPCK-
coding gene in PCF T. brucei was previously shown to ablate the
glycosomal production of succinate (10). The resulting Apepck
cell line is primarily dependent on the mitochondrial degrada-
tion of proline as consequence of a substantial decrease in glu-
cose consumption, even under glucose-rich conditions (10).
RNAi-mediated depletion of TbO MCP5 on a PEPCK null back-
ground (Apepck/®™™**TbMCPS) resulted in cell death 7 days
after induction in both glucose-rich and glucose-depleted
media (Fig. 5, D and E). The absence of TbOMCP5 in both exper-
iments was confirmed by Western blot analysis (Fig. 5F). The
rapid death of the TbMCP5-depleted Apepck/*N* ThMCP5 cell
line under both growth conditions reflects its now proline-de-
pendent metabolism, irrespective of the glucose concentrations
in the different culture media (i.e. 6 mm in SDM79 versus <0.15
mMm in SDM80). Remarkably, the Apepck cell line is more sen-
sitive to RNAi-mediated depletion of TbMCP5 than wild type
cells, even under glucose-depleted conditions. This may be due
to the presence of the residual <0.15 mwm glucose in SDM80,
which could be used for growth by the ¥ TbMCPS5 single
mutant but not by the Apepck/*N**TbMCP5 double mutant.
Altogether, these data showed that TbMCP5 is essential for
PCF T. brucei, particularly in a glucose-depleted environment
where ATP is primarily produced in the mitochondrion from
proline metabolism.

TbMCPS Depletion Eliminates Mitochondrial ADP/ATP
Transport in T. brucei—Isolated T. brucei mitochondria were
previously shown to produce ATP in a AW-dependent manner
and in the presence of ADP, free phosphate, and suitable respi-
ratory substrates, such as succinate or a-ketoglutarate (13, 44).
The efflux of mitochondrial ATP in exchange for cytosolic ADP
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is in all eukaryotes exclusively catalyzed by ADP/ATP carriers
(45). A mitochondrial ATP production assay (13) was used to
determine whether TbMCP5 is fully or partially responsible for
the mitochondrial ADP/ATP exchange in T. brucei. Mitochon-
drial ATP production was determined for the conditional
ATbMCPS/TbMCPS-nmyc* cell line, grown for 72 h in the
presence (TbMCP5-nmyc expression) or absence (no
TbMCP5-nmyc expression) of tetracycline. Mitochondria iso-
lated from wild type PCF trypanosomes were used as control.
Comparison revealed a major reduction (>90%) in mitochon-
drial ATP production for the TbOMCP5-nmyc-depleted cell line
at 72 h, when using succinate or a-ketoglutarate as mitochon-
drial substrates (Fig. 6A). Expression of TbMCP5-nmyc upon
the addition of tetracycline restored the mitochondrial ATP
production to wild type levels (Fig. 6A). These results indicated
that TbMCP5 is responsible for the observed ADP/ATP
exchange activity in T. brucei mitochondria and that the
recombinant version of TbMCP5, here TbMCP5-nmyc, can
functionally complement the lack of native TbMCP5. The addi-
tion of the specific ADP/ATP carrier inhibitor CATR com-
pletely eliminated mitochondrial ATP production in all cell
lines (Fig. 6A). This confirmed thatin 7. brucei, the exchange of
mitochondrial ATP for cytoplasmic ADP is exclusively facili-
tated by ADP/ATP carrier activity. The observed ADP/ATP
exchange activity (<10%, Fig. 6A) in the non-induced
ATbMCPS5/TbMCPS-nmyc” cell line at 72 h is most probably
catalyzed by residual TbMCP5-nmyc protein (Fig. 4C, bottom).
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Depletion of TbMCP5 and Its Effect on the PCF Energy
Metabolism—As demonstrated above, the contribution of
TbMCP5 to the energy metabolism is particularly important
for PCF trypanosomes grown with proline as their main sub-
strate for ATP production. The effect of TOMCP5 depletion on
the mitochondrial proline degradation pathway was analyzed
by quantifying the consumption of proline and the formation of
succinate and acetate under glucose-depleted conditions. The
results revealed that proline consumption is 2-fold decreased in
the TbMCP5-depleted cell line, whereas succinate production
is 8.7-fold increased, when compared with wild type trypano-
somes (Fig. 6B). Interestingly, a similar reduction of proline
consumption and increased succinate production was also
observed when changing culture conditions for wild type PCF
T. brucei from a glucose-depleted (proline-only) SDM80
medium to a glucose-rich SDM79 medium (9, 11). Indeed, the
presence of glucose in the medium was shown to have an imme-
diate effect on the proline metabolism (9, 11). The substantial
reduction in ADP/ATP exchange activity in the TbMCP5-de-
pleted cell line (>90%; see Fig. 6A) most probably leads to an
aberrant mitochondrial ADP/ATP ratio, with a limited avail-
ability of ADP and the accumulation of ATP in the mitochon-
drial matrix. This in turn reduces the activity of ADP-dependent
enzymes, thereby causing ATP-dependent feedback inhibition of
the electron transport chain and coupled oxidative phosphoryla-
tion. The increased production of the metabolic intermediate suc-
cinate would be the direct consequence of this inhibition.
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FIGURE 6. Mitochondrial ATP production. A, intact mitochondria were iso-
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100%. Mitochondrial ATP production (export) was completely inhibited by
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experiments. B, proline consumption and product formation (succinate, ace-
tate) for wild type and non-induced ATbMCP5/TbMCP5-nmyc" (TbMCP5-de-
pleted) PCF T. brucei, cultured in glucose-depleted SDM80 medium for 72 h.
Black and gray bars represent substrate consumption and product formation
values for wild type and ToMCP5-depleted trypanosomes, respectively. Data
means are derived from more than four independent experiments. Error bars,
S.D.

In contrast to proline and succinate, no significant differ-
ences were found in the production of acetate when comparing
wild type and TbMCP5-depleted trypanosomes (Fig. 6B). This
result is in agreement with previously published data indicating
that no or very low amounts of acetate are produced from pro-
line, whereas the degradation of threonine is the main source of
acetate production under glucose-depleted conditions (9, 46).
Acetate can be produced in the mitochondrion from threonine-
derived acetyl-CoA via acetate:succinate CoA-transferase
(ASCT)-dependent (47, 48) and by acetyl-CoA thioesterase
(ACH)-dependent pathways (49). An important difference
between these pathways is that ASCT, forming the ASCT/
SCoAS cycle in association with succinyl-CoA synthase
(SCoAS), results in the production of ATP via substrate level
phosphorylation, whereas the ACH pathway does not lead to
ATP production (47-49). Silencing of SCoAS expression by
RNAIi confirmed that acetate could be exclusively produced
from threonine by ACH (49). This pathway does not result in
ATP production and is thus not dependent on a functional
mitochondrial ADP/ATP carrier. Our results are in agreement
with this observation, because acetate production was appar-
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ently not affected by the depletion of the mitochondrial ADP/
ATP carrier TbOMCP5.

DISCUSSION

Comprehensive sequence analysis and functional comple-
mentation experiments in the ANC-deficient S. cerevisiae
mutant JLIA2A3u~ indicated that TbMCP5 functions as a
mitochondrial ADP/ATP carrier. This was further reinforced
by the results from the mitochondrial ATP production assays,
which revealed elimination of mitochondrial ADP/ATP
exchange activity in PCF T. brucei upon depletion of TbMCP5.
Heterologous expression in JLIA2A3u~ and mitochondrial
transport assays revealed that the biochemical properties and
ADP/ATP exchange kinetics of TbMCP5 are similar to those of
Anc2p, the prototypical ADP/ATP carrier from S. cerevisiae.
We therefore expected that both Tb MCP5 and ScAnc2p would
restore growth of JLIA2A3u~ on YPL medium to the same
extent. However, the functional complementation of
JLIA2A3u~ with TbMCP5 was found to be suboptimal, with
JL-TbMCP5 having a significant higher doubling time then JL-
ScANC2. The different B, *™® and V,,, values (Table 1)
obtained during the mitochondrial transport assays indicated
that TbMCP5 was about 4-fold less abundant in yeast mito-
chondria than ScAnc2p, probably accounting for the reduced
growth rate of JL-TbMCPS5. One possible explanation could be
the inefficient sorting of TbMCP5 to the yeast mitochondrion
due to species-specific mitochondrial targeting signal require-
ments (50). In particular, the first 26 amino acid residues of
ScAnc2p are important for efficient mitochondrial sorting in
S. cerevisiae (51, 52). Sequence comparison (see Fig. 1B) con-
firmed that TbMCP5 contains an N-terminal extension that is
shorter and not homologous to the one from ScAnc2p. A more
detailed molecular analysis of the sequences required for the
specific mitochondrial targeting of TMCP5, and of T. brucei
MCE proteins in general, is currently under way.

The higher abundance of TbMCP5 in PCF T. brucei argues
for a more prominent role of the ADP/ATP carrier in this life
cycle stage of the parasite. This is supported by the targeted
gene replacement and RNAI studies, which confirmed that
expression of TbMCP5 is indeed essential for growth and sur-
vival of PCF T. brucei, particularly when depending on proline
for mitochondrial ATP production. This is exemplified by the
stronger growth phenotype of the ThbMCP5-depleted *N4/Tbh-
MCP5 mutant in glucose-depleted medium. Indeed, the
TbMCP5 mutant died under this culture condition, although
TbMCPS5 is re-expressed before cell death, whereas in the pres-
ence of glucose, re-expression of TbMCP5 immediately res-
cued growth (Fig. 5). This loss of expression control by the
tetracycline-inducible system upon RNAi-mediated silencing is
common for T. brucei, especially if the target gene is essential
for growth/survival of the parasite (31). However, loss of
expression control could not be observed when TbMCP5 is
depleted on a PEPCK null background (Apepck/*™*TbMCPS),
because the double mutant died (faster than the *¥TbMCPS
single mutant) before re-expression of TbMCP5 could occur.
These differences between the “™“ThMCPS and Apepck/
RNAITHMCPS cell lines confirmed that the impact of ThbMCP5
RNAi-mediated depletion on cell growth is more important
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when proline, instead of glucose, is the main carbon source for
ATP production. It was previously shown that deletion of the
PEPCK gene in the Apepck cell line strongly affects glycolysis
and leads to a metabolic shift toward proline catabolism (10).
This proline dependence upon PEPCK deletion explains why
the Apepck/™**TbMCP5 double mutant dies more rapidly
regardless of the glucose concentration. The stronger growth
phenotype observed for the Apepck/*™*TbMCPS cell line
compared with the “¥ThMCPS cell line in the SDM80 glu-
cose-depleted medium may be due to the residual glucose
(<0.15 mm) coming from fetal calf serum, which could be used
by the single mutant but not by the double mutant for energy
production and thus growth. The essential role of TbMCP5
during PCF growth under glucose-depleted conditions is obvi-
ously due to the exclusively mitochondrial production of ATP
through proline and threonine degradation, the contribution of
the later being modest (2, 6). Indeed, in the absence of glucose,
these two amino acids become the major carbon sources and
are metabolized in the mitochondrion (9). Degradation of pro-
line into alanine generates ATP by substrate level phosphoryl-
ation (via SCoAS) and several reduced cofactors, here NADH
and FADH,, which feed into the respiratory chain and may lead
to an additional production of ATP by oxidative phosphoryla-
tion. Degradation of threonine into glycine and acetate gener-
ates ATP only viathe ASCT/SCoAS cycle, in addition to NADH
(2, 53). The absence of significant ATP production in the cyto-
sol needs to be overcome by exporting ATP from the mitochon-
dria to supply energy for anabolic pathways in the cytosol and
other compartments. As expected, TbMCP5 depletion strongly
affects proline catabolism by provoking a reduction of its con-
sumption rate as well as its conversion into succinate. This is
certainly a consequence of ATP accumulation and ADP deple-
tion inside the mitochondrion, which would considerably
down-regulate this pathway. However, the rate of acetate pro-
duction is not affected, suggesting that catabolism of threonine,
the main source of acetate in glucose-depleted conditions, is
functional without ATP production. Millerioux et al. (49)
recently showed that acetate can be produced from acetyl-CoA
by two enzymes, one involved in ATP production (ASCT) and
the other not (ACH), and proposed that this redundancy may
be useful to modulate ATP production within this pathway.
Here, we observed that when ATP production is impaired, the
acetate branch is still functional, which strengthens the essen-
tial role of acetate production in the procyclic trypanosomes
(54).

Two lines of evidences indicate that TbMCP5 is also essential
for PCF trypanosomes grown under glucose-rich conditions;
we did not succeed in deleting both TbMCP5 alleles via a con-
ventional double knock-out approach, and depletion of
TbMCP5 by RNAi leads to an important reduction of the
growth rate until re-expression of the proteins after 7 days of
induction (Fig. 5A). These results suggest that mitochondrial
ADP/ATP exchange is also required under glucose-rich condi-
tions to provide the cytosol or the mitochondrion with ATP
produced in the other compartment. However, both compart-
ments have a high capacity to produce their own ATP in glu-
cose-rich conditions (i.e. glycolysis provides cytosolic ATP by
phosphoglycerate kinase and pyruvate kinase, whereas F,/F;-
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ATP synthase and the ASCT/SCoAS cycle are essential for ATP
production in the mitochondrion), as demonstrated by the
lethal phenotype induced by inactivation of the F,/F,-ATP syn-
thase on an ASCT null background (49) or in wild type PCF
T. brucei (55). Further investigations are necessary to deter-
mine whether the cytosol or the mitochondrion requires addi-
tional ATP produced in the other subcellular compartment.

Western blot analysis revealed that in comparison with PCF
T. brucei, substantially less but still a significant level of
TbMCPS5 is present in BSF trypanosomes. The current meta-
bolic model of BSF trypanosomes excludes a role of the mito-
chondrion in the cellular provision of ATP (3, 4). Instead, BSF
trypanosomes rely exclusively on glycolysis with a concomitant
net ATP production in the cytosol of the parasite (3, 56). The
BSF mitochondrion lacks a functional respiratory chain and key
enzymes of the TCA cycle (57). Also, its ATP synthase level is
reduced in comparison with PCF T. brucei (58), which argues
for a less significant role of the BSF mitochondrion in cellular
ATP provision. Depletion of the BSF F,-ATPase «a and 3 sub-
units by RNA interference revealed that this enzyme is essential
and plays a critical role in the maintenance of the mitochondrial
membrane potential in this life cycle stage (58). This in turn
implies a mitochondrial requirement for ATP and the presence
of a functional ADP/ATP carrier. An alternative role for
TbMCP5 in BSF trypanosomes could be the import of cytosolic
glycolysis-derived ATP into the mitochondrial matrix; such
import would not only support the maintenance of the mito-
chondrial membrane potential but would also provide energy
for essential anabolic metabolism taking place in the mitochon-
drion (4). The physiological role of TbMCP5 as a mitochondrial
ADP/ATP exchanger in BSF T. brucei is currently under
investigation.
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