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Summary

Pyruvate is a key product of glycolysis that regulates
the energy metabolism of cells. In Trypanosoma bru-
cei, the causative agent of sleeping sickness, the fate
of pyruvate varies dramatically during the parasite
life cycle. In bloodstream forms, pyruvate is mainly
excreted, whereas in tsetse fly forms, pyruvate is
metabolized in mitochondria yielding additional ATP
molecules. The character of the molecular machinery
that mediates pyruvate transport across mitochon-
drial membrane was elusive until the recent discov-
ery of mitochondrial pyruvate carrier (MPC) in yeast
and mammals. Here, we characterized pyruvate
import into mitochondrion of T. brucei. We identified
mpcl and mpc2 homologs in the T. brucei genome
with attributes of MPC protein family and we demon-
strated that both proteins are present in the mito-
chondrial membrane of the parasite. Investigations
of mpcl or mpc2 gene knock-out cells proved that
T. brucei MPC1/2 proteins facilitate mitochondrial
pyruvate transport. Interestingly, MPC is expressed
not only in procyclic trypanosomes with fully acti-
vated mitochondria but also in bloodstream trypano-
somes in which most of pyruvate is excreted.
Moreover, MPC appears to be essential for blood-
stream forms, supporting the recently emerging pic-
ture that the functions of mitochondria in
bloodstream forms are more diverse than it was origi-
nally thought.

Introduction 44
Pyruvate is a central intermediate metabolite involved in 45
many cellular catabolic and anabolic pathways. This 46
compound is the cytosolic product of glycolysis, and in 47
most eukaryotic cell types, pyruvate enters the mito- 48
chondria for further oxidation to acetyl-CoA to fuel the 49
tricarboxylic acid cycle. Thus, pyruvate represents an 50
important branching point in cellular metabolism for bal- 51
ancing glycolysis and oxidative phosphorylation. 52
The availability of pyruvate in the mitochondrion is 53
determined through a specific carrier located in the inner 54
mitochondrial membrane. The principal biochemical fea- 55
tures of mitochondrial pyruvate carrier (MPC) were char- 56
acterized in the 1970s. Pyruvate is symported with one 57
proton, and this transport is driven by DpH (Papa et al., 58
1971; Halestrap, 1978). However, the molecular identity 59
of MPC has only recently been revealed, and currently 60
MPCs have been characterized in Saccharomyces cere- 61
visiae, Drosophila melanogaster, Homo sapiens (Bricker 62
et al., 2012; Herzig et al., 2012) and Arabidopsis thali- 63
ana (Li et al., 2014). 64
The mitochondrial pyruvate carrier comprises two 65
small hydrophobic paralogous proteins, MPC1 and 66
MPC2, which are essential and sufficient for the trans- 67
port of pyruvate into mitochondria (Bricker et al., 2012; 68
Herzig et al,, 2012). In S. cerevisiae, a third paralog, 69
MPC3, exists, sharing 71% amino acid sequence iden- 70
tity with MPC2, and MPC3 expression is induced upon 71
growth on nonfermentable carbon sources (Herzig et al., 72
2012; Timon-Gomez et al., 2013; Bender et al., 2015). 73
Structural predictions have revealed 2-3 transmem- 74
brane (TM) helices in all MPC homologs (Bricker et al., 75
2012; Herzig et al., 2012). Pfam lists MPC proteins as 76
members of the MtN3-like clan, together with SWEET 77
transporters (‘Sugars Will Eventually be Exported Trans- 78
porters’) and the PQ-loop protein family (Finn et al., 79
2014). A previous study suggested that the structure of 80
prokaryotic SemiSWEET transporters, members of the 81
same diverse clan, is similarto that of MPC (Vander- 82
perre et al., 2014). 83
Trypanosoma brucei is a pathogen of livestock and 84
humans transmitted through tsetse flies in sub-Saharan 85
Africa. The different life-cycle stages of trypanosomes g6
present specific adaptations to their environments. 87
For the bloodstream (BSF) and procyclic (PCF) forms of 88
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T. brucei, these adaptations include changes in mito-
chondrial morphology, function, and overall metabolic
rearrangements reflected by different spectra of meta-
bolic end products. In BSF, ATP is primarily generated
through glycolysis, and pyruvate is the predominant
excreted end product of metabolism (Creek et al,
2015). In contrast, PCF that live in the midgut of the
insect vector where nutrients are scarce, depend on the
mitochondrial catabolic pathway for ATP production.
Pyruvate is utilized for substrate level phosphorylation,
resulting in the production of acetate and ATP. In addi-
tion, proline and threonine are important carbon sources
for these stages when glucose is limited. In glucose-
depleted media, proline is metabolized to alanine, gluta-
mate, CO; and succinate, whereas the end products of
threonine metabolism are acetate and glycine (Linstead
et al., 1977; Lamour et al., 2005).

The regulation of pyruvate availability in the mito-
chondrion is one of the mechanisms for balancing oxida-
tive phosphorylation and glycolysis (Vanderperre et al.,
2014; Bender et al., 2015). Similarly to yeast grown on
fermentable carbon substrates, in BSF T. brucei, this
balance is predominantly shifted towards glycolysis.
Recently, a plasma membrane pyruvate transporter has
been characterized in T. brucei (Sanchez, 2013); how-
ever, there is no information regarding the molecular
characteristics of pyruvate transporters in mitochondria.
Therefore, the aim of the present study was to deter-
mine whether T. brucei transports pyruvate into the mito-
chondrion using a putative MPC homolog and address
the relative importance of pyruvate and the pyruvate
transporter in PCF and BSF trypanosomes.

Results

MPC homologs in T. brucei

Two genes encoding putative MPC proteins were identified
in the T. brucei genomic database (www.tritrypdb.org) after
a BLAST search of MPC1, MPC2 and MPC3 from S. cere-
visiae: Tb927.9.3780, annotated as ‘hypothetical protein,
conserved’ was the only result for the SCMPC1 query, while
Tb927.7.3520, annotated as ‘mitochondrial pyruvate car-
rier protein 2, putative’, resulted from BLAST searches
using both ScMPC2 and ScMPC3 as queries. Multiple pro-
tein alignment was generated using homologs from differ-
ent organisms and edited by BMGE (Supporting

133 Information Fig. S1), and an unrooted phylogenetic tree F1
134 was reconstructed using PhyML and MrBayes (Fig. 1A).

135
136
137
138
139

The tree shows that Tb927.9.3780 and Tb927.7.3520 clus-
tered with MPC1 and MPC2/3 orthologs, respectively, with
high statistical support. Based on this analysis, the corre-
sponding T. brucei proteins were designated as TbMPC1
and TbMPC2. Subsequently, a series of in silico analyses
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was performed. The results from MitoProt 1| and PSORTII, 140
which predict mitochondrial targeting sequences and sub- 141
cellular protein locations, indicated the mitochondrial local- 142
ization of both TbMPC1 and TbMPC2 (the calculated 143
probability of mitochondrial import was 0.85 and 0.83, 144
respectively, according to MitoProt II; the PSORTII k-NN 145
prediction was 47.8% mitochondrial for TbMPC1 and 146
43.5% cytosolic for TbMPC2). TMpred and TMHMM were 147
used to predict the location of putative transmembrane heli- 148
ces in TbMPCs and all eukaryotic MPC homologs 149
described thus far (Fig. 1B). Experimental evidence for the 150
membrane topology of ScMPC1 and ScMPC2 according to 151
Bender et al. (2015) was considered. Similar to other ana- 152
lyzed MPCs, TbMPC1 and TbMPC2 contain two and three 153
transmembrane domains, respectively. Notably, in all MPC
sequences, a tryptophan residue is conserved in the puta- 155
tive binding pocket in MPC2 (W89 in TbMPC2), and this 156
amino acid position is substituted with phenylalanine, 157
another aromatic amino acid, in MPC1 (F52 in TbMPC1). 158
The proline forming the hinge region of the SemiSWEET 159
transporter is conserved in all selected MPC2 and most 160
MPC1 homologs, while trypanosomatid MPC1 revealed a 161
proline-alanine substitution (P50 in TbMPC2, A15 in 162
TbMPCH1; Fig. 1B). 163
Based on the results from the in silico analysis, we 164
concluded that the predicted T. brucei MPCs are evolu-
tionary and structurally related to known MPC proteins. 166

—
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TbMPC1 and TbMPC2 localization 167

To determine the cellular localization of MPC paralogs in 168
the PCF and BSF T. brucei, we prepared constructs for 169
expression of TbMPC1 and TbMPC2 with a C-terminal 170
epitope tag. We established PCF cell lines expressing 171
both epitope-tagged TbMPC1 and TbMPC2 and an 172
epitope-tagged TbMPC1 BSF cell line. Despite multiple 173
attempts, we were not successful in obtaining a BSF 174
cell line expressing epitope-tagged TbMPC2. 175
The localization of TOMPC1 and TbMPC2 was investi- 176
gated using immunofluorescence microscopy and Western 177
blotting of subcellular fractions (Fig. 1C, Supporting Informa- 178
tion Fig. S2). In PCF, both TboMPC1 and TbMPC2 were 179
observed in reticular structures that colocalized with mito- 180
chondrial MitoTracker staining (Fig. 1C, panels I, 1l). To 181
prove the presence of TbMPCs in the mitochondrial mem- 182
brane, we fractionated crude mitochondrial preparations to 183
obtain mitochondrial matrix-enriched and membrane- 184
enriched fractions. Western blot analysis confirmed the 185
presence of both TOMPC1 and TbMPC2 only in the mem- 186
brane fractions (Supporting Information Fig. S2). Mitochon- 187
drial membrane localization of TOMPC1 was demonstrated 188
also in BSF (Fig. 1C, panel lll and Supporting Information 189
Fig. S2). 190
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Fig. 1. Phylogeny and
localization of MPC1 and
MPC2/3.

A. An unrooted phylogenetic
tree was reconstructed using
29 selected known and
predicted MPC homologs. The
sequences branched into two
distinct clades containing
MPC1 or MPC2. Bootstrap
values higher than 50 are
shown together with posterior
probability. The scale bar
shows the number of
substitutions per site. The
sequence alignment, full
species nhames and accession
numbers are shown in
Supporting Information Fig.
S1.

B. Alignments of T. brucei
MPC1 and MPC2 protein
sequences to corresponding
orthologs with experimentally
confirmed function. Common
predicted transmembrane
domains (TMpred) are
highlighted by a black line.
Boxed amino acids
correspond to the selected
conserved amino acid
residues present in
functionally important regions
of SemiSWEET transporter
[substrate-binding pocket and
the PQ ‘hinge’ region aiding
the binder clip-like motion of
the transporter (Lee et al.,
2015)].

C. Immunofluorescent
visualization of T. brucei MPC
in PCF (1, 1) and BSF (lll)
cells. Antibodies against V5
and HA tags were used to
detect TOMPC1 and TbMPC2
(green) in PCF, respectively.
V5-tagged TbMPC1 was
detected in BSF. MitoTracker
(MitT) was used to visualize
mitochondria (red), and DAPI
was used to visualize nuclei
and kinetoplasts (blue). DIC,
differential interference
contrast.

Generation of TOMPC1 and TbMPC2 PCF null mutants

and pyruvate uptake analysis

Deletion of the tbmpcl or tbmpc2 gene was accomplished
in wild type PCF (strain 427) by two rounds of transforma-
tion in which the ORFs were replaced by an antibiotic

10 120

Mitodordid ppuvdte aier in Typercsame brucsi 3

TbMPC1

resistance gene. Deletion of both alleles was confirmed in 196

several clones by PCR, and clones B6 (Dtbmpc1-B6) and 197
2C4 (Dtbmpc2-2C4) were selected for further experiments 198
(Fig. 2A). Growth of both KO clones in glucose-containing 199F2
SDM-79 was not significantly affected (Fig. 2B). Thus, 200
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Fig. 2. Analysis of the genotype and growth phenotype of Dtbmpc1-B6 and Dtbmpc2-2C4 in PCF cell lines, and Dtbmpc1-2 and knock-in cell
lines expressing TOMPC1-HA in BSF.

A. PCR analysis of genomic regions flanking tbmpc-coding sequences in wild type and null mutant cell lines. Primers in the mpc coding region
and external to the cassette insertion were used (scheme and Supporting Information Table S1). Water instead of DNA was used in the
negative control. M: molecular weight marker (¥, 500 bp).

B.In vitro growth of the wild type PCF strain (open circles), Dtbmpc1-B6 (triangles) and Dtbmpc2-2C4 (diamonds) cell lines. Average values of
three independent experiments are shown; relative standard deviation was consistently below 10%.

C.Verification of the tbmpcl deletion in the selected Dtbmpcl clone 2 using Southern blot analysis. The membranes were probed against
TbMPC1 and blasticidin deaminase coding regions.

D. Expression of TOMPC1-HA determined by Western blotting in wild type, Dtbmpc1-2, and knock-in BSF cell lines in wild type and Dtbmpc1-
2 background. HSP60 expression was visualized as loading control.

E, F. Growth of BSF wild type (circles), Dtbmpcl-2 (triangles) and knock-in cell lines (wild type 1 TbOMPC1-HA, full squares; Dtbmpc1-

21 TbMPC1-HA, open squares) in HMI-9 (E) or CMM (F). Average values of three independent experiments are shown; relative standard
deviation was consistently below 10%.
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neither TOMPC1 nor TbMPC2 is essential under standard
culture conditions.

The role of TOMPC1 and TbMPC2 in pyruvate import
to mitochondria of PCF trypanosomes was assessed by
measurement of C-pyruvate uptake by mitochondrial
fractions of wild type cells and respective null mutants
(Dtbmpc1-B6, Dtbmpc2-2C4). Incorporation of radioac-
tivity in mitochondrial preparations from both mutant cell
lines was decreased by approximately 60% compared
with wild type samples. A similar decrease in pyruvate
uptake was observed in wild type mitochondria incu-
bated with UK-5099, an inhibitor of MPC and monocar-
boxylate transporters (Halestrap, 1975). On the contrary,
UK-5099 did not affect pyruvate uptake by mitochondrial
preparations from either mutant cell line (Fig. 3). These
results indicate that both TbOMPC1 and TbMPC2 are
needed for inhibitor-sensitive pyruvate import into mito-
chondria and confirm that MPC-mediated pyruvate
uptake in the mitochondrion is abolished in both mutant
cell lines.

Analysis of metabolic end products in Dtbmpc1-B6
and Dtbmpc2-2C4 PCF cell lines

In PCF trypanosomes, phosphoenol pyruvate derived
from glycolysis is further metabolized to succinate in the
glycosome, or in the form of pyruvate, it enters mitochon-
dria, where it is metabolized to acetate and succinate
(Fig. 4). Therefore, we investigated the effect of tbmpcl

3.54

| - UK-5099
o+ UK-5099

™~
w

N

nmol x mg™ x h'!

N
[$)]

0.51

WT Atbmpec1 Atbmpe2

Fig. 3. Effect of the tbmpcl deletion and MPC inhibition by
UK-5099 on pyruvate import into isolated PCF mitochondria. The
import of radiolabeled pyruvate was decreased in Dtbmpc1-B6 and
Dtbmpc2-2C4 compared to wild type samples. The import of
pyruvate in the Dtbmpc1-B6 and Dtbmpc2-2C4 mutants was not
affected using the MPC specific inhibitor UK5099, while import was
reduced twofold in wild type cells. The error bars indicate standard
deviations of three independent experiments.
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and tbmpc2 gene knockouts on the glucose-dependent 228
formation of metabolic end products. In PCF, pyruvate 229
production was increased in both Dtbmpc1-B6 and 230 Dtbmpc2-
2CA4 cell lines compared with wild type samples, 231 consistent
with defective pyruvate transport into the mito- 232 chondrion. In
addition, a significant decrease in acetate 233 and succinate
production was observed in these mutant 234 cell lines (Table
1). Reduced acetate generation in the 235T1 mitochondrion is
consistent with a reduction in mitochon- 236 drial pyruvate
metabolism. Null mutants also displayed a 237
trend towards diminished lactate production (P 5 0.07). It 238
should be noted that pyruvate cannot be reduced to lac- 239
tate in T. brucei due to the lack of lactate dehydrogenase 240
activity. Lactate detected in our assays is expected to be a 241
product of detoxification of methylglyoxal which arises 242
spontaneously in the course of glycolysis (Greig et al., 243
2009). Changes in pyruvate, acetate, succinate and lac- 244
tate levels in wild type samples incubated with UK-5099 245
showed patterns similar to those observed in mutant cell 246
lines, albeit these effects were less pronounced. As 247
expected, the presence of the inhibitor did not affect ace- 248
tate, succinate and lactate levels in mutant cell lines. 249
Together, these results provide further evidence for the 250
involvement of TOMPC1 and TbMPC2 in mitochondrial 251
pyruvate transport. 252
To confirm these data, the end products of glucose and/ 253
or threonine metabolism in wild type and TbMPC null 254
mutant cell lines were investigated using'H-NMR spec- 255
trometry, which facilitates a quantitative comparison, as pre- 256
viously described (Millerioux et al., 2012; Bringaud et al., 257
2015). PCF were incubated in PBS containing 4 mM 258 [U-
8C]glucose in the presence or absence of 4 mM threo- 259
nine prior to "H-NMR quantification of the end products 260
excreted from these carbon sources. In this experiment, 261
threonine-derived acetate production was used as a refer- 262
ence to estimate the impact of tbompc gene deletion on 263
pyruvate-dependent acetate production, as threonine in the 264
incubation buffer served as a substrate for the pyruvate- 265
independent acetate production by threonine degradation 266
pathway (Millerioux et al., 2013). The amount of glucose 267
consumed during the incubation was determined under 268
these conditions and was found to be similar in all three cell 269
lines: 3.33 6 0.36, 3.44 6 0.63and 3.896 0.11 Imol in wild 270
type, Dtompc1-B6 and Dtbmpc2-2C4, respectively [mean 271
of 4 or 5 biological replicates 6 standard deviation (SD)]. 272
Direct visual comparison of cells incubated with and 273
without threonine, irrespective of the cell line, revealed 274
slightly lower motility in samples without threonine, 275
although the cells in all samples were viable at the end 276
of the incubation. Production of '*C-enriched acetate, 277
pyruvate and alanine from [U-'3C]glucose and produc- 278
tion of nonenriched acetate from threonine were quanti- 279
fied for the three cell lines studied (wild type, Dtbmpcl- 280
B6 and Dtbmpc2-2C4; Table 2). No succinate was 281T2
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Fig. 4. Simplified metabolic scheme of T. brucei. A metabolic scheme depicting the fate of glucose (Glc) and the amino acids threonine (Thr),
proline (Pro) and glutamine (GIn). Glucose is eventually converted to cytosolic 3-phosphoglycerate (3-PGA,; * - in case of procyclic cells,
1,3-bisphosphoglycerate is exported from glycosomes) through glycolysis within glycosomes (G) and further oxidized to phosphoenolpyruvate
(PEP) in the cytosol. A part of PEP is transported back to G and metabolized to oxaloacetate (Oxa). Oxa is converted to malate (Mal), a branch-
point intermediate that can be converted to pyruvate (Pyr) or to fumarate (Fum) in the cytosol, leading to the formation of succinate (Suc) in
G, or transported to the mitochondrion (M), where this molecule enters the incomplete tricarboxylic acid cycle (TCA) or is converted to Pyr.
The remaining PEP is converted to Pyr, which is either excreted or transported through MPC (full circle) into M. In the mitochondrial matrix,
Pyr and Thr are metabolized to acetyl CoA (ACoA), which is subsequently catabolized to acetate (Ace). Both Pro and GIn are converted to
glutamate (Glu), which enters the TCA cycle upon transamination with Pyr, yielding alanine (Ala) and 2-oxoglutarate (2-0xo).

2-Oxo is metabolized to mitochondrial succinate (Suc) through TCA enzymes in PCF. During the course of glycolysis, most of

dihydroxyacetone phosphate (DHAP) is converted to glyceraldehyde phosphate (GAP), while a minor part of DHAP is spontaneously
dephosphorylated to methylglyoxal (Mgx). This harmful compound is then detoxified to L-lactate (Lac). The following enzymes are shown:

1 - triose phosphate isomerase; 2 - glyceraldehyde phosphate dehydrogenase; 3 - phosphoglycerate kinase; 4 - phosphoglyceromutase;

5 - enolase; 6 - phosphoenolpyruvate carboxykinase; 7 - malate dehydrogenase; 8 - cytosolic fumarase; 9 - glycosomal fumarate
reductase; 10 - mitochondrial fumarase; 11 - mitochondrial fumarate reductase; 12 - mitochondrial malic enzyme; 13 - pyruvate kinase;

14 - pyruvate dehydrogenase; 15 - threonine dehydrogenase; 16 - 2-amino-3-ketobutyrate coenzyme A ligase; 17 - acetate:succinate
CoA-transferase; 18 - L-proline dehydrogenase; 19 - pyrroline-5-carboxylate dehydrogenase; 20 - glutaminase; 21 - L-alanine
aminotransferase; 22 - nonenzymatic phosphate elimination; 23 - methylglyoxal reductase; 24 - lactaldehyde dehydrogenase; 25 - cytosolic
malic enzyme.

detected, likely reflecting the absence of NaHCOg3 in the
incubation buffer, which was used to support the flux
towards the mitochondrial oxidation of pyruvate at
the expense of the downregulation or suppression of the
succinate fermentation branch. Consistent with the
results of the HPLC analysis, both mutant cell lines pro-
duced elevated levels of pyruvate and decreased levels

was observed in wild type and mutant cell lines,
whereas in the absence of threonine,

mutants.

Table 1. Effect of mpcl and mpc2 gene deletion, PEPCK downregulation and presence of the pyruvate transporter inhibitor (UK-5099) on
the production of metabolic end products in PCF cell lines.

Metabolic end product
Average6 SD [nmol3 h? ' 3 mg protein? ']
(fraction of total metabolites detected)

of glucose-derived acetate compared to wild type cells, 289
regardless of the presence of threonine (Table 2). In the 290
presence of threonine, alanine production from glucose 291

relatively small 293
amounts of alanine were only detected in TOMPC null 294

Cell line n Pyruvate Succinate Lactate Acetate Fumarate Total
Parental 6 3265 (4%) 325619 (45%) 4262 (6%) 325610 (45%) 1.2560.24 (0.17%) 726636
Parental 1 UK5099 3 7461 (13%) 2566 3 (44%) 2162 (4%) 23567 (40%) 1.1060.03 (0.19%) 588612
RNAIPEPCK 3 660 (2%) 5665 (22%) 3864 (15%) 155623 (61%) 0.1860.02 (0.07%) 255632
Dtbmpc1-B6 6 122613 (23%) 236628 (45%) 1463 (3%) 153617 (29%) 1.0660.10 (0.20%) 527651
Dtbmpc1-B6 1 UK5099 3 9563 (19%) 225616 (44%) 1761 (3%) 17368 (34%) 0.8660.09 (0.17%) 511628
Dtbmpc2-2C4 6 135616 (24%) 247612 (44%) 1462 (2%) 16968 (30%) 1.5060.27 (0.27%) 565629
Dtbmpc2-2C4 1 UK5099 3 10662 (20%) 24062 (44%) 1561 (3%) 17861 (34%) 1.2860.07 (0.24%) 54162
Dtbmpcl-B6/RNAPEPCK 3 5364 (28%) 5768 (31%) 1563 (8%) 6266 (33%) 0.2760.00 (0.15%) 187621

Metabolic end products were determined by HPLC. n5 3; The detected differences in metabolites are statistically significant as evaluated
using the Kruskal-Wallis test with a5 0.05.
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Table 2. NMR determination of metabolic end products from glucose (Glc) and L-threonine (Thr) in PCF with deleted mpc1 and mpc2 genes.

Metabolic end products from different substrates
Average6 SD [nmol3 h? '3 mg protein? ']

Glucose Glucose 1 Threonine (Glc1 Thr)
Acetate Total
Pyruvate Alanine
) ; Glc Glc Thr
Cell line Pyruvate  Alanine Acetate Total Gl Thr
Parental 127648 0 11526146 12806193 433676 210658 1101697 28166204 17446178 28166204
Dtbmpcl-B6 1064662 67648 252650 1383670 17386200 270647 407646 31976243 24156219 31976243
Dtbmpc2-2C4 1037640 108630 207658 1352683 17456 36 336659 350654 2443687 24326100 2443687

n5 5. The detected differences in metabolites are statistically significant as evaluated using the Kruskal-Wallis test with a5 0.05.

The preference for threonine over glucose for the gen-
eration of acetate (approximately 2.6:1) was docu-
mented in wild type samples. This ratio was further
increased in both null mutants [approximately 7.9:1 and
7.0:1 in Dtbmpcl-B6 and Dtbmpc2-2C4 cells, respec-
tively (Table 2)], consistent with the expected decrease
in pyruvate import into the mitochondrion. The NMR
analysis showed that acetate production from glucose,
through the pyruvate-dependent pathway, was reduced
approximately threefold and fivefold in the TbMPC null
mutants in the presence and absence of threonine,
respectively. Clearly TbMPC is involved in acetate pro-
duction from pyruvate; however, the significant residual
acetate production from glucose implies that an alterna-
tive route is used in PCF trypanosomes.

Rearrangement of metabolism in Dtbmpc1-B6 PCF
upon knockdown of PEPCK

Glucose-derived malate enters the mitochondrion and
serves as a substrate for the mitochondrial malic enzyme
(mitME) in a reaction yielding pyruvate (Allmann et al.,
2013). We suppressed this pathway in PCF wild type and
Dtbmpc1-B6 cell lines by RNAI targeting phosphoenolpyru-
vate carboxykinase (PEPCK) to distinguish the contribution
of TbMPC1-dependent pyruvate transport and malate-
dependent pyruvate production to the formation of acetate.
Downregulation of PEPCK expression in "NAPEPCK and
Dtbmpc1-B6/"NPEPCK samples was examined using
Western blotting with an anti-PEPCK antibody (Supporting
Information Fig. S3). Clones A11 (RNMPEPCK) and C5
(Dtbmpc1-B6/RNAPEPCK) were selected for further experi-
ments. No PEPCK signal was detected in either clone,
allowing us to assume that PEPCK downregulation was
efficient. To avoid the appearance of revertants of constitu-
tive RNAI, freshly selected cells were used in the assays.
The growth of PCF 427, Dtbmpcl1-B6, RNMAPEPCK and
Dtbmpc1-B6/"NAYPEPCK cell lines in standard SDM79 was
comparable (Supporting Information Fig. S3). The end
products of glucose metabolism were analyzed using

HPLC in knockdown, parental and the Dtbmpc2-2C4 cell 334
lines (Table 1). The production of succinate and fumarate 335
was reduced in both RNAI cell lines, reflecting the partial 336
inhibition of the succinate fermentation pathway. Acetate 337
production was decreased in the RVAPEPCK and 338
Dtbmpc1-B6/"NAPEPCK cell lines compared with the 339
parental wild type and Dtbmpc1-B6 cell lines, respectively, 340
as previously described for the Dpepck mutant (Ebikeme 341
et al., 2010). However, relative acetate production was sim- 342
ilar in Dtbmpc1-B6, Dtbmpc2-2C4 and Dtbmpcl-B6/RNA- 343
PEPCK cell lines (29-33% of the excreted end products 344
from glucose metabolism; Table 1). The same relative pro- 345
duction of acetate, regardless of PEPCK expression, 346
strongly suggests that the contribution of malate to mito- 347
chondrial pyruvate metabolism is not significant. Alterna- 348
tively, the activation of a third unknown adaptive route in the 349

double mutant cannot be excluded. 350

Analysis of the Dtbmpc1 BSF mutant cell line 351

The tbmpcl gene was deleted in the 427 BSF strain. 352
The deletion of both alleles in several clones was con- 353
firmed by Southern blot analysis, and clone 2 354 (Dtbmpcl-
2) was selected for further experiments (Fig. 355 2C). Knock-
in BSF strains expressing epitope-tagged 356 TbMPC1 in
Dtbmpcl-2 as well as wild type background 357 were
generated and the expression of TbMPC1-HA was 358
confirmed by Western blotting (Fig. 2D). Interestingly, 359
the Dtbmpcl-2 BSF cell line did not exhibit any growth 360
defect when cultured in complex HMI-9 medium (Fig. 361
2E), whereas the growth of this mutant was not sup- 362
ported in the recently developed Creek’s minimal culture 363
medium (CMM) (Creek et al., 2013) (Fig. 2F). Growth 364
rates were calculated from data within the linear sec- 365
tions of the curves (96-168 h post introduction to 366
CMM), showing that the growth rate of the deletion 367
mutant reached 36% (relative SD5 1.6%, n5 3) of the 368
wild type cell line (100%, SD 5 6.2%, n 5 3). Partial 369
complementation of the growth phenotype was observed 370
in the knock-in cell line in Dtbompc1-2 background (75%, 371
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SD5 2.2%, n5 3; Fig. 2F). Following the observation of
Dtbmpcl-2 growth defect in CMM, we checked whether
Dtbmpcl-2 showed altered mitochondrial membrane
potential. Parental and Dtbmpcl-2 cells were stained
using tetramethylrhodamide ethyl ester and analyzed by
flow cytometry using a published protocol (see Subrtova
et al., 2015, and Supporting Information). No change in
the potential was observed in cells cultured in either
media (Mann-Whitney U-test5 4; P5 1.0; n5 3 for both
HMI-9 and CMM). Next, we attempted to supplement
CMM with all individual components of HMI-9 which are
missing in CMM (see Supporting Information Table S5
in Creek et al., 2015) at concentrations present in HMI-
9. All individual supplements were tested in a pilot
screen aimed at identifying a supplement which (i)
would restore the growth of Dtbmpc1-2 cell line in CMM
and (ii) would not affect the growth of parental T. brucei
Lister 427 BSF. The cells were diluted to 23 10* cells
per ml, aliquoted at 2 ml in culture plates and counted
for 3 days after inoculation. HMI-9 and CMM were used
as controls. No tested component of HMI-9 matched
both requirements, leading us to the conclusion that the
growth defect of Dtbmpcl-2 in CMM is not caused by
the lack of a single missing component present in HMI-
9.

Because the in vitro growth of the Dtbmpcl-2 BSF
mutant in CMM was affected, we compared the develop-
ment of infection in mice. All mice infected with wild type
parasites died within 5 days of inoculation, whereas only
two out of five Dtbmpcl-2-infected mice died within 10

402 days according to Kaplan-Meier survival curves (logF5 403
rank test5 9.29; P <0.01; Fig. 5). Mice infected with the

404
405
406
407
408
409
410

wild type strain also showed high parasitemia, with a
maximum of 13 10 trypanosomes per ml at 72 h
post-inoculation of thza1 parasites. In contrast, the parasit-
emia in mice infected with Dtbmpc1-2 was considerably
lower, with a maximum of approximately 23 10  try-
panosomes per ml at 96 h post-infection, foIIoweciOby a
subsequent decline. Taken together, these data suggest
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Fig. 5. Effect of the tbmpc1 deletion in BSF on the viability of
infected mice (n 5 5). Survival analysis of wild type- (circles) and
Dtbmpc1-2-infected mice (triangles).
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that in BSF T. brucei TbMPC1 plays an important role in 411
vivo and under specific conditions in vitro. 412
To study acetate production from glucose, the 413 Dtbmpcl-
2, tbmpc1”! (single allele mutant) and wild type 414 427 BSF
trypanosomes were incubated in PBS containing 415 [U-
3C]glucose and threonine for the 'H-NMR quantifica- 416 tion
of excreted end products, as previously described 417 (Mazet
et al., 2013; Creek et al., 2015). Apart from pyru- 418
vate, which represents ~85% of the end products excreted 419
from glucose, alanine, acetate and lactate were detected 420
using 'H-NMR. Differences in the levels of acetate pro- 421
duced from glucose and the ratio of threonine/glucose utili- 422
zation for acetate production were observed. Similar to 423
observations in PCF, the rate of glucose-derived acetate 424
production was significantly decreased in the Dtbmpcl-2 425
cellline (4.6-fold) compared to wild type cells. In addition, 426
an intermediate situation was observed for the tbmpc1”t 427
cell line with a 1.5-fold reduction of glucose-derived acetate 428
production compared to wild type (Table 3). This effect429T3
shifted the ratio of threonine to glucose utilization for ace- 430
tate production from approximately 0.8 in wild type cells to 431
1.3 and 3.7 in the tbmpcl’! and Dtbmpcl-2 cell lines, 432
respectively. As observed for the PCF mutants, the 433
results of the NMR analyses are consistent with a role for 434
TbMPC in pyruvate transport to the mitochondria in BSF 435

trypanosomes. 436

Discussion 437

In this study, we assign a pyruvate transport function to 438
two MPC proteins (TbMPC1 and TbMPC2) in the para- 439
sitic protist T. brucei. We demonstrated that both MPC 440
subunits localized in the mitochondrial membrane of 441
PCF T. brucei, and we showed the importance of both 442
subunits for pyruvate uptake using null mutant cell lines. 443
We also addressed the adaptations of metabolic fluxes 444
in MPC deletion mutants in both PCF and BSF trypano- 445
somes and investigated the phenotype of BSF tbmpcl 446
null mutants in vivo in mouse infections. 447
In the genome of T. brucei, we identified two MPC paral- 448
ogs. MPC proteins are members of the MiN3-like clan, 449
bearing structural similarity to bacterial SemiSWEET pro- 450
teins that mediate sugar transport (Vanderperre et al., 451
2014). Whereas the SemiSWEET transporter functions as 452
a symmetrical dimer of triple-helix units, the pyruvate car- 453
rier is asymmetrical, comprising two TM helices of MPC1 454
and three TM helices of MPC2 (Bender et al., 2015). We 455
analyzed the primary sequences of MPCs described thus 456
far and TbMPCs, focusing on conserved amino acids impli- 457
cated in SemiSWEET transport function. In all analyzed 458
MPC proteins, a conserved tryptophan typical of the Semi- 459
SWEET binding pocket is present in MPC2 and substituted 460
for phenylalanine in MPC1 proteins. However, it is unlikely 461
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Table 3. Effect of mpc1 gene deletion (-/-) and single allele mpc1 deletion (-/1) in BSF on the production of glucose-derived metabolic end
products using NMR.

Metabolic end products
Average6 SD [nmol3 h? '3 mg protein? ]

Acetate Total
Pyruvate Alanine
Cell line Glc Glc Glc Thr Glc Thr
Parental 13,2776 2076 16486 252 5326116 410689 15,686 6 2384 410689
Dtbmpc1/t 11,3076 2351 13816292 354693 4356134 13,1176 2591 4356134
Dtbmpc1-27- 11,2806 1358 12406 256 116670 4266 108 12,8256 1597 4266108

n5 10. The values indicated in bold represent statistically significant differences in the production of a given metabolite as evaluated using the
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Kruskal-Wallis test, with a5 0.05.

that this substitution affects the transport function of
MPCs, as a corresponding tryptophan to phenylalanine
mutation in the SemiSWEET transporter did not affect
sucrose uptake through SemiSWEET proteins in a lipo-
some assay (Lee et al., 2015). The different number of
transmembrane helices in SemiSWEET and MPC trans-
porters results in differences in the binding pocket, which
can explain the specificity of the transported substrates
(sucrose uniport vs. pyruvate-proton symport). A rather
surprising finding concerns the expected hinge region of
TbMPC1. All other analyzed MPC1 subunits presented a
conserved proline in the second TM helix, consistent with
Lee et al. (2015), which serves as an important molecular
hinge for the binder cliplike transition between
inward-open and outward-open states of the transporter
in SemiSWEET proteins and proteins from the PQ-loop
family. A proline-to-alanine substitution in SemiSWEET at
this site strongly diminishes sucrose transport (Lee et al.,
2015). The same substitution is present in TOMPC1. We
propose that for the opening of TbMPC pore, it is suffi-
cient for proline-induced intramolecular conformational
changes to occur in only one protomer.

Both TbMPC1 and TbMPC2 proteins were localized
to the mitochondria of PCF trypanosomes by indirect
immunofluorescence, and the expression of both pro-
teins was detected in mitochondrial membrane fractions.
This result is consistent with previous finding of these
proteins in the PCF mitochondrial proteome (Panigrahi
et al., 2009). The mitochondrial localization of TbMPC1
was also determined in BSF. No staining for TbMPC1
was detected at the BSF plasma membrane, precluding
the involvement of MPC in the export of pyruvate as a
metabolic end product. It has recently been reported
that pyruvate export is mediated through distinct TbPT
transporters (Sanchez, 2013). Although we were unable
to express TbMPC2 in BSF, the localization of TbMPC2
in the BSF mitochondrion is conceivable based on the
localization in PCF and the reported association of
MPC1 with MPC2 in other species (Bricker et al., 2012;
Herzig et al., 2012).

The essential function of both TbMPC1 and TbMPC2
for mitochondrial pyruvate transport was directly demon-
strated by monitoring C-pyruvate uptake in mitochon-
dria isolated from PCF wild type and TbMPC null
mutants. TbMPC-dependent pyruvate import accounted
for the total inhibitor-sensitive import, consistent with
observations in S. cerevisiae (Herzig et al., 2012). Func-
tional transport complexes were not detected in either
Dtbmpcl-B6 or Dtbmpc2-2C4 cell lines, consistent with

502
503
504
505
506
507
508
509
510

available data from yeast (Herzig et al., 2012; Bender 511

etal., 2015).

The analysis of the metabolic end products in cell
lines lacking either TbMPC subunit strengthened the
notion that TOMPCs represent pyruvate transporters in
PCF and BSF trypanosomes. Specifically, the decreased
production of glucose-derived acetate in both BSF and
PCF lacking one tbmpc gene most likely reflects a
decreased intramitochondrial pyruvate concentration.
However, some glucose-derived acetate is still produced
in both PCF and BSF mutant cell lines, while acetate
production from glucose is abolished in both BSF and
PCF cell lines upon knock down of the subunit E2 of
pyruvate dehydrogenase (RNAPDH-E2) (Mazet et al.,
2013; Millerioux et al., 2013). This finding supports the
view that an alternative route is used in both trypano-
some stages to produce/import glucose-derived pyru-
vate in the mitochondrion. According to the current
model of PCF central metabolism, a significant part of
the flux from glucose diverted to the glycosome for
malate production is exchanged with the mitochondrion
to produce pyruvate through mitME inside the mito-
chondrion (Allmann et al., 2013). This hypothesis is con-
sistent with the observed decrease in succinate
production based on HPLC analysis in both PCF null
mutants, as a higher proportion of malate would be
used as a substrate for mitME to compensate for the
lack of pyruvate transport through MPC, eventually lead-
ing to a decrease in succinate levels. To further address
this hypothesis, we analyzed metabolic perturbations or
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PCF cell lines in which the first step of the glycosomal
succinate branch is downregulated. The control RNA-
PEPCK cell line showed a 2-fold reduction of acetate
production compared to the wild type parasite, consist-
ent with previous analyses of the Dpepck mutant (Ebi-
keme et al.,, 2010). A similar reduction of the rate of
acetate production was also observed in Dtbmpcl-
B6/RNAPEPCK compared to Dtbmpcl (2.5-fold). These
data suggest that either the pathway comprising
PEPCK, malate dehydrogenase and mitME contributes
poorly to pyruvate/acetate production from glucose in
the mitochondrion, or a third route is used in the
Dtbmpcl-B6/RNAPEPCK  cell line, that is, MPC-
independent mitochondrial pyruvate transport. Indeed,
approximately 40% of the total pyruvate uptake was
observed in mitochondria treated with UK-5099 and
MPC knock-out cell lines, which is in favour of an alter-
native pyruvate transporter, such as a member of the
monocarboxylate transporter family with broader speci-
ficity. Monocarboxylate transporters are typically present
at the cell surface, but the mitochondrial localization of
these proteins has been reported in rats and baker's
yeast (Nalecz et al., 1991; Butiz et al., 2004). However,
it cannot be excluded that the mitochondrial membrane
integrity of digitonin-permeabilized cells was partially
affected in our experiments, facilitating the passive diffu-
sion of 'C-pyruvate into the mitochondrion. Clearly,
additional experiments are required to understand how
glucose-derived acetate is produced in Dtbmpc mutant
cell lines.

The upregulation of TbMPC proteins in PCF was
observed in two proteomic studies, with a fivefold upreg-
ulation for TbMPC1 and a fourfold upregulation for
TbMPC2 according to Butter et al. (2013) and twofold
upregulation for TbOMPC1 according to Urbaniak et al.
(2012). This finding is consistent with a higher propor-
tion of glucose-derived pyruvate converted into acetate
in PCF compared to BSF, representing up to 70% and
5% of the end products excreted from glucose metabo-
lism, respectively (Mazet et al., 2013; Bringaud et al.,
2015). As expected, no growth defect was apparent in
either PCF Dtbmpc1-B6 or Dtbmpc2-2C4 cells in vitro,
as the acetate production capacity was not impaired,
that is, both mutant cell lines still produced acetate from
glucose and threonine, the other source of acetate pres-
ent in the growth medium.

In contrast to PCF trypanosomes, the MPC gene
deletion seems to affect BSF metabolism because (i)
the growth of the Dtbmpcl-2 BSF cells was not sup-
ported in CMM minimal medium compared with the wild
type cells, (ii) we were unable to either express or knock
out TOMPC2 in BSF and (iii) the Dtbmpc1-2 BSF mutant
showed reduced lethality of infection in mice. Although
pyruvate is the principal metabolic end product excreted
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from glucose metabolism in BSF trypanosomes, the 59
diminished pyruvate transport into the mitochondrion 597
strongly affected this parasite, as an 80% reduction in 598
acetate production was observed in the Dtbmpcl-2 599
mutant (Table 3). In the mitochondrion, pyruvate is fur- 600
ther oxidized by PDH, generating acetyl-CoA and even- 601
tually acetate. It was recently shown that PDH and 602
threonine dehydrogenase (TDH) are synergistically 603
essential for the growth of BSF in rich medium because 604
of acetate production; both "NPDH-E2 and Dtdh single 605
mutants remain viable under these conditions. Accord- 606
ingly, the RNAPDH-E2 cell line is lethal in the absence of 607
threonine (Mazet et al., 2013). Interestingly, the growth 608
of the DTbMPC1 BSF mutant in CMM could not be res- 609
cued by threonine, suggesting that the observed reduc- 610
tion in acetyl-CoA or acetate production is not 611
responsible for Dtbmpcl-2 death. Alternatively, we 612
hypothesize that MPC is necessary in BSF for supplying 613
the substrate for mitochondrial alanine aminotransferase 614
(AAT). It has been suggested that AAT catalyzing the 615
transamination of pyruvate and glutamate into alanine 616
and a-ketoglutarate is essential in both PCF and BSF 617
(Spitznagel et al., 2009). No activity of the downstream 618
enzyme, a-ketoglutarate dehydrogenase, could be 619
detected in bloodstream T. brucei (Sykes and Hajduk, 620
2013), suggesting that the essential function of AAT 621
might not be directly connected to cellular metabolism. 622
In this context, the question of availability of alanine for 623
mitochondrial translation should be addressed: while it 624
is well documented that mitochondrial translation is 625
essential in both procyclic and bloodstream T. brucei 626
(Cristodero et al., 2010), information on amino acid 627
import into the mitochondrion is very limited in T. brucei 6238
(de Macedo et al., 2015) and surprisingly scarce in gen- 629
eral (King, 2007). 630

In summary, we identified a mitochondrial pyruvate 631
transporter comprising two subunits and described the 632
properties and function of this protein in the metabolism 633
of a human parasite and an important model organism, 634
T. brucei. Furthermore, these data support the recently 635
emerging picture of BSF functioning well beyond glycol- 636
ysis, with unexpectedly active mitochondrial metabolic 637
pathways (Roldan et al., 2011; Mazet et al., 2013; Creek 638

etal., 2015). 639
Materials and methods 640
In silico analyses 641

Putative mpcl and mpc2 genes were identified using 642
BLAST in the T. brucei genome database (www.tri- 643
trypdb.org) (Aslett et al., 2010). Both genes were 644
aligned to 29 selected MPC homologs obtained by a 645


http://www.tritrypdb.org/
http://www.tritrypdb.org/

AQl

646 BLAST search using S. cerevisiae MPCs as queries
647 using Muscle 3.8.425 software (default parameters)
648 (Edgar, 2004) and trimmed with BMGE 1.12 (-b 1 -m
649 BLOSUM30) (Criscuolo and Gribaldo, 2010). The pro-
650 tein evolution model was selected using ProtTest 3.2
651 (Darriba et al., 2011). PhyML 2.2.0 (topology search:
652 best of NNIs and SPRs, initial tree: BioNJ, Substitution
653 model: LG, proportion of invariable sites: fixed (0),
654 gamma distribution parameter: estimated; number of
655 categories: 4; bootstrap replicates: 500) (Guindon and
656 Gascuel, 2003) and MrBayes 3.2.2 (rate matrix: LG;
657 rate variation: gamma; gamma categories: 4; chain
658 length: 2,000,000; heated chains: 4; heated chain temp:
659 0.2; burn-in length: 500,000) (Huelsenbeck and Ron-
660 quist, 2001) were used to reconstruct the phylogenetic
661 tree. Transmembrane domains were predicted using the
662 TMHMM Server 2.0 (Krogh et al.,, 2001) and TMPred
663 (Hofmann and Stoffel, 1993). MitoProt (Claros and Vin-
664 cens, 1996) and PSORTII (Nakai and Horton, 1999)
665 were used to predict subcellular localization.

666 Cell cultivation

667 T. brucei PCF strains 427 and 29-13 (expressing TetR
668 and T7RNAP) (Wirtz et al., 1999) were grown at 27sC in
669 SDM-79 medium (Brun and Schonenberger, 1979) sup-
670 plemented with 10% (v/v) fetal calf serum. T. brucei
671 BSF 427 and New York Single Marker (SM, expressing
672 TetR and T7RNAP) (Wirtz et al., 1999) strains of the
673 same species were grown in HMI-9 medium supple-
674 mented with 10% (v/v) fetal calf serum (Hirumi and Hir-
675 umi, 1989) or CMM supplemented with 10% (v/v) fetal
676 calf serum (Creek et al., 2013) at 37sC in 5% CO,. PCF
677 29-13 T. brucei were grown in the presence of hygromy-
678 cin (25 1g/ml) and G418 (15 1g/ml), BSF SM cells were
679 grown in the presence of G418 (1.5 1g/ml). The follow-
680 ing concentrations were used for additional antibiotics in
681 cultures of PCF cell lines after transformation: 1 lg/ml
682 of puromycin, 2.5 1g/ml of phleomycin and 10 1g/ml of
683 blasticidin. For BSF mutant cell lines, puromycin at 0.1
684 1g/ml, blasticidin at 5 1g/ml and phleomycin at 2.5 1g/ml
685 were used. A Z2 cell counter (Beckman Coulter, USA)
686 was used to count the growing trypanosome cultures.
687 The cells were maintained at the exponential growth
688 phase (PCF and BSF were diluted daily to 23 10° and
689 13 104 respectively), and cumulative cell numbers were
690 calculated.

691 Generation of mutant cell lines

692 Tagged TbMPC1 and TbMPC2 were expressed in PCF
693 29-13 and BSF SM trypanosomes. The entire tbmpcl
694 ORF was PCR-amplified from PCF Th427 gDNA using
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the appropriate primers (see Supporting Information 695
Table S1) and subcloned into plasmid pT7-3V5-PAC 69%
(Flaspohler et al., 2010) with a C-terminal V5 tag and a 697
puromycin resistance marker. Plasmid pJH54, with a tri- 698
ple HA tag bearing the phleomycin resistance marker 699
(derived from pLEW100; a kind gift from C. Clayton, 700
University of Heidelberg, Germany), was used for 701
expression of whole tbmpc2 ORF. 702
To generate tbmpcl and tbmpc2 null mutants, the 5%- 703
and 3%flanking regions of tompcl and tbmpc2 ORFs 704
were PCR amplified (see Supporting Information Table 705
S1 for primers) and sequentially inserted into the plas- 706
mids pBS-blast and pBS-phleo (Ruepp et al., 1997), 707
resulting in four plasmids in which the genes encoding 708
blasticidin deaminase or bleomycin binding protein were 709
flanked by 5°and 3%UTRs of TbMPC1 or TbMPC2. Two 710
rounds of transformation and selection were required to 711
obtain Dtbmpc1 and Dtbmpc2 clonal cell lines. 712
Knock-in BSF strains expressing TbMPC1-HA in 713
Dtbmpcl-2 as well as wild type background were gener- 714
ated using the plasmid pHD1034 (Quijada et al., 2002). 715
Puromycin was used to select stable transformants and the 716
ectopic expression of tagged TbMPC1 driven by an rRNA 717
promoter was checked by Western blotting with a mouse 718
monoclonal anti-HA-tag antibody (Sigma-Aldrich, USA). 719
To generate cell lines showing the constitutively 720
downregulated expression of PEPCK, a sense-antisense 721
fragment, comprising the 3 portion of PEPCK 722
(Tb927.2.4210) coding sequence and the beginning of the 723
3UTR of PEPCK, was excised from an existing vector 724
(Coustou et al., 2008) and inserted in pHD1034 to generate 725
the PEPCK RNAI vector. Wild type and Dtbmpcl1-B6 PCF 726
cell lines were used as parental cell lines for the transfor- 727
mations. The downregulation of PEPCK expression in both 728
resulting cell lines was evaluated through Western blotting 729
with an anti-PEPCK antibody (a kind gift from Thomas See- 730
beck, University of Bern, Switzerland). 731
Linearized plasmids were electroporated into parental 732
PCF T. brucei using two subsequent pulses (1500 V and 733
1700 V) with a Gene Pulser Xcell (Bio-Rad, USA) (Von- 734
druskova et al., 2005), or parental BSF was transfected 735
using an Amaxa Nucleofector (Lonza, Switzerland) 736
(Burkard et al., 2011), respectively. The transformed 737
cells were subjected to limiting dilution. The growth of 738
PCF clones was facilitated using parental feeder cells in 739
conditioned medium and a 5% CO; atmosphere 740
(pouches with CO, gen compact, Oxoid). 741

Southern blotting 742

Genomic DNA was isolated from cultures of BSF T. bru- 743
cei 427 and Dtbmpcl-2 strains using the TELT method 744
(Medina-Acosta and Cross, 1993) and digested with 745
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746 BamHI or EcoRV enzymes. Approximately 10 1g of
747 digested gDNA was loaded per well. Gel electrophoresis
748 and Southern blotting was performed using standard
749 procedures (Southern, 2006). Digoxigenin-labeled
750 probes for the complete coding sequences of TbMPC1
751 and blasticidine deaminase were prepared using the
752 PCR DIG Probe Synthesis Kit (Roche) with the primers
753 listed in Supporting Information Table S1. Hybridization
754 was conducted using DIG Easy Hyb buffer at 42:C.
755 Washing and blocking buffers and anti-digoxigenin-
756 alkaline phosphatase with CSPD as substrate were pur-
757 chased from Roche. Chemiluminiscent signal was
758 detected on ImageQuant LAS4000 (GE Healthcare).

759 Fluorescence microscopy

760 Approximately 2 3 106 PCF and BSF trypanosomes
761 were used per slide. The PCF cells were incubated with
762 0.5 1M Mitotracker Red CMXRos (Life Technologies,
763 USA) for 10 min in SDM-79 at 27sC, washed with
764 phosphate-buffered saline (PBS), incubated in SDM-79
765 media for another 20 min and subsequently washed
766 with PBS. The cells were fixed and permeabilized on
767 the slides using -20s8C cold methanol for 5 min, followed
768 by 5 min incubation in -20sC cold acetone.

769 BSF trypanosomes were incubated with 25 nM Mito-
770 tracker Red CMXRos for 30 min in HMI-O in 37sC, col-
771 lected by centrifugation and incubated again for 10 min
772 in HMI-9, followed by washing with PBS. The cells were
773 fixed on slides using 3.6% formaldehyde for 15 min at
774 room temperature, washed with PBS and permeabilized
775 using 0.1% Triton X-100 for 10 min.

776 The slides were incubated in blocking solution (0.25%
777 bovine serum albumin, 0.25% gelatin and 0.05% Tween
7786 20 in PBS) for 1 h at room temperature. Expressed
779  TbMPC1-V5 and TbMPC2-HA were visualized using
780 mouse monoclonal anti-V5-tag and anti-HA-tag antibod-
781 ies, respectively (both from Sigma-Aldrich, USA), and a
782 secondary donkey anti-mouse Alexa Fluor 488 antibody
783 (Life Technologies, USA). The cells were mounted in
784 Vectashield with DAPI (Vector Laboratories, USA) and
785 observed using an Olympus |X81 microscope. The
786 images were captured using a Hamamatsu Orca-AG
787 digital camera and processed using cell*R imaging soft-
788 ware (Olympus, Japan).

789 Infection of mice

790 Female 8-week-old Balb/c mice (n 5 5) were intraperito-
791 neally infected with 5 3 10* BSF trypanosomes. Prior to
792 inoculation, the cells were harvested in mid-log phase
793 from HMI-9 medium and washed once in PBS. Parasite-
794 mia was counted in Diff-Quik-stained (Medion Diagnos-
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tics, USA) smears prepared from the tail blood of 795
infected mice. Animal handling was approved by the 79
Czech Ministry of Agriculture (53407/ENV/13-2300/630/ 797
13). The acquired data were analyzed by Kaplan-Meier 798
survival analysis in MedCalc (MedCalc Software). 799

Cell fractionation 800

Crude mitochondrial fractions were obtained through 801
digitonin solubilization according to Smid et al. (2006). 802
The integrity of the mitochondria and purity of the frac- 803
tions were assessed after measuring activities of the 804
cytosolic enzyme pyruvate kinase and the mitochondrial 805
enzyme threonine dehydrogenase as markers for cyto- 806
solic and mitochondrial fractions, respectively. The 807
extent of cross-contamination of the fractions was con- 808
sistently below 2%. The mitochondrial membrane and 809
matrix fractions were isolated using digitonin according 810
to Mach et al. (2013). 811

To localize expressed recombinant TbMPC1 and 812
TbMPC2 proteins, individual cell fractions were sepa- 813
rated using SDS-PAGE, followed by Western blotting 814
and visualization using mouse monoclonal anti V5-tag 815
and anti HA-tag antibodies, respectively, and 816
peroxidase-conjugated goat anti-mouse IgG (Sigma- 817
Aldrich, USA). The purity of fractions was evaluated 818
using antibodies against mitochondrial matrix (HSP60), 819
mitochondrial membrane (porin) and cytosolic (enolase) 820
marker proteins, kind gifts of S.L. Hajduk (University of 821
Georgia, USA), M. Chaudhuri (Meharry Medical College, 822
USA) and P. Michels (Catholic University of Louvain, 823
Belgium), respectively. 824

Pyruvate uptake 825

Uptake of radioactively labeled pyruvate was performed 826
with digitonin-solubilized cells. Pyruvate stock solution 827
was prepared after mixing nine volumes of 2 mM cold 828
pyruvate with one volume of 2 mM [2-"“C]-labeled pyru- 829
vate (ARC, USA). Following solubilization, the cell pel- 830
lets (3.5 mg; equivalent of 5-6 3 10% cells) were stored 831
on ice. For pyruvate import, the pellet was resuspended 832
in 200 1I of mannitol buffer, pH 7.4 (650 mM mannitol, 833
50 mM potassium phosphate, 1 mM EGTA, 0.1% BSA, 834
10 mM MgSO4 and 1 mM ATP), and incubated on ice 835
for 5 min. Next, the samples were pelleted and resus- 836
pended in 200 1l of mannitol buffer, pH 6.3, containing 837
200 1M UK-5099 [alpha-cyano-beta-(2-phenylindol-3- 838
yh)acrylate] or the same volume of DMSO (2 1l) for 2 839
min at 27sC. Subsequently, 100 1M pyruvate diluted 840
from the stock solution was added, and the samples 841
were incubated at 27sC for 15 min. The reaction was 842
quenched after the addition of 1 ml ice-cold mannitol 843
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844 buffer, pH 7.4, containing 10 mM pyruvate. The perme-
845 abilized cells were washed four times in quenching
846 buffer and resuspended in 1 ml AquaLuma (Lumac Sys-
847 tems, USA) for scintillation counting.

848 Analysis of excreted end products from metabolism of
849 carbon sources

850 High-performance liquid chromatography (HPLC) and
851 nuclear magnetic resonance (NMR) were used to iden-
852 tify and quantify the end products of glucose or L-threo-
853 nine metabolism.

854 HPLC analysis was performed using on a Hi-Plex H
855 column (3003 7.7 mm, 81m) (Polymer laboratories,
856 USA) at 65sC and a flow rate of 0.4 ml/min, using 5 mM
857 H,SO4 as eluent. The amount of the metabolite was
858 quantified as absorbance at 205 nm. The system was
859 calibrated by 5-point external calibration curves of differ-
860 ent concentrations of metabolites expected to be pres-
861 ent in the samples. The samples were prepared using
862 the following method: 10® trypanosomes per sample
863 were collected through centrifugation, washed and
864 resuspended in glucose incubation buffer (PBS with
865 24 mM NaHCO3; and 10 mM glucose, pH 7.3) with 10
866 1M UK-5099 or the same volume of DMSO (2 1I) to final
867 volume of 200 1l and incubated for 2 h at 27sC. Subse-
868 quently, the cells were centrifuged, and the supernatant
869 was filtered through a 0.22-mm filter and 30 1l was
870 loaded onto the HPLC column. The output was visual-
871 ized and analyzed using Clarity 5 software (DataApex).
872 NMR analyses of end products excreted from glucose
873 and/or threonine metabolism were performed according
874 to Millerioux et al. (2013) for PCF and Mazet et al.
875 (2013) for BSF. T. brucei PCF (53 107) or BSF
876 (2.53 107) cells were collected after centrifugation at
877 1400 g for 10 min, washed once with phosphate-
878 buffered saline (PBS) containing 4 mM glucose (BSF) or
879 no glucose (PCF) and incubated for 6 h at 27sC (PCF)
880 or 5 h at 37sC (BSF) in 2.5 ml of PBS buffer (pH 7.4)
881 containing 4 mM [U-"3C]glucose in the presence or
882 absence of 4 mM threonine. The integrity of the cells
883 during the incubation was assessed through microscopic
884 observation. The supernatant was collected, and 50 ml
885 of maleate solution in D,O (20 mM) was added as an
886 internal reference. '"H-NMR spectra were performed at
887 125.77 MHz using a Bruker DPX500 spectrometer
888 equipped with a 5 mm broadband probe head. Measure-
839 ments were recorded at 25sC using the ERETIC
890 method. This method provides an electronically synthe-
891 sized reference signal. The following acquisition condi-
892 tions were used: 90s flip angle, 5000 Hz spectral width,
893 32 K memory size and 9.3 sec total recycle time. Meas-
894 urements were performed with 256 scans for a total
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time close to 40 min. Prior to each experiment, the 895
phase of the ERETIC peak was precisely adjusted. 89
Resonances of the obtained spectra were integrated, 897
and the results were expressed relative to ERETIC peak 898
integration. The linear production of end products of 899
metabolism of [U-'°C]-glucose ('*C-enriched pyruvate 900
and acetate) throughout the experiment was confirmed 901
by H-NMR quantification of the end products excreted 902
by the wild type trypanosomes incubated for 6 h in PBS 903
containing 4 mM [U-"3C]-glucose. 904
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