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Abstract

Conserved amongst all eukaryotes is a family of mitochondrial carrier proteins (SLC25A)
responsible for the import of various solutes across the inner mitochondrial membrane. We
previously reported that the human parasite Trypanosoma brucei possesses 26 SLC25A proteins
(TbMCPs) amongst which two, 7hPMCP11 and 7hMCPS8, were predicted to function as
phosphate importers. The transport of inorganic phosphate into the mitochondrion is a
prerequisite to drive ATP synthesis by substrate level and oxidative phosphorylation and thus
crucial for cell viability. In this paper we describe the functional characterization of 7bMCP11.
In procyclic form 7. brucei, the RNAi of 7TbMCP11 blocked ATP synthesis on mitochondrial
substrates, caused a drop of the mitochondrial oxygen consumption and drastically reduced cell
viability. The functional complementation in yeast and mitochondrial swelling experiments
suggested a role for ThbMCP11 as inorganic phosphate carrier. Interestingly, procyclic form 7.
brucei cells in which ThOMCP11 was depleted displayed an inability to either replicate or divide

the kinetoplast DNA, which resulted in a severe cytokinesis defect.
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Introduction

Trypanosoma brucei is the causative agent of African sleeping sickness [1] and belongs to the
class of the kinetoplastea as part of the subphylum Glycomonada of the Euglenozoa [2]. They
are characterized by the presence of specialized peroxisomes (glycosomes) and of one single
large mitochondrion containing circular DNA (kinetoplast DNA, kDNA) [3-7]. Like
mitochondria of other eukaryotes, those of 7. brucei possess an outer permeable and an inner
impermeable membrane, contain DNA and compartmentalize a large number of critical
metabolic processes [8]. Protein mass spectrometry of 7. brucei mitochondria revealed the
presence of a large array of proteins functioning in respiration, solute transport, amino acid and
lipid metabolism, mRNA editing and DNA and protein processing [9—11].

One of the most important function of mitochondria is the provision of ATP through substrate
level and oxidative phosphorylation, which requires the import of ADP and inorganic phosphate
(P1) across the inner mitochondrial membrane [8,12,13]. The transport of these molecules is
facilitated by two proteins belonging to the mitochondrial carrier protein family (MCP family,
SLC25A family) [14—17], namely the ATP/ADP carrier (ThMCPS5, [18,19]) and the phosphate
carrier [15,20-22]. The mitochondrial ATP/ADP carrier exchanges ATP produced in the

mitochondrial matrix for cytosolic ADP, while the phosphate carrier replenishes the consumed

intramitochondrial Pi pool either in exchange with OH™ or in symport with protons [21,22].

Together with the mitochondrial ATP/ADP carrier and the ATP synthase, the phosphate carrier
forms the “ATP synthasome” [23] and is therefore indispensable for the mitochondrial ATP
synthesis. In the yeast Saccharomyces cerevisiae, depletion of the phosphate carrier resulted in
a reduced growth on non-fermentable carbon sources and in a reduction of the mitochondrial
membrane potential with concomitant inhibition of the mitochondrial protein import [24]. In
mammals, two isoforms (A and B) of the phosphate carrier SLC2543 exist that arise by

alternative splicing: isoform A is predominantly found in heart and skeletal muscle while isoform
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B is ubiquitously found in all tissues [25,26]. In humans and mice, mutations in the SLC2543
gene caused severe defects in mitochondrial metabolism and morphology, and has been
associated with hypertrophic cardiomyopathy [27,28].

One particularity of 7. brucei is that in the two replicative stages, the procyclic form (PCF) in
the insect vector and the bloodstream form (BSF) in the mammalian host, ATP provision occurs
in different ways: the PCF generates ATP within the mitochondrion by substrate level and
oxidative phosphorylation through the TCA cycle and the electron transport chain, while the
BSF relies on glycolysis for its ATP supply [5,29—-33]. This implicates differences in the function
of the mitochondrial phosphate carrier in the two replicative life stages of 7. brucei.

We previously identified two genes, e.g. ThOMCP8 and 7TbMCP11, belonging to the MCP family
and coding for putative phosphate carriers that might be indispensable for mitochondrial ATP
synthesis and viability in 7. brucei [15]. The results we present here show that only 7oMCP11
but not 7ThMCPS is expressed in both BSF and PCF and that 7D MCP11 is indispensable to sustain
growth, cytokinesis and the mitochondrial AY in PCF T. brucei. Further, functional
complementation in yeast and mitochondrial swelling experiments suggested that 7oMCP11

indeed functions as Pi carrier.



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

97

Material and Methods

Culture and transfection of Trypanosoma brucei

BSF and PCF Trypanosoma brucei strain 449, stably expressing the tetracycline (tet) repressor
from the plasmid pHD449, were cultured in standard and HMI-9 medium at 37°C [34] or MEM-
PROS medium at 27°C [35] respectively. Media were supplemented with 10% (v/v) fetal calf
serum (FCS, Sigma-Aldrich) and 1% penicillin/streptomycin solution (Sigma) and for PCF
additionally with 2.5 mg/ml of heme (in 100 mM NaOH). The PCF RNA:i cell line EATRO 1125
T7T [36], was cultured in semi-defined medium (SDM-79) [37] with 10 ug/ml G418 and 25
pg/ml hygromycin. For the experiments described in this paper cells were transfected with
different plasmids and clonal cell lines were selected using antibiotics according to the

previously published protocol [38].

Phylogenetic reconstruction and sequence analysis

Multiple sequence alignments were obtained using ClustalO (www.ebi.ac.uk; Chenna et al.,
2003).

Phylogenetic reconstruction was performed using the “Phylogeny.fr” software available at
http://www.phylogeny.fr. Multiple sequence alignments were obtained using MUSCLE and
automatically curated using Gblocks. Maximum likelihood tree was constructed using PhyML
and visualized using TreeDyn. Statistical test for branch support was assessed by bootstrap re-
sampling analysis generating 100 reiterated data sets. The resulting bootstrap values, expressed

as percentage, were added manually to each node. Only bootstrap values above 50% are shown.

TbMCP11 N-term peptide antibody
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Peptide synthesis and animal immunization were performed by EZBiolab (USA). The
synthesized N-terminal peptide ‘KNKTWDARYANPD’ (amino acid residues 4-16 of
TbMCP11) was coupled to keyhole limpet hemocyanin (KLH) and used for the immunization

of two rabbits. For western blot the 7PMCP11 antibody was used in a 1:5000 dilution.

Generation of 7. brucei TOMCP11 overexpression cell line

The open reading frame of 7bMCP11, i.e. 7927.9.10310, was cloned via Hindl1l/BamHI into
the expression vectors pHD 1701 bearing an N-terminal 2x-myc tag [15] . Following sequencing,
comparison of the cloned 7TbMCP11 sequence from 7. brucei Lister 427 with the sequence of
the corresponding locus 75927.9.10310 in the genome sequence database of 7. brucei strain 927
(available at http://www.genedb.org) revealed only a few sequence differences at the DNA level
but none in the predicted amino acid sequence. The resulting plasmid was linearized using Not/
and transfected into PCF and BSF T. brucei strain 449, constitutively expressing the tet-repressor

(TETR BLE) [39]. Resistant clones were selected using hygromycin (25 pg/ml). Expression of

the N-terminal myc-tagged 7ThMCP11 (T bMCPll-nmycti) was induced by the addition of

tetracycline (0.5ug/ml) and analyzed by western blotting using a commercial anti-myc antibody

(Roche Applied Science). The genotype of the resulting cell line is TbMCPI11/TbMCPI11 Tetr

BLE TbMCPI11 -nmycti HYG, which will be further referred to in this paper as 7TbMCP1 l-nmycti.

Construction of the 7ThMCP11 double-knockout

BSF449 and PCF449 cell lines were used as starting point for the generation of the knockout
cell line ATHMCP11 (PCF and BSF) respectively. In both cell lines, the two natural TboMCP11
alleles were deleted from the genome by successive replacement with the neomycin (NEO) and
blasticidine (BSD) antibiotic resistance cassettes. The flanking 5’-untranslated region (5’-UTR)

and 3’-untranslated regions (3’-UTR) of 7hMCPI1 were used as target sequences for
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homologous recombination. The construction of the knockout cell lines was performed as
described previously [18,40-42]. The successful depletion of 7TbMCP11 was confirmed by

western blot analysis.

Generation of the 7ThbMCP11 RNA interference (RNAi) cell line

The EATRO 1125 T7T cell line was used for the generation of the RNAI1 cell line. Sense and
antisense sequence fragments of 7TbMCP11 were PCR amplified and cloned into the pLEW 100
vector using restriction enzymes sites according to a previously published protocol [36]. The
final construct was used to transfect PCF EATRO 1125 T7T. The cells were selected using 50
pug/ml phleomycin. The RNAi of 7TbMCP11 was induced by the addition of tetracycline (0.5
pg/ml) and the depletion of 7hbMCPI1 confirmed by reverse transcription PCR (RT-PCR)

(Qiagen) and western blot analysis.

RNA isolation and Northern blotting

Total RNA was isolated from 7. brucei using TriFast (PeqLab Biotechnology GmbH). Total
RNA (10 pg) was separated by denaturing (formaldehyde) agarose gel electrophoresis and
blotted onto Hybond-N membrane (GE Healthcare). Blots were pre-hybridized in hybridization

solution (5xSSC, 5xDenhardt’s reagent and 0.5% w/v SDS) for 1h at 65°C and probed overnight

at 65°C using a [32P]-dCTP-labelled ThMCPI1 probe. Blots were washed at 65°C in

subsequently 1x SSC (0.15 M NaCl, 0.015 M sodium citrate) supplemented with 0.1% w/v SDS,
and 0.1xSSC supplemented with 0.1% w/v SDS, followed by final exposure to X-ray film

(Kodak).

Western blot analysis

For each lane, 2x 10° trypanosomes were pelleted and resuspended in SDS-containing Laemmli
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buffer. Proteins were denatured for 5 min at 95°C, separated on a denaturing 12% SDS-PAGE,
and subsequently transferred to a Hybond-P membrane (GE Healthcare Life Sciences) in transfer
buffer (39 mM glycine, 48 mM Tris-base, 20% v/v methanol, pH 8.3) for 1 h at 100 V. The
membrane was blocked 30 min at room temperature in Tris—buffered saline (TBS) containing
0.1% (v/v) Tween 20 (TBS-T) supplemented with 7.5% (w/v) non-fat dry milk, and subsequently
incubated for 1 h in TBS-T containing 7.5% milk and the primary antibody. The membrane was
then washed in TBS-T, followed by incubation for 45 min at room temperature with the
respective secondary antibody (GE Healthcare Life Sciences). Finally, the membrane was
extensively washed in TBS-T, processed according to the manufacturer’s protocol of the ECL
detection kit (GE Healthcare Life Sciences), and exposed to ECL-film (GE Health Care Life

Sciences).

Growth analysis

Procyclic ThbMCP11 RNAI cell lines and BSF 7AMCP11 knock out cell lines were diluted to a

density of 0.25 x 10% cells/ml and 0.1 x 10° cells/ml, respectively, at the start of the experiment.

After induction of the RNAi PCF ThMCP11 RNAI cell line with tetracycline (0.5 pg/ml), cells
were diluted every 2 days and counted every 24 h for a period of 8 days. For the BSF ThMCP11
knock-out cell line, cells were counted every 24 h for a total of 72 h after induction with

tetraycline (0.5 pg/ml). Cell densities were determined using a Neubauer haemocytometer.

Immunofluorescence microscopy

Trypanosomes were sedimented by centrifugation at 2,000 x g and resuspended in phosphate-
buffered saline (PBS) containing 4% w/v paraformaldehyde. Fixed cells were allowed to settle
down and attach to poly-L-lysine-coated microscope slides. Immunofluorescent labelling of

trypanosomes with 4,6’-diamidino-2-phenylindole (DAPI), the mitochondrion-specific probe
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MitoTracker, and the different antibodies (see results) was performed as described previously
[41]. Cells were examined using a Leica DM RXA digital de-convolution microscope, and

images were recorded using a digital camera (Hamamatsu).

Mitochondrial ATP production assay

ATP production assays were performed as described by Schneider ef al. [8]. Trypanosomes (2 x
108 cells) were collected by centrifugation at 1,500 x g for 10 min, washed once with SoTE-
buffer (20 mM Tris-HCI pH 7.5, 2 mM EDTA, 0.6 M Sorbitol), and resuspended in 1 ml of
SoTE-buffer containing 0.008% (w/v) digitonin to permeabilize the plasma membrane. After 5
min incubation on ice, the permeabilized cells were centrifuged for 3 min at 8000 x g and 4 °C.
The pellet containing the mitochondria-enriched fraction was washed twice with 1 ml SoTE-
buffer and resuspended in 0.5 ml of assay buffer (20 mM Tris-HCI1 pH 7.4, 15 mM KH>POy4, 0.6
M Sorbitol, 5 mM MgSOs). The assay was set up by mixing 75 uL assay buffer containing 67
uMol ADP, 5 mM substrate (i.e. succinate, a-ketoglutarate) and 75 puL assay buffer containing
the mitochondria-enriched fraction. In some experiments, the ADP/ATP carrier inhibitor
carboxyatractyloside (CATR) (5.2 uM final concentration) or the ATP synthase inhibitor azide
(6.8 mM final concentration) were added to the mitochondria containing assay buffer and
incubated for 15 min at 25°C prior to the addition of the substrate. Mitochondrial ATP-
production was initiated by the addition of substrate and was allowed to take place for 30 min at
30°C. The mitochondrial ATP-production was terminated by the addition of 10 uL TE (10 mM
Tris-HCI1, 1 mM EDTA, pH 8.0), followed by denaturation at 100 °C for 3 min. The formed
protein precipitate was removed by centrifugation for 1 min at 1,000 x g. The ATP concentration
in the supernatant was measured according to the manufacturer’s protocol of the ATP
Bioluminescence Assay Kit CLS II kit (Roche Applied Science) and using the Junior LB9509

tube luminometer (Berthold Technologies).
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Oxygen consumption analysis

Mitochondria-enriched cellular fractions were isolated from 2 x 10® 7. brucei cells using the
digitonin permeabilization method as described by Schneider et al [8] and resuspended in 0.5 ml
assay buffer (20 mM Tris-HCI pH 7.4, 15 mM KH>POs, 0.6 M Sorbitol, 5 mM MgSO4 and 67
pMol ADP). Respiration was initiated with the addition of succinate to a final concentration of
5 mM. Salicylhydroxamic acid (SHAM) was added to a final concentration of 1 mM to inhibit
the 7. brucei alternative oxidase (TAO) [43]. Azide (6.8 mM), carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, 1 mM) and N-ethylmaleimide (NEM, 1.5 mM) were added as inhibitors
(control) of mitochondrial respiration. The rate of mitochondrial oxygen consumption was
measured at room temperature using a micro dissolved polarigraphic oxygen electrode (Lazar
Research Laboratories). Oxygen levels in the sample chamber were calibrated according to the
manufacturer’s instructions before measurement of the oxygen consumption rates for each

sample.

Mitochondrial swelling assay

Yeast mitochondria were isolated as described by Daum et al. [44]. Mitochondria-enriched
fractions were isolated from 76MCP11-depleted (grown without tetracycline for 168 hours) and
non-induced (control) 7. brucei cell lines using the digitonin permeabilization method [8].
Phosphate transport was measured using the mitochondrial swelling method as described by
Manon and Guerin [45] and as modified by Hamel et al. [46]. Briefly, 100 ul of freshly prepared
T. brucei mitochondria (see Mitochondrial ATP production assay) were resuspended in 1 ml
buffer containing 0.2 M potassium phosphate (pH7.4), 38 mM oligomycin and 0.2 mM
antimycin. The mitochondrial swelling was induced by addition of 0.04 mM valinomycin and

the change in absorbance was monitored in a spectrophotometer at 546 nm.

10
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Scanning electron microscopy

T. brucei cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, adhered
for 15 min to glass coverslips coated with 0.1% poly-L-lysine, washed in buffer and post-fixed
for 30 min with 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.2. Thereafter, the samples
were dehydrated in acetone, critical point dried and mounted on SEM stubs. The samples were
coated with a 20-nm thick gold layer and examined in a Zeiss (Oberkochen, Germany) DSM940

scanning electron microscope.

Yeast complementation experiment

The open reading frame of 7TbMCP11 was PCR amplified and cloned into the yeast expression
vector pYPGK18 using the restriction enzyme sites Sacl and BamHI [47]. The final construct
pYPGKI18-ThAMCP11 and the empty pYPGKI18 expression vector (control) were used to
transfect the Mirl/Pic2 double knockout yeast mutant [48] using the lithium acetate/single-
stranded carrier DNA method described by Gietz and Wood [49].

To investigate complementation, a single colony of the wild type strain 4741, Mirl/Pic2 double
knockout yeast mutant and pYPGK18-7pMCP11 or empty pYPGKI18 transfected Mirl/Pic2
knockout yeast strain were cultured overnight. The cultures were diluted to 20 cells/ul and 5 pl
were plated on YPG (1% yeast extract, 2% peptone, 3% glycerol, 2% agar) YPD (1% yeast
extract, 2% peptone, 2% dextrose, 2% agar) or YPL (1% yeast extract, 2% peptone, 1% lactate,

2% agar) plates and incubated at 30°C for 3 days.

11
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Results

The genome of 7. brucei contains two genes coding for putative phosphate carriers

Using the amino acid sequences of the yeast mitochondrial phosphate (Pi) carriers Mirl and Pic2
as query to BLAST search the 7. brucei genome database (www.genedb.com) we have
previously identified two proteins with high homology to Pi carriers of other eukaryotes namely
ThMCPS (T5927.10.10440, previously 7510.406.0470) and 7TbMCP11 (75927.9.10310) [15].
Alignment of the 7TbMCPS8 and 7hMCP11 amino acid sequences revealed 41% and 53% identity
with the human, and 40% and 43% identity with the yeast Pi carriers, respectively. Both
trypanosome carriers display the tripartite sequence structure typical for all SLC25A MCF
proteins. Each of the three sequence repeats consists of 100 amino acids arranged in two
membrane spanning a-helices and contains the conserved signature motif P-X-(DE)-X-
(LIVAT)-(KR)-X-(LRH)-(LIVMFY)-(QGAIVM) (Figure 1A and B). Three groups of
conserved amino acid residues located within the three repeats, the so-called contact points CPI,
CPII and CPIII, were reported to be essential for substrate specific binding and transport (Figure
1A and B) [50]. The Pi carriers from H. sapiens (SLC25A3) and S. cerevisiae (Pic2 and Mirl)
all contain “G xxx Q xxx K” at CPI, “K/R Q” at CPII and “M” at CPIII [50]. All three contact

points are conserved in 7TbMCP8 and 7TbMCP11.

12
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A repeat 1 i repeat 2 i repeat 3

INTERMEMBRANE SPACE

M1a
B THMCP11 115 2 NARGNTIWNSSENSN | PHNNS Y Y LKCIGClVLSCGLTHTAVCPLDVVKCNMQVNPEKE -RGIGSG 65
ThMCP8 —--MLGRFDFLGKCRLYFVVVSRLFSFEGDYVAYRLFFVYFVFFTLSFLEVWSRRVVVEFSAFYFFCCFLGGVIS-GLAHTSMTPVDLVKCGVQVG--LYNSMTDG- 100
SCPich {MESNKQPRKTIQLYTKEFYATCTLG[STTACGPTHSSITPLDLVKCRLQVNPKLYTSNLQG- 59
SEMirlp ====—m e e MSVSAAPAIPQYSVSDYMKFALAGAIGCGSTHSSMVPIDVVKTRIQLEPTVYNKGMVGS 59

SLC25A3 MFSSVAHLARANPFNTPHLQLVHDGLGDLRSSSPGPTGQPRRPRNLAARAAVEE-YSCEFGSAKYYALCGFGGVLSCGLTHTAVVPLDLVKCRMQVDPQKY-KGIFNG 105
: G : .G :H::: P:D:VK :Q: : B

CPI
M1b v v v M2a
TbMCP11l FKVLAAEDG----FGAKGIWKGWLPTLIGYSMQGACKFGLYEVFKDFYANLAGQKA--———~, AKEYEGLIWLAGSASAEFFADVALCPMEMVKVKVQTSPSGTFPTS 162
ThMCP8 FRSLWRNCGGCWFRSISVFTRGWVPTFFGYSSQGGLKFLLYELLKFWFCSRLEGSAASPMVLSYVSKLGIFVVSSGVAEIFADVALAPWEAVKIIIQTSN--VAHTE 205
ScPic2p FRKIIAN------ EGWKKVYTGFGATFVGYSLQGAGKYGGYEYFKHLYSSWLS ———————————— PGVTVYLMASATAEFLADIMLCPFEATIKVKQQTTMPPFCNNV 148
ScMirlp FKQITA--—--—- GEGAGALLTFGPTLLGYSIQGAFKFGGYEVFKKFFIDNLGYDT-————— ASRYKNSVYMGSAAMAEFLADIALCPLEATRIRLVSQPQ--FANG 151
SLC25A3 FSVTLKE-—--—-— DGVRGLAKGWAPTFLGY SMQGLCKFGFYEVFKVLY SNMLGEEN-————~ TYLWRTSLYLAASASAEFFADIALAPMEAAKVRIQTQPG--YANT 198
F : .T:.GYS QG K: YE :K : . :: .:. BE::AD: L.PE :: H .
CPIl
M2b M3a

ThMCP11 LGAAVATMRADPAAGFPFKSLVPLWS;XUNTMAKFFFFEKVVRFFYSNVFTKPKEEYSKGTQLSITFASGYIAGIVCAIVSHPADMLVSARGKASNV*GKSYG*** 265
TbMCP8 LSYFFPLVYSSEGIYGFYKGLPALWCRQVPYTVVKFLSFEVIVRLAYRYLLTSPSDPAPKYVQLLVSVISGVLAGFLCAAVSHPADTVVSKLNQRVEGSPAADKRKV 312
ScPic2p VDGWKKMYAESGGMKAFYKGIVPLWCRQIPYTMCKFTSFEKIVQKIYS-VLPKKKEEMNALQQISVSFVGGYLAGILCAAVSHPADVMVSKINSERKANESMS-VAS 253
ScMirlp LVGGFSRILKEEGIGSFYSGFTPILFKQIPYNIAKFLVFERASEFYYG--FAGPKEKLSSTSTTLLNLLSGLTAGLAAAIVSQPADTLLSKVNKTKKAPGQSTVGLL 256

SLC25A3 LRDAAPKMYKEEGLKAFYKGVAPLWMRQIPYTMMKFACFERTVEALYKFVVPKPRSECSKPEQLVVTFVAGYIAGVFCAIVSHPADSVVSVLNKEK---GSSAS--- 299
H - ... .: RQ:PY.: KF FE . Y .. . :.. .G AG. .A VS:PAD ::S
CPIll
M3b
TbMCP11 -QIANEIGYGNLCTKGLMARIIMIGTLTGLOWWIYDTYKSTLGLGTSGGSGKK-—----------———— 317
ThMCP8 VQIVRELGWSGLW-KGVELRMMMTGALTALQWLLYDSFKVSVGLSATGGNGVRISNHVDSDGRPPGDNK 380
ScPic2p KRIYQKIGFTGLW-NGLMVRIVMIGTLTSFQWLIYDSFKAYVGLPTTG-—-—————————————————— 300
ScMirlp AQLAKQLGFFGSF-AGLPTRLVMVGTLTSLQFGIYGSLKSTLGCPPTIEIGGGGH-————————————— 310
SLC25A3 -LVLKRLGFKGVW-KGLFARIIMIGTLTALQWFIYDSVKVYFRLPRPPPPEMPESLKKKLGLTQ-~~-— 361
HEN I E G: R::M G:LT.:Q: :Y.: K

Figure 1. ThMCP11 and 7bMCP8 contain sequence motifs and substrate contact point
typically found in functionally characterized Pi carriers from other eukaryotes. A: Diagram
of MCF protein sequence structure. H1, 2, 3, 4, 5 and 6 are the transmembrane helices, while
h1-2, h3-4 and h5-6 are the connecting hydrophilic loops reaching into the mitochondrial matrix.
Mla, 2a and 3a are found at the end of each of the odd-numbered transmembrane domains and
represent the first part, e.g. Px[D/E]xx[K/R]x[K/R], of the canonical MCF signature. The second
part of this MCF signature, e.g. ([D/E]Gxa[K/R]G), are represented by M1b, 2b and 3b and are
located in the middle of each hydrophilic loop. CPI, 11 and III indicate the three different
substrate contact points conserved in most Pi carriers. B: Sequence alignment of 7pMCP11 and
TObMCPS8 with S. cerevisiae Mirlp (ScMirlp), Pic2p (ScPic2p) and H. sapiens SLC25A3
(SLC25A3). The different parts of the MCF signature are boxed in grey. Contact points CPI, 11

and IIT are indicated and fully conserved in all analyzed sequences. The N-terminally located,
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putative mitochondrial targeting sequences of 7TbMCP11 (amino acids 1-23) and ScPic2p (amino
acids 1-17) are boxed. The peptide sequence used for the production of the N-terminal antibody

against ThMCP11 is shaded in black.

Phylogenetic analysis of the putative 7. brucei Pi carriers 7TbMCP8 and 7hMCPI11 and of
representative Pi carriers from other eukaryotes resulted in a tree supported by high bootstrap
values (Figure S1). As shown previously [51], Pi carriers cluster in clearly distinguishable clades
(Figure S1). TbMCPI11 clusters into the group of putative Pi carriers from the closely related
trypanosomatida L. infantum, T. cruzi and T. congolense, near to the groups of the
choanoflagellates and apicomplexa. THMCP8 however, does not branch into any group. The
distinct branching of 7bMCP8 and 7ThAMCP11 in the phylogenetic tree is supported by their

relatively low sequence similarity (42%) and suggests a divergent evolution of both 7hAMCPs.
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Figure S1. ThMCP11 clusters together with related proteins of other Trypanosomatida,
Choanoflagellata and Chromalveolata.

The evolutionary relationship of 7bMCP11 with functionally characterized or putative Pi
carriers of other species was analyzed using a maximum likelihood tree. The bootstrap consensus
tree was obtained after resampling analysis of 100 reiterated data sets. Only significant bootstrap

values (= 50%) are shown.

The ThMCP8 gene is not expressed in 7. brucei
Expression in 7. brucei is developmentally regulated at the mRNA level for approximately 2%

of its genes [52]. Northern blot analysis was performed to assess in which life cycle stage the
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two putative 7. brucei Pi carriers are expressed. The results shown in Figure 2 A indicate that
the expression of 7TbMCP1 1 is upregulated 3-fold in PCF compared to BSF T. brucei. Notably,
TbMCPS8 mRNA could not be detected, e.g. was below the detection threshold of the method,

for both BSF and PCF T, brucei even when using 20 pg of poly-A* purified mRNA (not shown).
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Figure 2. THOIMCP11 is differentially expressed in BSF and PCF and located exclusively in
the mitochondrion.

A: Northern blot analysis of 10 pug total RNA from BSF and PCF T brucei using a [0**P]-dCTP
labelled ThMCP11 DNA probe. A [a*?P]-dCTP labelled signal recognition particle (SRP) probe
was used as loading control. B: Western blot analysis of protein lysate derived from 2x10° BSF
and PCF T. brucei using the TOMCP11 antibody in a 1:5000 dilution. An antibody directed
against tubulin (dilution 1:1000) was used as loading control. C: Western blot analysis of protein

lysate derived from 2x10° induced (+ Tet) and non-induced (- Tet) BSF and PCF T. brucei
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expressing N-terminally myc-tagged ThMCP11 (TAPMCP11-nmyc"). The myc-tagged 7ThMCP11
was detected using an antibody against the myc-tag in a 1:1000 dilution. D: Immunofluorescence
analysis of BSF and PCF T. brucei expressing ThOMCP11-nmyc!. An antibody against the myc-
tag (green) in a 1:100 dilution was used to localize N-myc-7hMCP11, MitoTracker (red) (0.5
uM) was used to visualize mitochondria while DAPI (blue) was used to visualize nuclear and

kinetoplast DNA.

The differential expression of 7bMCP11 in BSF and PCF T. brucei was confirmed by western
blot analysis using an antibody directed against the N-terminus of the protein. In both life cycle
stages, a single protein band of approximately 34 kDa (calculated weight of 34.3 kDa) was
detected (Figure 2B). Normalization of the western blot using an antibody directed against
tubulin shows that the expression of 7TbMCP11 is 2.5 times upregulated at the protein level in

the PCF.

ThbMCP11 localizes to the mitochondrion of PCF and BSF

The subcellular localization of 7THMCP11 was analyzed by immunofluorescence microscopy.
We initially used the 7TbMCP11 peptide-antibody for determining the subcellular localization of
TbMCPI11 in BSF and PCF T. brucei. Unfortunately, staining with this antibody resulted in a
high and non-specific background signal in the paraformaldehyde fixed 7. brucei cells and was
found to be not suitable for immunofluorescence microscopy (not shown). Instead, we used BSF
and PCF T. brucei cell lines expressing N-terminally myc-tagged recombinant versions of
ThMCP11 (TPMCP11-nmyct) (Figure 2C). The staining of the myc-tag antibody in the
ThbMCP11-nmyc! expressing BSF and PCF cell lines and the MitoTracker-labelling superimpose

indicating that in both life-cycle stages 7TbMCP11 localizes to the mitochondrion.
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ThbMCP11 partially complements the function of the yeast Pi carrier

The genome of S. cerevisiae contains two isoforms of the mitochondrial Pi carrier, namely Mirl
and Pic2. Deletion of both carriers in S. cerevisiae (AmirlApic2 deletion mutant) abolishes
mitochondrial phosphate transport and ATP generation in the yeast [46]. As a consequence,
AmirlApic2 S. cerevisiae can only grow on a fermentable carbon source, such as glucose (YPD
medium), and not on non-fermentable carbon sources such as glycerol (YPG medium) and
lactate (YPL medium) [46,53]. If TbOMCP11 facilitates Pi transport across the mitochondrial
inner membrane, then the growth defect of the AmirlApic2 yeast mutant on non-fermentable
carbon sources should be reverted by the heterologous expression of 7TbMCP11. To this purpose,
AmirlApic2 was transfected with the yeast expression vector pYPGKI8 containing the
ThbMCP11 open reading frame (pYPGK18-7hMCP11). The empty pYPGK18 vector was used
as a negative control. Growth of the resulting S. cerevisiae strains was analyzed on YPD, YPG
and YPL media, respectively.

As expected, the parental S. cerevisiae strain BY4741 was able to grow on fermentable (YPD
medium) and non-fermentable carbon sources (YPG and YPL media), whereas S. cerevisiae

AmirlApic2::pYPGK18 was only able to grow on YPD medium (Fig. 3A and B).

%y

Figure 3. ThMCP11 partially complemented the growth defect of the yeast strain

AmirlApic2 on non-fermentable carbon sources.
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Yeast cells were grown on either YPD, YPG or YPL medium. For each medium the following
strains were plated a: the parental ‘wildtype’ S. cerevisiae strain BY4741. b: Pi carrier deficient
yeast strain AmirlApic2. c¢: Pi carrier deficient yeast strain AmirlApic?2 transfected with the
empty pYPGK18 vector. d: Pi carrier deficient yeast strain AmirlApic2 transfected with
pYPGKI18 containing 7hMCP11. e: Pi carrier deficient yeast strain AmirlApic2 transfected

with pYPGK18-TbMCP1 1-Pic2™™,

Despite the significant amino acid sequence similarity between 7bMCP11 and the two yeast Pi
carriers Pic2 (62%) and Mirl (58%), growth of the S. cerevisiae strain AmirlApic2 on the non-
fermentable carbon sources glycerol (YPG) and lactate (YPL) could not be restored to wildtype
levels following the heterologous expression of 7. brucei TOMCP11 (Figure 3). We previously
reported on the partial functional complementation observed for the 7. brucei MCF carriers
TPbMCPS5 and ThMCP17 upon their expression in the ANC (ATP/ADP) carrier-deficient S.
cerevisiae deletion strain JL1A2A3u- and the MRS3/4 (iron) carrier deficient S. cerevisiae
deletion strain GW403, respectively [18,54]. One possible explanation for this could be that 7.
brucei MCF proteins are not efficiently sorted to the S. cerevisiae mitochondrion due to
evolutionary divergence of mitochondrial targeting signal sequences. Sorting problems of
heterologously expressed mitochondrial proteins in S. cerevisae were previously reported
[55,56]. Experiments have shown that for the yeast mitochondrial ATP/ADP carrier ScCAnc2 an
N-terminal 26 amino acid-long stretch was responsible for a correct and more efficient
mitochondrial targeting [56,57]. Indeed, the N-terminus of 7TbMCP11 differs significantly from
the N-termini of both Pic2 and Mir1 (see Figure 1B). To test this possibility, we substituted the
first 69 nucleotides (coding for amino acids 1-23) of the 7bMCPI1 gene with the first 51
nucleotides (coding for amino acids 1-17) of the ScPic2 gene and cloned the modified ORF

TbMCPI11-Pic2™*™) into pYPGKIS, resulting in pYPGKI8-ThMCPI1-Pic2™™. After
p g p
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transfection of the S. cerevisiae strain AmirlApic2 with pYPGKI18-ThbMCP11-Pic2™™ we
observed a minimal but clearly increased growth of the 7bMCP11-complemented AmirlApic2
strain on non-fermentable carbon sources (Figure 3), suggesting a partial complementation by

ThPMCPI11.

ThbMCP11 is essential for PCF but not BSF T. brucei survival

Whether the mitochondrial phosphate carrier TbMCP11 is essential for 7. brucei viability was
assessed by the generation of a targeted gene replacement double-knockout in BSF and by RNA
interference in PCF.

Using BSF T. brucei strain 449, we replaced both 7bMCP11 alleles with BSD and NEO
antibiotic resistance cassettes to obtain the conventional double knockout cell line
ATPMCP11::BSD/ATHBMCP11::NEO. The sequential replacement of both TbMCP1 1 alleles was
monitored by Southern blot analysis (not shown). The successful depletion of 7bMCP11 was
further confirmed by western blot analysis (Figure 4B). The deletion of both 7bMCP11 alleles
in T. brucei BSF did not affect growth (Figure 4A) or cell morphology (not shown), suggesting

that 7TbMCP11 is not essential in this life cycle stage.
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Figure 4. THOIMCP11 is essential in PCF but not in BSF.

A: Cell division analysis of parental (‘wild type’) T. brucei BSF 449 (circles) and the derived
ATbMCP11 double-knockout (squares) cell line. B. Western blot analysis of cell lysates derived
from 2x10% wild type BSF 449 and the ATAbMCPI1 BSF double-knockout cell line using the
raised a7hPMCP11 antibody in a 1:5000 dilution. Tubulin was used as loading control. C: Cell
division analysis of wild type PCF 449 (circles) and tetracycline induced PCF ThMCP11 RNAi
cell line (squares). D: Western blot analysis of cell lysates derived from 2x10° tetracycline

induced PCF ThMCPI11 RNAI cells using the raised a7pMCP11 antibody in a 1:5000 dilution.
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Cell samples were taken every 24 h after tetracycline induction. Tubulin was used as loading
control. Statistical significance was determined by one-way ANOV A using GraphPad Prism 7:

#kixp < 0.0001.

We next attempted to generate a ThMCP11 double-knockout PCF cell line. Although we were
able to generate PCF cell lines lacking only one TbMCP11 allele (ATbMCP11::BSD/TbMCP11),
no viable clones could be obtained upon deletion of the second 7bMCP11 allele. This led us to
the conclusion that complete depletion of 7AMCPI11 is lethal for PCF cells, suggesting an
essential role for 7ThbMCP11 in this life cycle stage. To confirm this, the RNAi cell line PCF
TbMCPI1 RNAi1 was generated allowing the tetracycline-inducible depletion of 7THMCP11.
Depletion of 7TbMCP11 after 2 days until 10 days induction of the RNAi1 was confirmed by
western blot analysis (Figure 4D). In contrast to BSF 7. brucei, ThPMCP11 depleted PCF cells
stopped dividing after 5 days of the tetracycline induced RNAI, confirming that 7TbMCP11 is

indeed essential in this life cycle stage (Figure 4C).

Pi transport is abolished in 7TbMCP11-depleted PCF mitochondria

Yeast mitochondria with enabled Pi transport do swell (increase in volume) in the presence of
phosphate salt, a property that is lost when the mitochondrial Pi carrier is depleted [24,46] (Table
1). Swelling experiments confirmed Pi-dependent swelling also in PCF T. brucei mitochondria
(Table 1). Analysis of the 7TbMCP11 RNAi-depleted 7. brucei mitochondria revealed a major
decrease (93%) in mitochondrial swelling, which is similar to decrease observed for Pi-carrier
deficient S. cerevisiae AmirlApic2 mitochondria (Table 1). Heterologous expression of
TObMCPI11 in the S. cerevisiae AmirlApic2 strain only partially restored mitochondrial swelling,

while the expression of THMCP11 bearing the 17 N-terminal amino acids of Pic2 fully restored
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mitochondrial swelling. These results support the hypothesis that 7TbMCP11 is responsible for

mitochondrial Pi import in PCF T. brucei.

cell line / strain AADbSss0nm swelling &3)7
S. cerevisiae | BY4741 (wildtype) 0.029 + 0.002 100 438
Amirl/Apic2 0.002 + 0.001 7
439
Amirl/Apic2 + TPMCP11 0.006 % 0.007 21
Amirl/Apic2 + TBMCP11-Pic2"er 0.029 + 0.008 100 44V
441
PCF T. brucei | EATRO1125-T7T 0.149 + 0.006 100
THhMCP11%¥i non-induced 0.132 £ 0.008 98 442
ThbMCP11®8Vi induced 0.010 + 0.007 7 443

Table 1. Mitochondrial swelling in isolated yeast and PCF mitochondria
Mitochondrial swelling experiments were performed in triplicates. The values represent the
mean of three independently obtained results and the corresponding standard deviation is

indicated.

Depletion of 7TbMCP11 causes aberrant cell-morphology and loss of AY in PCF T. brucei

Substantial changes in cell morphology were observed during microscopic examination of
ThbMCP11-depleted PCF T. brucei. In the course of 10 days of 7TbMCP11 depletion, scanning
electron microscopy as well as immunofluorescence analysis revealed several morphological
changes compared to wild type cells (Figure 5, Figure 6 and Supplementary Figure S2). The
observed morphological changes indicated cytokinesis defects, e.g. multiple cells attached to
each other (Figure SA RNAi day 5 and 10, Figure 6A RNAi day 10, Supplementary Figure S2
E) and the presence of single multinucleated cells containing 2-8 nuclei and only one kinetoplast

(Figure 6A day 5 and Supplementary Figure S2 B and D). Also, cells were longer and thinner
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compared to wild type cells (Figure 5 A RNAi day 3, 5 and 10, B and C, Supplementary Figure

S2 B). Some cells displayed a fragmented nuclear morphology (Supplementary Figure S2 C).
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Figure 5. ThOMCP11 depletion caused abnormal cell morphology and cytokinesis defects in
PCF T. brucei. A: Scanning electron microscopy (SEM) images from wild type PCF T. brucei
and 7bMCP11 RNA.I cell line after 3, 5 and 10 days of RNA1 induction using tetracycline. The
scale bars represent 5 um. B and C: Quantification of cell length (B) and thickness (C) of wild
type cells and of the PCF 7bMCP11 RNAI cell line after 3, 5 and 10 days of RNAi induction

with tetracycline. Measurements were performed using SEM images. Statistical significance was
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Figure 6. ThMCP11 depletion caused loss of mitochondrial morphology and AY in PCF T.
brucei. A: Immunofluorescence analysis of wild type PCF T. brucei and the ThMCP11 RNA1
cell line after 3, 5 and 10 days of RNA1 induction using tetracycline. An antibody against the
ADP/ATP carrier ThMCPS5 [18] (1:100, green) was used to visualize the mitochondrion.
MitoTracker (red) (0.5 uM) was used to visualize the loss of AW. Nuclei were visualized using
DAPI (blue). B: Immunofluorescence analysis of wild type PCF and wild type PCF treated with
1 mM CCCP to dissipate AY. Loss of AW was visualized using MitoTracker (red) (0.5 uM).

Nuclei were stained using DAPI (blue).
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Supplementary Figure 2: Aberrant phenotypes after 5-10 days of 7bMCP11 depletion.

All cells were stained with MitoTracker (red) (0.5 uM) to visualize the mitochondria and with
DAPI (blue) to visualize the nuclei. A: Wild type PCF. B: TbMCP11 depleted PCF displaying
cellular elongation. C: 7hMCPI11 depleted PCF displaying fragmented nucleus. D:
Multinucleated, giant, 7TbMCP11 depleted PCF cell. E: THOMCP11 depleted PCF displaying

incomplete fission. MT: MitoTracker, PhC: Phase contrast.

We visualized the mitochondrion using an antibody against 7bMCPS5 [18] and MitoTracker in
TObMCPI11 depleted PCF at day 3, 5 and 10 after RNA1 induction (Figure 6A-C). Until day 3 of
induction of the 7bDMCP11 RNAI the mitochondrion of PCF appeared as a long structure with a
number of lateral tubules when marked using either 7bMCPS or MitoTracker (Figure 6A).
Instead, after 5 days of induction of the 7TbMCP11 RNA1, the MitoTracker staining was found
to be distributed throughout the cell in what looked like a typical cytoplasm staining (Figure 6B
and C). This result hints to the absence of AY, which is required for the accumulation of
MitoTracker within the mitochondrial matrix [58,59]. The disruption of the A¥ can be induced
by the addition of the ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) [60].
Addition of I mM CCCP to wild type trypanosomes resulted in the same loss of mitochondria-
specific MitoTracker staining as observed for the 7bMCP11-depleted cell line (Figure 6C and

D).

Depletion of 7ThMCP11 causes loss of mitochondrial ATP production by oxidative
phosphorylation

ADP and Pi required for the mitochondrial ATP synthesis are provided through the
mitochondrial ADP/ATP carrier 7TbMCP5 [18,19] and the mitochondrial Pi carrier [24,46]

respectively. Therefore, ATP synthesis in isolated mitochondria can be used as a method for
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determining the functionality of the Pi carrier in isolated mitochondria. Using an established
mitochondrial ATP production assay [8,42], ATP production was measured for mitochondria
isolated from wildtype PCF T. brucei and the derived THMCP11 RNA:I cell line using succinate
and a-ketoglutarate as substrates. ATP can be generated from a-ketoglutarate by substrate level
phosphorylation via succinyl-CoA synthetase and by oxidative phosphorylation via the electron
transport chain [29]. From succinate, ATP can only be generated by oxidative phosphorylation

[29]. In the non-induced 7bMCP11 RNAI cell line the ATP production was 100 pmol/1.5 x 10

cells for succinate and 220 pmol/1.5 x 107 cells for a-ketoglutarate (Figure 7A).
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Figure 7. Mitochondrial ATP production on succinate and ketoglutarate, as well as oxygen
consumption, are drastically reduced in PCF 7. brucei upon depletion of 7hMCP11.
Mitochondria were isolated from wildtype PCF T. brucei and the derived tetracycline-induced
TbMCPI11 RNAI cell line. A: ATP production in mitochondria isolated from wildtype PCF T.
brucei and the derived tetracycline-induced 7hMCP11 RNAI cell line. Mitochondrial ATP

production was initiated by addition of 5 mM succinate or 5 mM a-ketoglutarate.
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Carboxyatractyloside (CATR) (5.2 uM) was added to the mitochondria to inhibit the ATP/ADP
carrier, while azide (6.8 mM) was used to inhibit the cytochrome c¢ oxidase. B: Oxygen
consumption by mitochondria isolated from wildtype PCF T. brucei and the derived tetracycline-
induced 7hMCP11 RNAI cell line. Succinate (5 mM) was added as substrate to initiate oxygen
consumption. Azide (6.8 mM), carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 1 mM) and
N-ethylmaleimide (NEM, 1.5 mM) were added as controls. Statistical significance was
calculated by one-way ANOVA using GraphPad Prism 7: *: p <0.05 **: p<0.01; ***p <0.001;

p <0.0001

Addition of carboxyactractiloside (CATR), an inhibitor of the mitochondrial ATP/ADP carrier,
abolished mitochondrial ATP production on both substrates due to the lack of import of ADP,
indicating that the measured ATP was indeed produced inside the mitochondria (Figure 7A).
The addition of azide, an inhibitor of mitochondrial respiration through the blocking of
cytochrome ¢ oxidase abolished the production of ATP from succinate and reduced the ATP
production from a-ketoglutarate to about 16% (Figure 7A). This is expected since ATP from
succinate can only be produced through the respiratory chain, while production of ATP from o-
ketoglutarate occurs also over substrate level phosphorylation, which should not be inhibited by
azide. The RNA1 of 7ThMCP11 completely abolished ATP production from succinate and
reduced the ATP production from a-ketoglutarate to 20% of the ATP production measured in
the non-induced 7hMCP11 RNAI cell line, which is similar to the reduction observed when azide
was added to wild type mitochondria (Figure 7A). The addition of azide combined with the
knockdown of ThMCP11 completely abolished the production of ATP from o—ketoglutarate in
mitochondria. Overall these results show that depletion of 7TbMCP11 in PCF T. brucei results in
the ablation of the mitochondrial AY and that ATP synthesis via oxidative phosphorylation is

compromised.
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Mitochondria depleted of 7TbMCP11 display drastically reduced oxygen consumption

Mitochondrial respiration and coupled ATP synthesis require the consumption of oxygen, which
acts as the terminal electron acceptor. 7. brucei was previously shown to consume oxygen during
mitochondrial respiration [61,62]. We assessed whether isolated mitochondria depleted of
TbMCPI11 were still consuming oxygen when succinate was provided as a substrate for ATP
synthesis (Figure 7B). Oxygen consumption ceased almost completely either when 76MCP11
was depleted or when the mitochondrial respiration inhibitors azide, CCCP or NEM were added

to wild type mitochondria.
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Discussion

Aim of this study was to functionally characterize putative mitochondrial Pi carriers of 7. brucei.
We previously identified 7TbMCP8 and 7ThAMCP11 as putative mitochondrial Pi carriers in 7.
brucei and demonstrated that their predicted protein sequences show significant similarity to the
ones of the functionally characterized mitochondrial Pi carriers from both S. cerevisiae and
humans [15]. However, despite both carriers displaying the expected canonical signature motifs
and substrate contact point typically found in mitochondrial Pi carriers (this paper and [15]),
ThbMCP8 was found to be evolutionary distinct from 7pMCP11 and other putative mitochondrial
Pi carriers from trypanosomatida (see figure S1). The presence of multiple mitochondrial
phosphate carriers is a common feature in eukaryotes [25,63,64]. In mammals two Pi carrier
isoforms, e.g. PiC-A and PiC-B, with tissue specific expression can be found [25], while the
genome of the plant Arabidopsis thaliana encodes three phosphate carriers, e.g. Picl, Pic2 and
PiC3 [21,65,66]. Similar to 7ThMCP11 and 7TbMCPS, the two mitochondrial Pi carriers of S.
cerevisiae, e.g. Pic2p and Mirlp, share only 40% sequence homology and phylogenetic analysis
indicated that Pic2p is more related to mitochondrial Pi carriers from other eukaryotes than to
Mirlp [46]. The presence of different carrier isoforms with low sequence homology, but with
conservation of the canonical signature motifs and substrate contact points, suggests rapid
evolutionary divergence that facilitates the adaptation to different physiological and
environmental conditions while retaining the capacity to transport Pi[26,46]. For example, while
Mirlp is constantly expressed in yeast, the steady state expression level of Pic2p was shown to
be temperature dependent [46]. In mammals, the two isoforms of PiC A and B are generated by
alternative splicing from the same single PiC gene. The expression of PiC A and B appears to
be linked to tissue-specific energy demand since PiC A is predominantly found in heart and

skeletal muscle, e.g. tissues requiring large amounts of ATP, while PiC B is ubiquitously

31



582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

expressed [26,67]. Northern blot analysis from one of our previous studies showed that ThbMCPS§
is not expressed in either BSF or PCF T. brucei [15]. Instead, TbMCP11 is expressed in both
replicating 7. brucei life cycle stages, though at a more prominent level in the PCF, in which
depletion of 7TbMCP11 was shown to be lethal (this paper). These results match previously
published transcriptome analyses [68—70] and suggest that THOMCP11 represents the main and
only mitochondrial phosphate carrier in PCF, while 7ThbMCP8 might be expressed in one of the
non-replicative 7. brucei life cycle stages or only when the parasite is exposed to specific
environmental conditions.

Heterologous expression of 7TbMCP11 partially restored growth of the S. cerevisiae AmirlApic2
deletion strain on non-fermentable substrates, e.g. glycerol (YPG) and lactate (YPL), and fully
restored Pi-dependent mitochondrial swelling, but only when the N-terminus of 7TbMCP11 was
replaced with the one from Pic2 (ThMCP11-Pic2p™e™). This result hints towards an inefficient
sorting of the unmodified 7. brucei Pi carrier to the yeast mitochondrion due to differences in
the amino acid sequence at its N-terminus. It was previously shown that the first 26 amino acids
of the mitochondrial ADP/ATP-carrier Anc2p were essential for mitochondrial sorting in S.
cerevisiae [57]. However, growth of the TOMCP11-Pic2p™e™ expressing AmirlApic2 yeast
strain on either YPG or YPL medium was never fully restored probably due to other divergences,
like for example in protein folding or Pi-transport kinetics, between the 7. brucei and the yeast
Pi-carriers. Interestingly, these divergences did not impact the mitochondrial import of Pi in
vitro, e.g. the import of Pi into isolated mitochondria, suggesting that in vivo the S. cerevisiae Pi
carrier requires some interaction or regulation that cannot be mediated by the heterologous
TbMCP11.

Our results indicated a decreased mitochondrial membrane potential (AY) in 7TbMCP11-depleted
T. brucei mitochondria. As expected, a disruption of the ATP generation on succinate was

observed, which i1s dependent on the mitochondrial membrane potential and the proton motive
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force (pmf) [29,71,72]. The mitochondrial depletion of 7HMCP11 therefore affected
mitochondrial ATP generation not only by abolishing Pi import but also by dissipating the AY.
Loss of the AY and depletion of mitochondrial Pi following the knockout of PiC were previously
observed in S. cerevisiae [24]. The authors found that only the addition of Pi to PiC depleted
mitochondria could restore the AW indicating that P1 import was required for sustaining AW [24].
In contrast to succinate, ATP synthesis on a-ketoglutarate can also occur by substrate level
phosphorylation via the succinyl CoA synthetase [8,29,30]. Since the RNAi of 7ThMCP11
abolishes the ATP synthesis by oxidative phosphorylation, the persisting ATP synthesis (26%)
found on a-ketoglutarate must occur through substrate level phosphorylation using the Pi stored
within the mitochondrial matrix. Surprisingly, while azide reduced the ATP synthesis on a-
ketoglutarate in wild type mitochondria to similar levels as in the 7hMCPI11-depleted
mitochondria, in combination with the 7pPMCP11 RNAi it completely abolished ATP
production. Taken together, these results strongly indicate that the depletion of 7THMCP11 blocks
ATP production by oxidative phosphorylation through the dissipation of the AY. Since the
absence of a AV also disturbs the import and insertion of mitochondrial proteins [24] we
speculate that other mitochondrial matrix reactions are affected as well.

It was previously shown that patient-derived Pi carrier mutant fibroblasts displayed 50% lower
oxygen consumption compared to control fibroblasts due to a defect in the functionality of the
electron transport chain [73]. In the 7ThbMCP11-depleted mitochondria oxygen consumption with
succinate as substrate was reduced to about 20% compared to wild type mitochondria. This result
suggested that 80% of the oxygen consumption was due to the activity of the mitochondrial
cytochrome c oxidase present in the respiratory chain complex I'V. The oxygen consumption we
still observed after 7TbMCP11 depletion can be attributed to the alternative oxidase (TAO), a
cytochrome-independent terminal oxidase located in the mitochondrial membrane of 7. brucei.

TAO transfers electrons derived from the peroxisomal (glycosomal) oxidation of glycerol-3
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phosphate via ubiquinol to oxygen [43]. The contribution to oxygen consumption by complex
IV and TAO within the mitochondria of PCF T. brucei corresponds well to the observations
published by Horvarth et al. [74].

Microscopic analysis of the 7oMCP11-depleted 7. brucei cell line further revealed some
substantial changes in cell morphology and mitochondrial DNA organization. The presence of
multinucleated cells containing only one kinetoplast strongly indicated that 7TbMCP11 depletion
causes, either directly or indirectly, a failure in kinetoplast replication or division. Despite
kinetoplast division occurs first, its inhibition does not affect nuclear mitosis [75]. Flagellar
division occurs prior the division of the kinetoplast and its dysfunction inhibits cytokinesis but
not mitosis [76—78]. In our case flagellar division proceeded normally since the cells in which
TObMCPI11 was depleted displayed multiple flagella. However, during cell division, the pairing
of the daughter kinetoplasts with the daughter flagella and mitochondrial division are a
prerequisite to set the morphological axes and serve as checkpoint for cytokinesis [79—82]. This
explains why the enlarged 7. brucei cells found after the depletion of 7THMCP11 contain several
nuclei but only one kinetoplast.

Taken together, our results indicate that 7bMCP11 functions as an essential mitochondrial Pi
carrier in PCF T. brucei. As for other eukaryotic mitochondrial Pi carriers, 7DMCPI11 is
indispensable for mitochondrial ATP synthesis and cell viability. We further speculate that
TObMCPI11 is required for the maintenance of the mitochondrial membrane potential (AY) and

that this Pi carrier is involved, either directly or indirectly, in trypanosome cytokinesis.
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