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The highly conserved ADP/ATP carrier (AAC) is a key energetic link between the mitochondrial (mt) and cytosolic compart-
ments of all aerobic eukaryotic cells, as it exchanges the ATP generated inside the organelle for the cytosolic ADP. Trypanosoma
brucei, a parasitic protist of medical and veterinary importance, possesses a single functional AAC protein (TbAAC) that is re-
lated to the human and yeast ADP/ATP carriers. However, unlike previous studies performed with these model organisms, this
study showed that TbAAC is most likely not a stable component of either the respiratory supercomplex III+IV or the ATP syn-
thasome but rather functions as a physically separate entity in this highly diverged eukaryote. Therefore, TbAAC RNA interfer-
ence (RNAi) ablation in the insect stage of T. brucei does not impair the activity or arrangement of the respiratory chain com-
plexes. Nevertheless, RNAi silencing of TbAAC caused a severe growth defect that coincides with a significant reduction of mt
ATP synthesis by both substrate and oxidative phosphorylation. Furthermore, TbDAAC downregulation resulted in a decreased
level of cytosolic ATP, a higher mt membrane potential, an elevated amount of reactive oxygen species, and a reduced consump-
tion of oxygen in the mitochondria. Interestingly, while TbAAC has previously been demonstrated to serve as the sole ADP/ATP
carrier for ADP influx into the mitochondria, our data suggest that a second carrier for ATP influx may be present and active in

the T. brucei mitochondrion. Overall, this study provides more insight into the delicate balance of the functional relationship
between TbAAC and the oxidative phosphorylation (OXPHOS) pathway in an early diverged eukaryote.

\[/—{eve nt

he origination¥of an ADP/ATP carrier (AAC) was & crucial

event in the evolution of the present-day mitochondrion that
enabled it to become the powerhouse of the eukaryotic cell. Due to
the activity of AAC, the energy-producing mitochondria can sup-
ply the cytosol with ATP molecules, which fuel most cellular reac-
tions. AAC belongs to the well-defined family of mitochondrial
(mt) carrier proteins that are located in the inner mt membrane
and are involved in the transport of a wide range of metabolites
(1). Under physiological aerobic conditions, AAC is responsible
for the 1:1 counterexchange of mt ATP for cytosolic ADP (2).

mt ATP is produced mainly by the evolutionarily conserved
biochemical pathway of oxidative phosphorylation (OXPHOS),
which employs respiratory complexes I through IV to convert the
redox energy of various mt substrates into an electrochemical pro-
ton gradient (Aysm) across the mt inner membrane. Respiratory
complexes I (NADH-ubiquinone oxidoreductase) and II (succi-
nate-ubiquinone oxidoreductase) are responsible for the oxida-
tion of reduced NADH and FADH,, respectively. The electrons
derived from these biochemical processes continue along the elec-
tron transport chain as they are sequentially passed to coenzyme
Q, complex III (ubiquinol-cytochrome ¢ oxidoreductase), cyto-
chrome ¢, complex IV (cytochrome ¢-O, oxidoreductase), and
finally oxygen, the terminal electron acceptor. The electron move-
ment up the redox potential is coupled with proton translocation
into the intermembrane space, resulting in the Aysm. The protons
are then permitted to flow down their concentration gradient and
return to the mt matrix via F_F,-ATP synthase, which harnesses
this potential energy to rotate its macromolecular enzymatic ma-
chine to generate ATP from ADP and inorganic phosphate (P;).
These two substrates are transported into the mt matrix via their
carrier proteins, AAC and the phosphate carrier (P,C).

In some eukaryotes, OXPHOS complexes form higher-order
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assemblies or supercomplexes to promote faster diffusion of the
substrate molecules and increase respiration efficiency (3). Com-
plexes I, I1I, and IV have been found to form different types of
supercomplexes (i.e., [+III,, III,+1IV,, and I+IIL,+IV,_,) in a
wide range of organisms (4). Moreover, F F,-ATP synthase forms
dimers that appear to be crucial for mt inner membrane folding
and consequently crista morphology (5, 6). Though the translo-
case activity of AAC is self-contained within a single protein (7), in
yeast, this transporter can be found also as a homodimer (8) or as
a component of supercomplexes composed of complexes III and
IV and the TIM23 translocase (9, 10). Moreover, in rat mitochon-
dria, a minor population of AAC was also detected in a supercom-
plex comprised of the F F,-ATP synthase and P;C, forming the
ATP synthasome (11, 12).

Organization of proton translocation OXPHOS components
into supercomplexes seems to be absent in the early-branching
protist Trypanosoma brucei, a member of the eukaryotic super-
group Excavata (13). T. brucei is a flagellated parasite of major
medical and veterinary importance, causing sleeping sickness in
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humans and nagana in cattle (14, 15). The morphology and bio-
chemical activity of its single mitochondrion differs dramatically
between life stages as the parasite alternates between the insect
vector and a mammalian host (16). Since amino acids (e.g., pro-
line and threonine) in the midgut of the insect vector constitute
the main energy source available to the procyclic form of trypano-
somes (PF), they maintain a well-developed mitochondrion with
abundant cristae, Krebs cycle enzymes, and a fully active cyto-
chrome-mediated respiratory chain that is coupled to ATP pro-
duction by F F,-ATP synthase (17, 18). In addition to OXPHOS,
significant amounts of ATP are also produced by mt substrate
phosphorylation (19). In this life stage, TbAAC works in its for-
ward mode, importing ADP into the organelle while concurrently
exporting ATP to the cytosol.

In contrast, the mammalian bloodstream stage (BS) relies solely
on the host’s abundant glucose, which is catabolized by the inefficient
glycolysis pathway to meet its energy demands (20). The conven-
tional respiratory pathway is absent, and the mt reducing equivalents
are reoxidized by another route composed of an alternative oxidase
and alternative dehydrogenase (21, 22). Importantly, this process is
not coupled to proton translocation; thus, the Asm is maintained by
the reverse activity of F_F,-ATPase, while AAC presumably supplies
the enzyme with the requisite ATP substrate (23, 24).

The T. brucei genome encodes two different proteins, Tb927.
8.1310 and TbAAC, with the latter being represented by three iden-
tical and consecutively arranged genes (Tb927.10.14820, -30, and
-40) and showing significant amino acid sequence similarity to func-
tionally characterized AACs from other eukaryotes (25). Impor-
tantly, TbAAC exhibits biochemical properties and ADP/ATP ex-
change kinetics similar to the main yeast carrier, AAC2, while
Tb927.8.1310 lacks the canonical sequence features required for
ADP/ATP exchange activity (26). Furthermore, RNA interference
(RNAI) studies demonstrated that TbAAC is essential for the growth
of PF cells and therefore must function as the main ADP/ATP carrier
in PF mitochondria (26).

Since PF T. brucei represents an ancestral eukaryote possessing
typical mt functions (27), we explored the relationship between
TbAAC and the other OXPHOS components. Our analysis of the
structural and functional interactome of TbAAC reveals that it
exists as a physically separate entity that could not be detected as a
stable component of either respiratory complex III or IV or F_F,-
ATP synthase. Furthermore, the activities of the OXPHOS com-
plexes were not impaired upon TbAAC RNAi silencing. However,
TbAAC depletion induced a cellular ADP/ATP imbalance fol-
lowed by low levels of cytosolic ATP, higher Ay, elevated quan-
tities of reactive oxygen species (ROS), and reduced mt oxygen
consumption. In summary, the apparent lack of a tight physical
interaction between TbAAC and the OXPHOS pathway hints at
the unique functional relationships between these fundamental
components of the PF T. brucei mt bioenergetics.

MATERIALS AND METHODS

Plasmid construction. To create the TbAAC (Tb927.10.14820,
Tb927.10.14830, and Tb927.10.14840) RNAI construct, a 901-bp fragment
that is identical for each of the TbBAAC genes was PCR amplified from T.
brucei strain 427 genomic DNA with the oligonucleotides CTC GAG CGG
ATA AAA AGC GG (FW) and GGA TCC TCC ACA TAA ATG GGT (REV),
utilizing the respective Xhol and BamHI restriction sites inherent in the prim-
ers (underlined). The digested amplicon was then cloned into the p2T7-177
plasmid (28). For the inducible expression of TbAAC fused with a C-terminal
v5 tag, the TbAAC coding sequence was PCR amplified with the primers CAC
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AAG CTT ATG ACG GAT AAA AAG and CAC GGA TCC ATT CGA TCT
GCG CCA C and then cloned into the pT7_v5 (29) vector using the HindIII
and BamHI restriction sites (underlined). The construction of the
PLEW79MHTAP vectors for the tetracycline (Tet)-inducible expression
of tandem affinity purification (TAP)-tagged F_F,-ATPase subunits p18
(Tb927.5.1710) and B (Tb927.3.1380) was described previously (18). For
the constitutive expression of firefly luciferase in the cytosol of PF T.
brucei, the luciferase reporter gene was PCR amplified from pLEW79 vector
using the primers GC AAG CTT ATG GAA GAC GCC AAA AAC (FW) and
GCT GGA TCCTTA CTT CTT GGC CTT TAT G (RV). The PCR amplicon
was subcloned to PGEM-T Easy vector (Promega) and cloned into
pHD1344tub plasmid (a kind gift from Achim Schnaufer) using HindIII and
BamHI restriction sites.

Cell growth, transfection, and RNAi induction. PF T. brucei strain
29-13 cells are transgenic for both the T7 RNA polymerase and the Tet
repressor (30). Grown in vitro at 27°C in SDM-79 medium containing
hemin (7.5 mg/ml), hygromycin (25 pg/ml), G-418 (10 pg/ml), and 10%
fetal bovine serum, these cells were used as the parental cell line for p2T7-
177 and pT7_v5 transfections. Both of these plasmids were linearized with
Notl and stably transfected into the minichromosome 177-bp repeat re-
gion and the rDNA spacer, respectively (28, 31). Cell lines containing
p2T7-177 were selected with phleomycin (2.5 wg/ml), while cells trans-
fected with the pT7_v5 plasmid were selected with puromycin (1 pg/ml).
The TbAAC RNAI cell line was used as a parental cell line for pHD1344tub
transfection and selected with puromycin. The inducible expression of
double-stranded RNA (dsRNA) or the TbAAC_v5-tagged protein was
triggered by the addition of 1 wg/ml Tet to the medium. Growth curves
were generated by measuring the cell density of Tet-treated and untreated
cultures using the Z2 cell counter (Beckman Coulter Inc.). Throughout
the experiments, cells were split daily to ensure that they continuously
maintained an exponential growth phase of 10° to 107 cells/ml.

Immunoprecipitation and affinity purification methods. Mitochon-
dria from TbAAC_v5, B_TAP, and p18_TAP cell lines were hypotonically
purified from 4 X 10 noninduced and Tet-induced cells (day 2) as de-
scribed earlier (32). mt pellets were resuspended in the appropriate buffer
(TbAAC_v5 mitochondria in IPP100 buffer consisting of 100 mM KCl, 10
mM MgCl,, and 10 mM Tris-HCI, pH 7.2; TAP mt pellets in another
IPP100 buffer comprised of 100 mM KCI, 0.1% NP-40 and 10 mM Tris-
HCI, pH 8.0), which was also supplemented with Complete protease in-
hibitors (Roche). Next, the samples were lysed with digitonin (at a deter-
gent/protein ratio of 1 mg/mg) for 1 h on ice and then spun down
(15,000 X g, 1 h, 4°C). The TbAAC_v5-tagged complexes were purified
using magnetic beads (Dynabeads M-280, sheep anti-mouse IgG) charged
with monoclonal anti-v5 antibody. The mt lysate was incubated with the
charged beads for 2 h (4°C). The beads were washed three times in PBS-T
(phosphate-buffered saline with 0.05% Tween 20) and twice with IP100
buffer before the bound protein complexes were released by the addition
of SDS-PAGE loading buffer and boiling (97°C, 10 min). The _TAP and
p18_TAP cleared lysates were incubated for 2 h with IgG Sepharose 6 Fast
Flow beads (GE Healthcare), which bind to protein A, a part of the TAP
tag. The beads were then washed three times with IPP100 and once with a
TEVCB buffer (100 mM KCl, 0.1% NP-40, 0.5 mM EDTA, 1 mM dithio-
threitol [DTT], 10 mM Tris-HCI [pH 8.0]). The bound protein complexes
were released by ACTEV protease (Invitrogen) cleavage (3 h, 16°C). All
eluates were fractionated by SDS-PAGE and analyzed by Western blot-
ting.

Glycerol gradient sedimentation. As described in an earlier publica-
tion (33), mt vesicles from 1 X 10° cells were isolated by hypotonic cell
lysis and then incubated in a glycerol gradient lysis buffer (10 mM Tris-
HCI [pH 7.2], 10 mM MgCl,, 200 mM KCIl, 1 mM DTT) containing
dodecyl maltoside at a ratio of 1 mg detergent to 1 mg protein. The lysates
were cleared by centrifugation (twice at 16,000 X g for 30 min at 4°C),
loaded onto an 11-ml 10-to-30% glycerol gradient, and sedimented by
ultracentrifugation (SW40 rotor; Beckman Instruments) at 38,000 X g for
12 h. Fractions (500 pl) were collected and stored at —70°C.
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ADP/ATP Carrier in Trypanosoma brucei

Electrophoresis and Western blot analysis. Two-dimensional (2-D)
PAGE analysis was performed by fractionating 100 g of mt lysate ona 3
to 8% high-resolution clear native (hrCN) PAGE gel, which was then
further resolved on a 10% Tricine—SDS-PAGE gel (34). After electropho-
resis, the proteins were transferred onto a nitrocellulose membrane and
probed with specific antibodies.

Protein samples from whole-cell lysates, mt lysates, and glycerol gra-
dient fractions were separated on SDS-PAGE gels, blotted onto nitrocel-
lulose membrane, and probed with the appropriate monoclonal (MAD) or
polyclonal (PAb) antibody. This was followed by incubation with a sec-
ondary horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-
mouse antibody (1:2,000; Bio-Rad). Proteins were visualized using the
Clarity Western enhanced chemiluminescence (ECL) substrate (Bio-Rad)
on a ChemiDoc instrument (Bio-Rad). When needed, membranes were
stripped at 50°C for 30 min in a stripping buffer (62.5 mM Tris-HCI [pH
6.8], 100 mM mercaptoethanol, 2% SDS) and reprobed. The PageRuler
prestained protein standard (Fermentas) was used to determine the sizes
of detected bands. The following primary antibodies were used in this
study: a MAD against the paramyxovirus v5 tag (Invitrogen) (1:1,000), a
PAD against the human c-myc protein (Sigma) (1:1000), a MAD against
the North American firefly luciferase (Invitrogen) (1:1,000), and a PAb
against the Leishmania tarentolae cytochrome ¢ oxidase subunit IV
(trCOIV) (1:1,000) (35). Furthermore, specific antibodies raised against
T. brucei antigens were utilized: anti-enolase PADb (1:1,000) (36), anti-mt
Hsp70 MAD (1:2,000) (37), anti-apocytochrome ¢ PAb (1:1,000) (38),
anti-COVI PADb (1:1,000) (33), anti-ATPaseTb2 PADb (1:1,000) (39),
anti-3 PADb (1:2,000), and p18 PAb (1:1,000). Additional T. brucei anti-
bodies against TbVDAC (1:1000), putative TbP,C (Tb927.9.10310;
1:1,000) (25), TbAAC (1:1,000), and complex III subunit Rieske (1:1,000)
were prepared commercially (Davids Biotechnology) by administering
antigen-specific oligopeptides (TbVDAC, VDK SLK PGV LIT HS; TbP;C,
SHP ADM LVS ARG KAS NVG KS; ThbAAC, VDA LKP IYV EWR RSN;
and complex IIT subunit Rieske, LSA LKH PET DEA RFP DHR E) to
rabbits following a standard immunization protocol.

In vitro and in-gel activity measurements of respiratory complexes.
mt vesicles isolated from 5 X 10® trypanosomes were lysed with 2% do-
decyl maltoside, and the cytochrome ¢ oxidase activity was determined in
vitro by measuring the change in absorbance of cytochrome c as it became
oxidized after passing its electrons to cytochrome ¢ oxidase (40). Cyto-
chrome c reductase activity was determined in a similar way; this time, the
reduction of cytochrome ¢ was measured when reduced decylubiquinone
(Sigma) was added as an electron donor and cytochrome ¢ reductase
transferred those electrons to cytochrome ¢ (33). In parallel, the same
dodecyl maltoside lysed mitochondrion samples were resolved (100 g of
protein per lane) on either a 6% blue native (BN) PAGE gel ora 2 to 12%
BN PAGE gel to detect cytochrome ¢ oxidase and F_F,-ATPase activities
by following in-gel assays, as described in earlier work (41). The ATPase
activity was measured in digitonin-extracted mitochondria as described
elsewhere (18).

ATP production and ATPase assays. ATP production in digitonin-
extracted mitochondria was measured following a protocol described pre-
viously (42). Briefly, crude mt fractions from the RNAi knockdown cell
lines were obtained by digitonin extraction (43). ATP production in these
samples was induced by the addition of 67 uM ADP and a 5 mM concen-
tration of one of the following substrates: succinate, pyruvate, or a-keto-
glutarate. The mt preparations were preincubated for 10 min on ice with
the inhibitors malonate (6.7 mM) and atractyloside (33 pg/ml). The con-
centration of ATP was determined by a luminometer (Orion II; Berthold
Detection Systems) using the CLS JATP bioluminescence assay kit (Roche
Applied Science). ATPase activity was measured with the Sumner assay
(44), which is based on the release of free phosphate when ATP is hydro-
lyzed by the enzyme, as defined earlier (24).

In vivo ATP measurement. Cytosolic ATP was measured in vivo using
ATP-dependent luciferase bioluminescence. The method was adapted for
T. brucei cells from published protocols (45, 46). Briefly, equal numbers of
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PF LUC-TbAAC noninduced and RNAi-induced cells (5 X 10°) were
harvested (1,300 X g, 10 min, room temperature), washed with PBS (pH
7.4), and resuspended in PBS-LUC buffer (PBS, 1 mM CaCl,, 20 mM
MgCl, fpH-77}). The emission of light was triggered by addition of p-
luciferin (50 wM; Sigma) and immediately measured on a microplate
luminometer. The cells exhibited a maximum luminescence signal 1 min
after p-luciferin addition. Then the signal remained stable for at least 20
min afterwards, and it decayed at very low rate.

In vivo analysis of oxygen consumption, mt membrane potential,
and ROS. Oxygen consumption of logarithmically growing cells was de-
termined with a Clark-type polarographic electrode (1302 microcathode
oxygen electrode, model 782; Strathkelvin Instruments) as described pre-
viously (41). Tetramethylrhodamine ethyl ester (TMRE; 60 nM; Molecu-
lar Probes) uptake was used to measure the mt membrane potential,
whereas 2',7’-dichlorofluorescin diacetate (DCFH-DA; 10 wM; Sigma)
was implemented to monitor ROS production. Both methods were per-
formed as described earlier (41).

Nuclear and kinetoplast DNA staining. Logarithmically grown non-
induced and RNAi-induced cells were pelleted by centrifugation, washed,
fixed with 4% formaldehyde, and treated with DAPI (4',6-diamidino-2-
phenylindole; Sigma) to visualize nuclear and mt DNA. The images of the
stained cells and their fluorescence were captured on a Axioplan2 imaging
fluorescence microscope (Zeiss) equipped with a charge-coupled device
(CCD) camera and the appropriate filters.

RESULTS

2-D PAGE reveals that a minor proportion of TbAAC migrates
at higher molecular weights. To investigate potential TbAAC in-
teractions within the mt inner membrane, purified mt vesicles
were solubilized using digitonin and dodecyl maltoside at differ-
ent detergent/protein ratios and then resolved by 2-D electropho-
resis. These detergents are mild, nonionic surfactants that are
capable of releasing membrane embedded protein complexes
without disrupting internal protein-protein interactions. Further-
more, these surfactants are commonly applied in 2-D PAGE anal-
yses and were extensively used to determine the AAC interactome
in mammalian and yeast cells (9, 47-49). Therefore, detergent-
solubilized mt complexes were resolved in a two-step process: by
high-resolution clear native (hrCN) PAGE in the first dimension,
followed by a second dimension of denaturing Tricine-SDS-
PAGE. After proteins had been transferred to a nitrocellulose
membrane, the Western blot was probed with an anti-TbAAC

AQ:F-G

antibody (Fig. 1A). Interestingly, while a significant majority of F1

TbAAC was detected in the lower-molecular-weight region,
which likely depicts the monomeric protein, a portion of the sig-
nal also extended into a range of much higher molecular masses,
culminating in two distinct peaks (Fig. 1A, middle, arrowheads).
This signal is most intense when digitonin is used at a ratio of 1
mg/1 mg mt proteins, although comparable results were obtained
when the isolated mitochondria were solubilized with dodecyl
maltoside (data not shown).

While it is possible that these large TbAAC complexes are just
aggregates of AAC that have not been separated with these mild
detergents, we aimed to address whether these higher-molecular-
weight TbAAC complexes might colocalize with any of the previ-
ously identified OXPHOS components, specifically with the respi-
ratory complex IV and/or the F_F,-ATP synthasome (complex V
and P;C). A Western blot containing mt proteins resolved by the
same 2-D PAGE conditions (1 mg digitonin/1 mg mt proteins)
was immunodecorated with specific antibodies that recognize
subunit COVI of complex IV, subunit 3 of complex V, and TbP,C
to identify the complexes listed above, respectively (Fig. 1B). No-
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FIG 1 TbAAC colocalizes with higher-molecular-weight complexes. (A) The hypotonically purified mitochondria were solubilized using digitonin (0.5 mg, 1
mg, and 2 mg detergent/mg protein) and separated on a 3 to 8% hrCN PAGE. Isolated lanes from these native gels were further processed in the second dimension
by denaturing Tricine—SDS-PAGE, and the gel was blotted on a nitrocellulose membrane for immunodetection using a polyclonal anti-TbAAC antibody. “Front”
indicates the leading edge of the first-dimensional gel. The sizes of the native molecular mass markers are indicated on top of the first panel. The protein marker
for the second dimension is indicated on the left. (B) The nitrocellulose membrane containing mitochondria lysed with 1 mg digitonin/mg mt protein was
stripped and further probed individually with trypanosome-specific polyclonal antibodies against subunit COVI (complex IV), subunit 8 (F F,-ATP synthase),
and P,C. The positions of monomeric and oligomeric F F,-ATP synthase and complex IV are denoted by arrows. The resulting compilation of Western images

was overlaid using Adobe Photoshop.

tably, the peak signals detected for complex IV and F_F,-ATP
synthase (Fig. 1B, dashed arrows) approximately colocalize with
the higher-molecular-weight TbAAC bands, offering indirect
proof that a minor fraction of TbAAC may interact with these
protein complexes. Upon closer inspection, the main peak of
complex IV and F, seems to lead the AAC peaks. While the trailing
edge of the smear for cytochrome ¢ oxidase does overlap the larg-
est AAC peak, this portion of AAC better aligns with the distinct
peak of F_F,-ATP synthase. However, TbP;C, a key component of
the ATP synthasome, is clearly confined to the dye front of the
hrCN PAGE. This observation weakens the possibility of the exis-
tence of a canonical ATP synthasome composed of complex V,
AAC, and P,C in trypanosomes.

TbAAC s not a stable component of respiratory complex ITI,
IV, or V. While the observed colocalization of TbAAC with cyto-
chrome ¢ oxidase and F_F,-ATP synthase in 2-D hrCN-Tricine—
SDS-PAGE is intriguing, we wanted to further verify a direct and
stable interaction between these components via immunoprecipi-
tation experiments. Therefore, the ectopic expression of a C-ter-
minally v5-tagged TbAAC protein was induced by Tet in the PF
29-13 cell line. The tagged TbAAC_v5 was immunoprecipitated
using magnetic beads charged with anti-mouse IgG and a specific
anti-v5 monoclonal antibody. Bound TbAAC_v5 proteins were
then eluted from the beads by SDS treatment, and the specificity of
the reaction was confirmed by TbAAC Western blot analysis of
immunoprecipitated material from noninduced and Tet-induced
cells. While no TbAAC signal was detected in the eluate from
noninduced cells, a band of the expected size was visible in the
sample from Tet-induced T. brucei cells (Fig. 2A). Therefore, the
obtained eluates were further examined using specific antibodies
to detect core subunits of complex III (Rieske), IV (trCOIV), and
F,F,-ATP synthase (3). No signal for Rieske or trCOIV was de-
tected, indicating that there is no stable interaction between
TbAAC and complex IIT or IV (Fig. 2A) under these conditions.
The initial analysis concerning a possible interaction with the
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F,F,-ATP synthase was quite optimistic, as subunit 3 was en-
riched in the eluate from Tet-induced TbAAC_v5 cells, even
though a basal level was also detected in the noninduced sample.
Therefore, to determine if subunit B is just a spurious contami-
nant, we employed cell lines wherein either subunit 8 or p18 is
TAP tagged to perform a reciprocal analysis involving the affinity
purification of F F -ATP synthase, as previously described (18)
(Fig. 2B). Western blot analysis using specific antibodies against
either the tag (anti-c-myc) or F F,-ATP synthase (F, moiety, sub-
unit B and p18; F, moiety, ATPaseTb2) (39) validated a successful
purification, while a specific antibody against TbAAC was imple-
mented to detect if there is an interaction between this protein and
F,F,-ATP synthase. The absence of TbAAC in the eluates demon-
strates that this protein does not stably associate with F F,-ATP
synthase (Fig. 2B) when it is purified in this manner.

TbAAC is essential for the growth of PF T. brucei cells. Since
we were not able to detect any stable structural interactions for
TbAAC with T. brucei respiratory complexes IV and V, we next
explored the possibility of functional associations between this
protein and the same OXPHOS complexes. Therefore, we created
aTbAACRNAI cellline in PF 29-13 T. brucei cells that is capable of
inducible dsRNA expression when triggered by the addition of Tet
to the culture medium. A significant growth phenotype was de-
tected in the ThbAAC-depleted cells by the fourth day of RNAi
induction (Fig. 3A). This result emphasizes the importance of
TbAAC as the major ADP/ATP carrier in T. brucei mitochondria
and its irreplaceable function in the PF stage of the parasite. The
efficiency of the RNAi was verified by Northern blotting using a
transcript-specific probe, demonstrating that the TbPAAC mRNA
was significantly reduced after only 2 days of RNAi induction (Fig.
3A, inset). The targeted knockdown of TbAAC was further con-
firmed by Western blotting of whole-cell lysates harvested from
noninduced and RNAi-induced cells (Fig. 3B, top). Equivalent
cell numbers were loaded for each sample, and then cells were
analyzed with an anti-mt Hsp70 monoclonal antibody to normal-
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FIG 2 TbAAC does not copurify with complex IV or F F,-ATP synthase. (A) TbAAC_v5-tagged complexes were purified using magnetic beads (Dynabeads
M-280, sheep anti-mouse IgG) charged with a monoclonal anti-v5 antibody. The tagged protein complexes were purified from noninduced (NON) cells and
2-day Tet-induced cells (IND2) containing the regulatable ectopic v5-tagged TbAAC protein. The tagged protein complexes were eluted with SDS-PAGE loading
buffer, fractionated by SDS-PAGE, and examined by Western blotting. The presence of the tagged TbAAC_v5 was verified using an anti-TbAAC antibody (top).
The association of TbBAAC_v5 with core subunits of complex III (Rieske), IV (trCOIV), and F_F,-ATPase () was determined using specific antibodies. The
applicable sizes of the protein marker are indicated on the left. (B) F F,-ATP synthase complexes were purified using tandem affinity purification from
noninduced (NON) cells and cells induced for 2 days (IND2) to express the ectopically tagged subunits B_TAP (left) and p18_TAP (right). Tagged F F,-ATP
synthase complexes were purified by IgG affinity chromatography, eluted by TEV protease, resolved by SDS-PAGE, and examined by Western blotting. The
presence of cleaved bait proteins now containing just the calmodulin-binding protein (CBP) and c-myc epitope tag, 3_CBP and p18_CBP, was verified by an
anti-c-myc antibody. Blots probed with antibodies specific to subunits 3, p18, and ATPaseTb2 demonstrate that the TEV eluates contain components of both the
F, and F, moieties of the F F,-ATP synthase (endogenous and TAP tagged), while Western blots immunodecorated with an anti-TbAAC antibody demonstrate
that the ADP/ATP transporter is not detectable in - and p18-tagged complexes. Noninduced cells were used as a negative control for any nonspecific protein

binding during the IgG affinity purification. The relevant sizes of the protein marker are indicated on the left.

ize for equal loading. Finally, after being probed with an antibody
against TbAAC, the Western blot exhibited reductions of the tar-
geted protein by 40% and 71% at days 2 and 3 of RNAi induction,
respectively (Fig. 3B, top).

Knockdown of TbAAC does not impair the steady state,
structural integrity, and enzymatic activities of OXPHOS com-
plexes. With the established TbAAC RNAI cell line, we examined
if the steady-state abundance of specific core subunits of the
OXPHOS complexes are affected upon efficient TbAAC deple-
tion. Trypanosomatid-specific antibodies raised against subunits
of complexes III (apoC and Rieske), IV (trCOIV and COVI), F F, -
ATP synthase (), and TbP;C were utilized to monitor the stability
of these components over time in whole-cell lysates (Fig. 3B). No
major changes were observed for any of the examined proteins
except for TbP;C, which was detected as a double band running
around 35 kDa (Fig. 3B, bottom). Since the lower band disap-
peared and an interaction between the AAC and P;C proteins was
reported in the mammalian system (11), it was important to elu-
cidate which band is specific for TbP;C. Therefore, we created a
TbP;C RNAI cell line, in which the upper band is abated during
dsRNA induction, demonstrating that TbP;,C (predicted mass,
34.3 kDa) migrates just above the 35-kDa protein marker (see Fig.
S1A in the supplemental material) and thus is not affected by the
knockdown of TbAAC (Fig. 3B, bottom). Hence, the TbP,C anti-
body cross-reacts with TbAAC, resulting in a doublet where the
upper band is TbP;C and the lower band is TbAAC (see Fig. S1B in
the supplemental material). This cross-reactivity was quite unex-
pected because the best match from a Clustal W alignment of the
TbP,C peptide antigen with TbAAC (see Fig. SIC in the supple-
mental material) shares less than 22% identity.

While the steady-state abundance of a few individual subunits
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of complexes II1, IV, and F_F,-ATP synthase was unchanged upon
the depletion of TBAAC, we wanted to verify that the integrity of
these complexes was maintained by analyzing their sedimentation
profiles on glycerol gradients. Mitochondria isolated from nonin-
duced cells and RNAi cells induced for 5 days (IND5) were lysed
by dodecyl maltoside (2 mg detergent/mg mt protein) and frac-
tionated on a 10-to-30% glycerol gradient (Fig. 3C). The resolved
fractions were then analyzed by Western blotting, utilizing the
anti-TbAAC antibody to confirm a successful knockdown and the
anti-apoC, anti-trCOIV, anti-subunit 3, and anti-TbP;C antibod-
ies to illustrate the sedimentation profile for complexes [ITand IV,
F,F,-ATP synthase, and the phosphate carrier. Notably, the sedi-
mentation profiles of the examined complexes and TbP;C were
unaltered between the noninduced and RNAi-induced samples
(Fig. 3C). Thus, silencing of TbAAC does not interfere with the
assembly and/or stability of the examined OXPHOS complexes.
The evolutionary benefit of the interaction between AAC and
various components of OXPHOS is that it increases the efficiency
of these machines. Indeed, when AAC was depleted in yeast cells,
it was shown to affect the activity of complexes III and IV, which
were decreased by 15% and 55%, respectively (9). Therefore, spe-
cific in vitro enzymatic activity assays were performed with mt
extracts obtained from noninduced and TbAAC RNAi-induced
cells and revealed no significant differences in the activities of
respiratory complexes Il and F_F,-ATP synthase, while the activ-
ity of complex IV was slightly increased (i.e., cytochrome ¢ reduc-
tase activity was 107% * 11%, cytochrome ¢ oxidase activity was
126% = 11%, and ATP hydrolase activity was 118% = 5% in
RNAi-induced cells relative to activities i noninduced cells). Fur-
thermore, the enzymatic activities of complexes IV and V were
also examined using native 1-D BN PAGE followed by in-gel ac-
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FIG 3 TbAAC is essential for in vitro growth but does not impair either the steady-state abundance or sedimentation profile of OXPHOS complexes or the in-gel
activities of complex IV and F_F,-ATPase. (A) Growth curves of the noninduced (NON) and Tet-induced (IND) TbAAC RNAi procyclic T. brucei cell lines. Cells
were maintained in the exponential growth phase (between 10° and 107 cells/ml), and cumulative cell numbers were calculated from daily counts that
incorporated each subsequent dilution factor. The inset depicts a Northern blot analysis of TbAAC mRNA levels in the parental 29-13 cells, noninduced cells
(NON), and cells induced for 2 days of RNAi (IND2). (B) The steady-state abundance of TbAAC, core subunits of complex III (apoC and Rieske), complex IV
(trCOIV and COVI), F_F,-ATP synthase (), and TbP;C in noninduced (NON) TbAAC RNAI cells and those induced for 1, 3, and 5 days (IND1, IND3, and
IND5) was determined by Western blotting using specific polyclonal antibodies. The numbers beneath the TbAAC blot represent the abundance of immuno-
detected TbAAC, expressed as a percentage of the noninduced samples after normalization to the loading control, mt Hsp70. The relevant sizes of the protein
marker are on the left. The TbP;C antiserum cross-reacts with TbAAC, and this band is indicated with an asterisk. (C) The sedimentation profiles of TbAAC,
TbP,C, complexes III and IV, and F_F,-ATP synthase were examined using Western blot analysis of glycerol gradient fractions. Mitochondria from non-RNAi-
induced cells (NON) and cells induced for 5 days (IND5) were lysed with dodecyl maltoside. An equal amount of the cleared lysate from 1 X 10° trypanosomes
was loaded on each 10-to-30% glycerol gradient. Western analyses with trypanosomatid-specific antibodies raised against AAC, P;C, apoC (complex IIT), trCOIV
(complex IV), and subunit 3 (F,F,-ATP synthase) depict the sedimentation profile of the examined OXPHOS complexes. The glycerol gradient fractions are
numbered, and the sizes of the protein marker are indicated. An asterisk designates the TbAAC band that cross-reacts with the TbP,C antiserum. (D) In-gel
complex IV and F_F,-ATP synthase activity staining after TbAAC repression. mt preparations from noninduced (NON) and RNAI cells Tet-induced for 5 days
(IND5) were solubilized using dodecyl maltoside and separated either by 6% BN PAGE for complex IV staining or by 3-to-12% BN PAGE for F_F -ATPase
staining. The arrows denote bands visualized by the specific activity staining. The sizes of high-molecular-weight markers (ferritin and its dimer; Sigma) are on

the left (in thousands).
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tivity staining (Fig. 3C). Complex IV was visualized as a single
band at ~700kDa (13, 41), while F_F,-ATP synthase was depicted
by both the free F; moiety and multimeric F_ F, complexes (18).
Though a slight increase of complex IV activity was detected, no
major changes in the size and activity of the F F,-ATP synthase
were revealed when TbAAC was abated (Fig. 3C).

In summary, an efficient knockdown of TbAAC did not trigger
any visible changes in the steady-state abundance of TbP;C and
selected subunits of OXPHOS complexes. Furthermore, no major
differences were found in the sedimentation profiles, and no re-
ductions in in vitro enzymatic activities of the examined com-
plexes were detected. Thus, it seems that TbAAC exists as a phys-
ically separate entity in the inner mt membrane with no effect on
the structural arrangement of OXPHOS components.

TbAAC is responsible for the import of ATP and ADP into
the mitochondrion. Under aerobic conditions, the most impor-
tant role of the ADP/ATP carrier is to sustain the cellular ATP
homeostasis by enabling the 1-to-1 exchange of cytosolic ADP for
mt ATP produced by an active OXPHOS pathway. However,
when the cell finds itself under anaerobic or microaerobic condi-
tions, the OXPHOS activity is usually downregulated and the
ADP/ATP carrier works in reverse, resulting in a 1:1 exchange of
mt ADP for cytosolic ATP (50).

To test if TDAAC is fully or only partially responsible for the
influx of ADP into the organelle, an mt ATP production assay was
performed. The isolated mitochondria from noninduced and
RNAi-induced cells were incubated with ADP, free phosphate,
and a suitable respiratory substrate, such as succinate, to trigger
oxidative phosphorylation, or either a-ketoglutarate or pyruvate/
succinate, to trigger one of two specific substrate phosphorylation
reactions. Upon the addition of all these substrates, the mitochon-
dria are energized and produce ATP, which can be subsequently
measured using a bioluminescent substrate. Comparison of the
detected ATP levels between noninduced cells and RNAi-induced
cells revealed a major reduction in mt ATP by ~75% and ~94% at
days 3 and 5 after RNAi induction, respectively (Fig. 4A). Addi-
tional controls were included to demonstrate that the production
of ATP by oxidative phosphorylation was sensitive to malonate,
an inhibitor of succinate dehydrogenase, and that all three ATP
production pathways were sensitive to atractyloside, a specific in-
hibitor of the ADP/ATP translocator. Samples with no ADP added
served as a control to detect ATP produced from any of the re-
maining endogenous ADP molecules (Fig. 4A). Our results indi-
cate that TDAAC is the only ADP/ATP carrier responsible for ADP
influx into the mitochondrion of PF T. brucei.

Under specific conditions, AAC can also work in reverse,
thereby importing ATP into the mitochondria. Therefore, we ex-
amined this ATP influx activity using digitonin-extracted mt ves-
icles that had been incubated with ATP. Through TbAAC activity,
ATP is imported into the mitochondria, where it is immediately
hydrolyzed to ADP and inorganic phosphate by ubiquitous
ATPase activities. The amount of inorganic phosphate that is cre-
ated is then assessed spectrophotometrically to determine its con-
centration, which can then be used to calculate the ATPase activity
in the sample due to the linear relationship between the two vari-
ables. Importantly, in TbAAC RNAi samples induced for 3 or 5
days, the total ATPase activity was decreased by ~20% or ~50%,
respectively (Fig. 4B). Moreover, the total ATPase activity mea-
sured in cleared mt lysates (mt fractions with disrupted mem-
branes) obtained from noninduced and RNAi-induced cells was
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unchanged (Fig. 4C). This result confirms that the decreased
ATPase activity in the intact mt vesicles is not due to the general
impairment of ATP hydrolytic protein complexes but rather is
caused by the insufficient import of ATP into the mitochondria
due to TbAAC ablation. However, it should be noted that the 50%
reduction in ATP influx is not as high as one would expect, sug-
gesting the presence of another carrier responsible for ATP influx
into the mitochondria, possibly the ATP/P; carrier.

TbAAC is crucial for the export of mt ATP into the cytosol.
One of the most significant evolutionary events that allowed an
engulfed alphaproteobacterium to become the organellar power-
house of a eukaryotic cell depended on its ability to export ATP to
the rest of the cell. Therefore, to determine if TbAAC is the prin-
cipal exporter of ATP, we generated a TbDAAC RNAI cell line that
constitutively expresses firefly luciferase and allows us to measure
cytosolic ATP levels in vivo. The amount of luciferase expression
and its cytosolic localization in the LUC-TbAAC RNAI cell line
was verified by Western blotting of digitonin-treated fractions
(Fig. 5A). A commercial anti-luciferase antibody and antibodies
recognizing the cytosolic enolase and mt Hsp70 protein were used
to immunodecorate cytosolic and mt fractions, respectively. Once
these LUC-TbAAC RNAI cells, either noninduced or induced for
3 days, were exposed to luciferin, the in vivo cytosolic ATP levels
were measured by a luminometer. RNAi-mediated depletion of
TbAAC severely decreased the level of cytosolic ATP compared to
that in noninduced cells (Fig. 5B). Since the cytosolic ATP is sig-
nificantly reduced (by 67%) after just 3 days of RNAi induction,
when the growth phenotype is not yet fully manifested, we pro-
pose that the drop in the cytosolic ATP level is the primary reason
for the impending growth retardation.

An imbalance in the mt ADP/ATP pool leads to an increased
Aysm, an accumulation of ROS, and decreased respiration. The
lack of ATP efflux activity from the organelle to the cytosol causes
an aberrant mt ADP/ATP ratio, resulting from the limited avail-
ability of ADP and the accumulation of ATP in the mt matrix. This
nucleotide imbalance likely impedes F_F,-ATP synthase activity,
causing an mt inner membrane hyperpolarization that in turn
alters other mt processes, such as respiration and ROS production.
Therefore, these conventional organellar functions were exam-
ined as TbAAC was depleted. As predicted, the Aysm was increased
(up to 37% at day 5) in the RNAi-induced cells compared to non-
induced controls (Fig. 6A; Table 1). Our previous in vitro assays
demonstrated that the loss of TbDAAC does not interfere with the
ability of respiratory complexes III and IV to transmit electrons
and presumably pump protons when they are provided the appro-
priate substrate. Therefore, this observed phenotype is likely due
to the accumulation of protons in the intermembrane space, as the
electrochemical potential of the proton motive force is never har-
nessed by the stagnant F F,-ATP synthase that is lacking its ADP
substrate.

In time, the increased Aysm becomes so significant that respi-
ration-coupled electron flow and proton pumping of complex III
and IV become stalled. Consequently, we observed that the
amount of ROS is dramatically elevated (210%) by day 5 of Tet-
induced RNAi compared to noninduced samples (Fig. 6B; Table
1). This high level of oxidative stress likely contributes to the se-
vere growth phenotype detected upon the knockdown of TbAAC.
Furthermore, we determined that the total oxygen consumption is
significantly decreased after 5 days of TbAAC depletion (Fig. 6C),
most likely due to the hyperpolarization caused by the hindered
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FIG 4 Both ADP and ATP influx into the mitochondrion are affected in cells silenced for TbAAC expression. (A) To determine levels of ADP influx into the
mitochondrion, the in vitro production of ATP was measured in digitonin-extracted mitochondria from noninduced (NON) cells or cells with activated ThAAC
RNAI for 3 (IND3) or 5 days (IND5). The phosphorylation pathways were triggered by the addition of ADP and one of the following substrates: succinate,
a-ketoglutarate, and pyruvate/succinate. Malonate (MAL), a specific inhibitor of succinate dehydrogenase, was used to inhibit ATP production by oxidative
phosphorylation, and atractyloside (ATR) was used to inhibit import of ADP into mitochondria. The level of ATP production in mitochondria isolated from
noninduced RNAI cells stimulated with substrate, but in the absence of any specific inhibitors, was established as the reference and set to 100%. All other values
for the same substrate are calculated arithmetic means expressed as percentages of this reference sample. The “No ADP” value serves as a control for the
background production of ATP from endogenous mt ADP. The data are averages from at least three independent experiments and standard deviations. (B) To
ascertain the extent of ATP import into active mitochondria, ATPase hydrolytic activities were measured in either noninduced (NON) TbAAC RNAi cells or cells
induced with Tet for 3 (IND3) and 5 days (IND5). Crude mt vesicles were obtained by digitonin extraction. The ATPase activity was triggered by ATP addition
(5 mM) and assayed by measuring the release of free phosphate. The total amount of free phosphate created from all ATPase enzymes present in the noninduced
sample was set at 100%. The displayed results represent the average activities obtained from extracts prepared from four independent RNAi inductions. (C) Total
ATPase activity measured in mitochondrial lysates from noninduced and RNAi cells induced for 5 days indicate that mt ATPases are still active when substrate
is available. The total amount of free phosphate created from all ATPase enzymes present in the noninduced sample was set at 100%. The results are the average
activities obtained from extracts prepared from four independent RNAi inductions.

activity of F_F,-ATP synthase. Importantly, there are two terminal
oxidases (complex IV and trypanosome alternative oxidase
[TAO]) in T. brucei, both of which can catalyze the final reduction
of an oxygen molecule and thus contribute to the total oxygen
consumption. While it is still unknown how electron flow is reg-
ulated between these two pathways, utilizing TAO allows the elec-
trons to bypass respiratory complexes III and IV, which should
help alleviate the damaging effects of ROS generated from an ele-
vated Aysm. Nevertheless, we observed that complex IV contrib-
uted a majority of the respiration even in the presence of the ex-
cessive ROS created by day 5 in these TDAAC RNAi-induced cells
(Fig. 6D). Strikingly, even the relative contribution of these two
terminal oxidases to the overall cellular respiration was not signif-
icantly modified over time, suggesting that the activity of complex
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IV is not specifically inhibited by a high ADP/ATP ratio, as ob-
served in mammalian mitochondria (51, 52).

Silencing of TbAAC leads to defects in cell division. In hu-
mans, the lack of AAC activity triggers mt DNA rearrangements
and deletions followed by a complete loss of mt DNA (53, 54). To
ascertain if a loss of mt DNA also occurs in T. brucei with down-
regulated TbAAC, the nuclear and mt DNA (termed kinetoplast
DNA in these protists) were stained with DAPI and visualized by
fluorescence microscopy (Fig. 7A). Trypanosomes in G, and S
phase possess one nucleus and one kinetoplast (IN1K), while in
the G,/M transition phase, these flagellates have one nucleus and
two kinetoplasts (1N2K), as the mitochondrion division precedes
mitosis. Finally, before undergoing cytokinesis, these cells have
two nuclei and two kinetoplasts (2N2K) (Fig. 7A, top). In the
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FIG 5 Cytosolic ATP levels are significantly decreased in TbAAC RNAi-in-
duced cells. (A) The subcellular localization of luciferase was determined
within TbAAC RNAI cells expressing luciferase (LUC-TbAAC RNAI). Parental
TbAAC RNAI cells were used as a negative control. T. brucei cells (5 X 10%)
were harvested by centrifugation (WCL) and further separated into cytosolic
(C) and mitochondrial (M) subcellular fractions upon digitonin extraction.
Purified fractions were analyzed by Western blotting with anti-luciferase,
anti-mt Hsp70 (mitochondria), and anti-enolase (cytosol) antibodies. The
relevant sizes of the protein markers are on the left. (B) Total cytosolic ATP
content was measured by aluminometer upon luciferin addition to living cells,
either noninduced (NON) LUC-TbAAC RNAI cells or cells induced for 3 days
(IND3). Values are in relative light units (RLU) and are averages from three
independent RNAI inductions.
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TABLE 1 Aysm and ROS measurements”

Fluorescence (%) of:

Day TMRE DCFH-DA
3 119 £ 6 88 £ 25

5 137 = 4 211 =20
7 125+ 3 202 =21

@ Am and ROS were measured 3, 5, and 7 days after RNAi induction, using FACS
analyses of the appropriate stain as described in Material and Methods. Data were
obtained from at least three independent RNAi inductions. Fluorescence intensity in
the RNAi-induced cells is expressed as a percentage of that in noninduced cells. Values
are means and standard deviations.

noninduced control, 76% of the cells were found to have a single
nucleus of normal size and a single kinetoplast (IN1K), while the
rest (24%) were either IN2K or 2N2K (Fig. 7B), which is repre-
sentative of a healthy population of these parasites grown in cul-
ture. Importantly, even after 5 days of TbBAAC RNAi induction, we
did not observe a loss of mt DNA, in contrast to reports concern-
ing mammals (55), but rather, we detected a substantial accumu-
lation of cells with an aberrant number of nuclei and kinetoplasts.
Examples of these abnormalities include anuclear cells (1K), as
well as cells with two nuclei and one kinetoplast (2N1K) and larger
monster cells with multiple nuclei and kinetoplasts (xNxK) (Fig.
7A, bottom). These results, quantified in Fig. 7B, suggest a failure
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FIG 6 TbAAC silencing increases the Asm, resulting in decreased oxygen consumption and elevated ROS production. (A) After staining with 60 nM TMRE, the
Ayim was measured by flow cytometry in both noninduced cells (NON) and TbAAC RNA! cells induced for 3 (IND3), 5 (IND5), and 7 (IND7) days. The median
fluorescent intensity values are presented as percentages of the value for the noninduced sample, which was set to 100%. Data were obtained from at least three
independent RNAI experiments, and the standard deviations are included. (B) The ROS detection reagent DCFH-DA was quantified by fluorescence-activated
cell sorting (FACS) analysis in noninduced (NON) cells and TbAAC RNAi cells induced for 3 (IND3), 5 (IND5), and 7 (IND7) days. Increased fluorescence
intensity corresponds to an accumulated ROS formation that was observed in three independent assays. (C) The oxygen consumption of noninduced (NON) and
RNAi-induced (IND5) cells incubated in SDM-79 medium at 27°C was monitored with a Clark-type oxygen electrode. The total oxygen consumption in
noninduced cells was set to 100%. Values are arithmetic means and standard deviations from three experiments. (D) The ratio of complex IV- and TAO-
mediated respiration was measured in noninduced (NON) and TbAAC RNAI cells induced for 5 days (IND5). The total oxygen consumption in both cell lines
was set to 100%. After the addition of SHAM (0.03 mM), a potent TAO inhibitor, the remaining oxygen consumption represented respiration occurring via
complex IV. Values are means and standard deviations from six independent experiments.
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FIG 7 TbAAC depletion leads to defects in cell division. (A) DAPI staining was used to visualize various nucleus/kinetoplast (NK) phenotypes in noninduced
TbAAC RNAI cells and cells induced with Tet for 5 days. (Top) Normal cell types either in G,/S (IN1K) and G,/M (1N2K) phases or undergoing cytokinesis
(2N2K). (Bottom) Representative abnormal cell types (1K, 2N1K, and xNxK). N, nucleus; K, kinetoplast. (B) Quantification of the microscopy images based on
the number of nuclei and kinetoplasts in more than 200 cells per time point. NON, noninduced cells; IND5, RNAi cells induced for 5 days.

in the overall cell division machinery, an effect likely to be caused
by the shortage of cytosolic ATP.

DISCUSSION

In this study, we analyzed the functional and structural interac-
tome of the mt ADP/ATP carrier in the insect stage of T. brucei, a
highly diverged eukaryote. During this life stage, the parasite pos-
sesses an aerobically active mitochondrion that contains a fully
developed respiratory chain coupled to ATP production by the
F,F,-ATP synthase (17). Thus, in agreement with this mt func-
tion, silencing of ThbAAC caused a decreased level of cytosolic
ATP, a higher Aysm, an elevated amount of ROS, and a reduced
consumption of oxygen. We further established that TbAAC func-
tions as a physically separate entity and its downregulation does
not impair the activity or arrangement of the OXPHOS compo-
nents. Our results suggest that the energy demands during this
stage of the parasite do not necessitate the incorporation of AAC
into the respiratory supercomplexes.

The majority of the literature describing respiratory super-
complexes focuses on two main assemblies, either the dimeric
F,F,-ATP synthase or the union of proton translocating com-
plexes I, III, and IV. The latter complexes are usually found to
assemble into I+I1IL,, III,+1V,_,, and I+II[,+IV,_, supramo-
lecular organizations, and their formation is well documented for
only a few representatives of the supergroups Opisthokonta (Sac-
charomyces cerevisiae, Yarrowia lipolytica, Bos taurus, and Homo
sapiens) and Archaeplastida (Solanum tuberosum and Spinacia ol-
eracea) (56-59). It is believed that this physical association of the
electron relay components creates patches within the mt inner
membrane where the appropriate substrates can be concentrated,
making the OXPHOS pathway more efficient to meet higher en-
ergy demands and decrease the potential for ROS formation.
However, recent work with bovine mitochondria elegantly sug-
gests that there is just one common pool of ubiquinone/ubiquinol
and cytochrome ¢, which is free to interact with any OXPHOS
components found in the protein-dense mt inner membrane (60).
Whereas the interactions between respiratory supercomplexes ap-
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pear to be quite delicate, the detection of the dimeric F F,-ATP
synthase has been more pervasive throughout the eukaryotic su-
pergroups studied so far, including the protists of the supergroups
Excavata and Alveolata (T. brucei, Euglena gracilis, Plasmodium
falciparum, and Tetrahymena thermophila) (13, 61-64). This
dimerization is proposed to be crucial for crista formation within
the mt inner membrane (65), and the commonality of this struc-
tural organization in a wide variety of eukaryotes suggests that it
was an early attempt to create microenvironments for compo-
nents of the OXPHOS pathway.

To a lesser extent, the AAC has also been identified in special
arrangements with some of these respiratory supercomplexes. In
yeast, a large majority of the main ADP/ATP carrier, AAC2, phys-
ically interacts with a supercomplex comprised of III+1V and the
TIM23 translocase, although this interaction is highly sensitive to
the detergent type and its concentration (9). The mt ADP; /
ATP, . exchange under aerobic conditions is energetically costly
because the efflux of ATP results in the expulsion of a net negative
charge that partially collapses the Aysm. Thus, positioning AAC in
amicroenvironment packed with supercomplexes that contribute
to a heightened local Ain may minimize this energetic cost, thus
establishing a site that is conducive to maximum AAC transport
activity. Furthermore, the OXPHOS pathway, specifically com-
plex IV activity, is significantly downregulated in the absence of
AAC2 (48), providing additional evidence for the energetic cost
benefits of this supramolecular collaboration in yeast.

In T. brucei mitochondria, the migration of TbAAC also over-
lapped complex IV under low-detergent conditions in 2-D PAGE.
However, this interaction was never detected in copurification
assays that utilized lysis conditions nearly identical to those in the
2-D analysis. Furthermore, upon efficient ThDAAC knockdown, we
did not observe a decrease in the activity of complex IV, as seen in
yeast (9). In fact, we consistently saw a slight increase in cyto-
chrome ¢ oxidase activity, as measured by in-gel staining or spec-
trophotometry assays, possibly due to a physiological response to
an altered ADP/ATP ratio in the matrix. Importantly, the assem-
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bly and integrity of the OXPHOS complexes and the steady-state
abundance of their constituent subunits remained unchanged.
These results significantly contrast those of studies performed in
yeast, where, in the absence of AAC, the steady state of selected
subunits of respiratory complex IV was diminished, and the as-
sembly of the respiratory supercomplex (III,+IV,) was dis-
rupted (9).

The association of AAC with the F F,-ATP synthase and P,C
has been observed in highly enriched crista-like vesicles purified
fromrats (11, 12). In addition, it has been demonstrated that AAC
and F_F,-ATP synthase in yeast cofractionate in CN or BN PAGE,
implying that they also congregate into an ATP synthasome (49).
Furthermore, cosedimentation and copurification studies of the
F,F,-ATP synthase subunit and AAC discerned a similar situa-
tion in Leishmania mexicana, a close relative of T. brucei (66).
Contrary to these reports, our data do not support the existence of
an ATP synthasome in T. brucei, as TbAAC did not copurify with
tagged F_F,-ATP synthase subunit 3 or p18. Moreover, TbP;C did
not cosediment with the large molecular signals detected for
TbAAC and subunit 8 in hrCN PAGE or with subunit § in glyc-
erol gradients. While the authors are quick to acknowledge that
the absence of an interaction does not prove that it does not exist,
we were careful to perform reciprocal copurification assays using
a less harsh detergent and the low salt concentrations used in the
Leishmania study.

Perhaps this intriguing difference between these two closely
related parasites is the result of the environments they encounter
during their distinctive life cycles. While Leishmania possesses a
fully developed mitochondrion throughout its life cycle due to the
persistent requirement for the OXPHOS pathway (67), the mor-
phology of the T. brucei mitochondrion is more pleomorphic, as
the parasite transitions between the tsetse fly vector and the mam-
malian host’s bloodstream. It is during the infectious stage that the
mitochondrion becomes greatly reduced, containing many fewer
cristae, which is indicative of its independence of the OXPHOS
pathway for energy production in this high-glucose environment.
Therefore, a closer inspection of the energetic demands and mech-
anisms to cope with ROS in these two protists might help to un-
cover the evolutionary forces that necessitate the assembly of this
more efficient respiratory complex. In fact, purification of the
Leishmania F F,-ATP synthase might identify components absent
from the T. brucei complex that are important for the interaction
with P;C and AAC.

The T. brucei genome encodes a singly functional ADP/ATP
carrier, whose function has been confirmed by a complementa-
tion assay of an AAC2-deficient yeast strain. Furthermore, TbAAC
biochemical properties and ADP/ATP exchange kinetics are sim-
ilar to those of the yeast AAC2 carrier (26). Similar to the study
done by Pena-Diaz and coworkers (26), our in vitro data assaying
ADP influx into the mitochondrion for oxidative and substrate
phosphorylation support these data, as ADP import into the or-
ganelle ceases upon an efficient TbAAC knockdown. Interestingly,
when we measured the reverse function of this transporter, mainly
the ATP import into the mitochondrion, we observed only a 51%
decrease in the ATP-induced ATPase activity, suggesting the exis-
tence of another mt import route for ATP. An obvious candidate
for such an activity would be a homolog of the ATP-Mg/P; trans-
porter, a protein that is responsible for the electroneutral ex-
change between ATP-Mg>~ and HPO,>~, which can supplement
the mt ATP pool in cells using the hydrolytic activity of F F,-
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ATPase to maintain the Aysm (68). However, a putative T. brucei
homolog of the ATP-Mg/P; transporter (Tb927.4.1660, MCP6)
was shown to be inactive for ATP and ADP transport (25, 69).
Thus, besides TbAAC, any additional carrier(s) responsible for
ATP influx into the mitochondria of this excavate protist remains
to be elucidated.

The genome of S. cerevisiae contains three AAC genes: AACI,
AAC2,and AAC3 (70, 71). However, only the disruption of AAC2
triggers a growth phenotype when the yeast is grown on nonfer-
mentable carbon sources (72). Notably, in the absence of AAC2,
the downregulation of the ADP/ATP exchange across the mt inner
membrane is followed by a reduction in oxygen consumption and
a decrease in complex IV activity (9). A similar phenomenon has
been described for human mitochondria, which also contain three
isoforms of the adenine nucleotide translocase (ANT) (73). While
the loss of the main ANT1 isoform is not lethal, it does induce mt
myopathy, as the lack of ADP/ATP exchange activity depletes ma-
trix ADP, which causes F F;-ATP synthase stagnation (74, 75).
Consequently, the flow of protons back to the matrix is blocked
and the Aysm increases until it reaches a level that prohibits oxi-
dative phosphorylation, resulting in increased ROS production
and mt DNA damage (76). Furthermore, mutations in the human
ANT]1 gene cause autosomal dominant progressive external oph-
thalmoplegia (adPEO), an mt disorder characterized by reduced
respiration, lowered mt cytochrome content, and mt DNA dele-
tions (54, 77). Moreover, this loss of mt DNA can further exacer-
bate the adPEO disorder by compromising the synthesis of spe-
cific respiratory subunits (75).

Trypanosomes depleted of TbAACI also displayed an elevated
Ay, decreased oxygen consumption, and heightened levels of
ROS. However, in contrast to the yeast and human data, we did
not observe a reduction in the activity or integrity of cytochrome-
containing complexes III and IV. Therefore, the diminished res-
piration measured in TbAAC RNAI cells is not caused by the de-
stabilization of the OXPHOS complexes, suggesting that even
though high levels of ROS are detected, they do not seem to have
deleterious effects on the mt DNA. To verify this outcome, the
DNA content was examined by fluorescence microscopy in
TbAAC-depleted cells. Although mt DNA rearrangements, dele-
tions, and total loss were identified in humans with adPEO ANT1
mutations (55), we did not observe a complete loss of mt DNA.
Instead, we detected decreased populations of normal cells in the
G, or S phase with a concurrent accumulation of cells with an
aberrant number of nuclei and/or kinetoplasts or parasites appar-
ently arrested in a state of incomplete cytokinesis. In their totality,
these results indicate that the loss of TbAAC in T. brucei does not
result in the targeted loss of mt genes but rather leads to general
defects in cell cycle control or division due to an overall cellular
depletion of ATP.

While identifying the often delicate interaction of AAC with
components of the OXPHOS pathway is challenging, the totality
of this work suggests that TbAAC does not interact with F F,-ATP
synthase in T. brucei as it does in its close relative, L. mexicana. It
would be interesting to investigate if the association of ThbAAC,
TbP;C, and F F,-ATPase (F,F,-ATP hydrolasome) exists in the
infectious bloodstream stage of T. brucei, where the Aysm depends
on ATP hydrolysis by the F F,-ATPase located in an environment
lacking significant cristae and the microenvironments they create.
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