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ARTICLE INFO ABSTRACT

Keywords: Hydroperoxide reduction in African trypanosomes relies on 2-Cys-peroxiredoxins (Prxs) and glutathione per-

Peroxiredoxin oxidase-type enzymes (Pxs) which both obtain their reducing equivalents from the trypanothione/tryparedoxin

TFYPaTEdO’_(iH couple and thus act as tryparedoxin peroxidases. While the cytosolic forms of the peroxidases are essential, the

F;ryl’amﬂ“o“z ) mitochondrial mPrx and Px III appear dispensable in bloodstream Trypanosoma brucei. This led to the suggestion
rypanosoma brucet that in this developmental stage which is characterized by a mitochondrion that lacks an active respiratory

Mitochondrion . . . . . .

0GEP2 chain, only one of the two peroxidases might be required. Here we show that bloodstream cells in which the Px

III gene is deleted and mPrx is down-regulated by RNA interference, proliferate as the parental cells indicating
that both mitochondrial peroxidases are dispensable. However, when we raised the culture temperature to 39 °C,
mPrx-depleted cells died indicating that under conditions mimicking a fever situation in the mammalian host,
the protein becomes essential. In contrast, depletion of mPrx in insect stage procyclic T. brucei causes a pro-
liferation defect under standard conditions at 27 °C, in the absence of any stress. In the absence of mPrx, a
tryparedoxin-coupled roGFP2 biosensor expressed in the mitochondrial matrix is unable to respond to antimycin
A treatment. Thus mPrx reduces mitochondrial H,O, with the generation of trypanothione disulfide and acts as
peroxidase. However, mPrx-depleted procyclic cells neither display any alteration in the cytosolic or mi-
tochondrial trypanothione redox state nor increased sensitivity towards exogenous oxidative stressors suggesting
that the peroxidase activity is not the crucial physiological function. After prolonged mPrx-depletion, the cells
almost stop proliferation and display a highly elongated shape and diminished MitoTracker Red staining. In
contrast to the situation in the mammalian bloodstream T. brucei and Leishmania, mPrx appears to play a con-
stitutive role for the morphology, mitochondrial function and proliferation of the insect stage of African try-
panosomes.

1. Introduction species). African trypanosomes are obligate extracellular parasitic

protozoa that multiply as bloodstream (BS) form in the mammalian host

Peroxiredoxins (Prxs) are ubiquitous and abundant proteins.
Originally discovered as highly efficient reductases of H,O,, peroxyni-
trite and a wide range of organic hydroperoxides, Prxs are now known
to play important roles in cellular redox signaling relays and also as
chaperones (for recent reviews see Ref. [1-3]. As demonstrated for the
cytosolic Prx1 and Prx2 in yeast, the proteins act as both peroxidases
and thiol-independent molecular chaperones. Under oxidative stress or
heat shock conditions, Prx1 is hyper-oxidized and forms high molecular
weight complexes which lack peroxidase activity but act as super-cha-
perone [4].

Trypanosomatids are the causative agents of African sleeping sick-
ness and Nagana cattle disease (Trypanosoma brucei species), Chagas’
disease (T. cruzi) and the various forms of leishmaniasis (Leishmania

and as procyclic (PC) form in the tsetse fly vector. BS T. brucei rely on
glycolysis for energy supply whereas the PC stage has a fully elaborated
mitochondrion and gains ATP via oxidative phosphorylation. All try-
panosomatids lack glutathione reductases and thioredoxin reductases
but have a thiol redox metabolism that is based on trypanothione [N?,
NS-bis(glutathionyl)spermidine, T(SH),)] and the flavoenzyme trypa-
nothione reductase (TR) [5-8]. The trypanothione system delivers the
reducing equivalents for a wide variety of essential pathways. In most
of the reactions, tryparedoxin (Tpx), a thioredoxin-like oxidoreductase,
catalyzes the electron transfer from T(SH), onto the respective target
protein [6-8].

Trypanosomes lack catalase. Hydroperoxides are detoxified by Prxs
[9,10] and non-selenium glutathione peroxidase-type (Px) enzymes
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Abbreviations:

BS bloodstream

cPrx cytosolic 2-Cys-peroxiredoxin

KO knockout

LipDH lipoamide dehydrogenase

mPrx mitochondrial 2-Cys-peroxiredoxin

PC procyclic

Px glutathione peroxidase-type tryparedoxin peroxidase
RNAi RNA interference

SKO single knockout
T. brucei Trypanosoma brucei

T. cruzi Trypanosoma cruzi

Tpx tryparedoxin

Tpx-roGFP2 tryparedoxin-coupled redox sensitive green fluorescent
protein 2

mito-roGFP2-Tpx roGFP2-Tpx sensor with mitochondrial targeting
sequence

Tet tetracycline

TR trypanothione reductase

Trx thioredoxin

T(SH), trypanothione

TS, trypanothione disulfide

WT wildtype

[10-12]. Whereas the latter enzymes preferably detoxify lipid-derived
hydroperoxides [13-15], the Prxs use hydrogen peroxide and perox-
ynitrite as main substrates [16,17]. Both types of peroxidases obtain
their reducing equivalents from the T(SH),/Tpx couple and thus act as
tryparedoxin peroxidases [6,8,11,18,19].

In T. brucei, three virtually identical Px-type enzymes are localized
in the cytosol (Px I and II) and mitochondrion (Px III). RNA-interference
against the peroxidases, which depletes all three proteins simulta-
neously, results in a severe growth defect in both BS and PC T. brucei
[10,12]. Proliferation can, however, be fully restored by the presence of
the vitamin E-analog Trolox [13-15,20]. Specific replacement of the
genes encoding either the cytosolic or the mitochondrial forms, re-
vealed that the cytosolic enzymes protect the cells from a lethal iron-
mediated lysosomal damage [15], whereas the mitochondrial Px III is
dispensible in BS T. brucei [14]. PC T. brucei lacking the Px-type en-
zymes undergo a ferroptosis-like cell death that probably originates at
the mitochondrion [13,20].

All trypanosomatid Prxs characterized to date are typical 2-Cys-
Prxs. Two different enzymes occur in the cytosol (cPrx) and mi-
tochondrion (mPrx) [9,10,21,22]. Overexpression of cPrx or mPrx in
epimastigote T. cruzi confers resistance against H>O, and peroxynitrite
[23]. L. infantum overexpressing cPrx present increased resistance to
H,0, whereas mPrx-overexpressing cells show significant resistance to
tert-butyl hydroperoxide, but not H,O, [16]. Overexpression of cPrx in
L. donovani improves the capability of the parasites to cope with a
combination of H,0, and nitric oxide and results in increased virulence
[24]. L. donovani overexpressing mPrx are protected against H,O»-in-
duced programmed cell death, but have WT sensitivity towards exo-
genous oxidative stressors. The physiological role of mPrx has been
proposed to be stabilization of the mitochondrial membrane potential
and, as a consequence, inhibition of programmed cell death [25].
Promastigote L. infantum that lack mPrx are indistinguishable from WT
cells under standard culture conditions but are unable to thrive in a
murine model of infectivity [26]. The impaired virulence is not due to
the lack of peroxidase activity but rather to the absence of a critical role
played by mPrx as a molecular chaperone [26-28]. A thiol-independent
chaperone activity has been reported also for T. cruzi cPrx [29].

RNAI against cPrx results in the lysis of BS T. brucei [10]. As shown
recently, BS T. brucei deficient in DNA-repair highly express cPrx when
exposed to NO. The authors suggest that the early immune response of
the host enhances the activation of genes required to counteract oxi-
dative stress and especially oxidative DNA damage [30]. In contrast,
mPrx does not seem to play an essential role in the mammalian stage
[10], and its function in the insect stage has not yet been investigated.

Here we report on the role of mPrx in the mammalian BS and insect
PC stages of T. brucei. We show that under standard culture conditions,
both mitochondrial tryparedoxin peroxidases are dispensable in BS
cells, but under heat stress, mPrx is required for cell viability. In con-
trast, mPrx plays a role for the proliferation, cell morphology and
maintainance of the mitochondrial membrane potential in the insect
stage parasites.

2. Material and methods
2.1. Material

Tetracycline (Tet), 4’,6-diamino-2-phenylindole (DAPI), diamide, N-
ethylmaleimide (NEM), 2’,7’-dichlorofluoresceine diacetate (DCFH-
DA), dimethyl pimelimidate (DMP), carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone (FCCP), ethanolamine and lipoamide
were purchased from Sigma-Aldrich. MitoTracker Red CMXRos and
MitoTracker Green were from Life Technologies. Hydrogen peroxide
(30%) was from Merck. Hygromycin B and geneticin disulfate (G418)
were purchased from Roth. Protein A-agarose (#20333) was from
Pierce Biotechnology. MitoParaquat (ab146819) and rabbit anti-per-
oxiredoxin-SO3 antibodies (ab16830) were from Abcam. Recombinant
T. brucei trypanothione reductase (TR), tryparedoxin (Tpx), glutathione
peroxidase-type tryparedoxin peroxidase (Px) [13], thioredoxin (Trx)
[31], lipoamide dehydrogenase (LipDH) [32] and human glutathione
reductase (hGR) [33] were prepared as described. Trypanothione
(T(SH),) and trypanothione disulfide (TS,) were generated en-
zymatically [13]. Polyclonal rabbit antibodies against T. brucei cPrx
[341, Tpx [12] and LipDH [32] and guinea pig antibodies against mPrx
[35] were obtained previously. Polyclonal rabbit antibodies against T.
cruzi TR were generated by Eurogentec. HRP-conjugated goat anti-
rabbit IgGs were ordered from Santa Cruz Biotechnology and HRP-
conjugated donkey anti-guinea pig IgGs from Thermo Scientific. Alexa
Fluor 488-conjugated goat anti-guinea pig IgGs were from Life Tech-
nologies. The pHD678 plasmid was a kind gift from Dr. Christine
Clayton, Heidelberg, Germany. The pETtrx1b plasmid, encoding an N-
terminal TEV-protease cleavable thioredoxin-Hisg tag, was provided by
Gunther Stier, Heidelberg.

2.2. Cloning, expression and purification of recombinant T. brucei mPrx

The full-length mprx coding region (Tb427.08.1990) was amplified
from genomic DNA isolated from PC T. brucei by PCR using mprx_fw (
5’-CATTCCATGGGACTTCGCCGTTTCTC-3’) and mprx_rev (5-CTGGGT
ACCCTATAGATTCTTCTC-3’) as primers and Taq polymerase. The am-
plicon was cloned into the pGEM®-T vector (Promega) following the
manufacturer's instructions and transformed into Nova blue singles™
competent cells (Novagen). The plasmid was sequenced (GATC-
Eurofins Genomics) and used as template to amplify T. brucei mprx
without mitochondrial targeting sequence (mts) with mprx-mts_fw (
5’-CAGCCATGGGAAACCTCGACTATC-3’) and mprx_rev as primers. The
PCR product was treated with Dpnl for 90 min at 37 °C, digested with
Ncol and Acc651 (ThermoScientific), gel purified and cloned into
pETtrx1b. The plasmid was amplified in Nova blue singles™ cells and
sequenced.

E. coli BL21 (DE3) competent cells (Novagen) were transformed
with the purified pETtrx1bmprx-mts plasmid. Cells from a 3 1 re-
combinant bacterial culture were induced with 0.2 mM IPTG (Peqlab)
at an ODggonm Of about 0.6, overnight cultured at 18 °C and 180 rpm
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and harvested. The pellet was resuspended in 50 ml 50 mM NaH,PO,,
300 mM NaCl, pH 7.5 (buffer A) containing 50 uM PMSF, 150 nM
pepstatin, 4 nM cystatin, 5 mg lysozyme (Calbiochem) and 0.5 mg of
DNase A (Calbiochem) and the cells were disintegrated by sonification.
After centrifugation, the supernatant was loaded on a 5 ml Ni-NTA
Superflow column (Qiagen). The column was washed with 10 vol of
buffer A containing 10 mM imidazole and the fusion protein eluted by a
gradient from 10 mM to 250 mM imidazole in 120 min at a velocity of
1 ml/min. Peak fractions were pooled, and the buffer was exchanged to
buffer A in an Amicon® Ultra-15 concentrator with a cut-off of 10 kDa
(Sigma-Aldrich Merck-Millipore). After overnight incubation at 4 °C
with His-tagged TEV protease, the digest was applied onto a second Ni-
NTA column. Peak fractions were treated as described above and stored
at 4 °C with addition of 0.02% sodium azide. Purity of the recombinant
tag-free T. brucei mPrx was verified by SDS-PAGE.

2.3. In vitro peroxidase assays

The assays were performed in a total volume of 200 pl of 100 mM
Tris, 5 mM EDTA, pH 7.6 (Px-buffer), unless stated otherwise. The re-
actions were started by adding 50 pM H,O, and NADPH or NADH
consumption was followed at 340 nm and 25 °C. The trypanothione/
Tpx-dependent peroxidase activity was measured in the presence of
240 uM NADPH, 90 uM TS, 200 mU TR, O or 10 uM Tpx and 0.3-2 uM
mPrx. To follow a putative glutathione peroxidase activity, the assays
were conducted in 100 mM Tris/HCl, 5 mM EDTA, pH 8.0 [36] con-
taining 200 uM NADPH, 0.5-2.8 U hGR, 3 mM GSH, and 10.8 uM mPrx.
Reliability of the assay was confirmed by adding bovine erythrocyte
glutathione peroxidase (Sigma) which yielded activities of > 4000 U/
mg. The ability of lipoamide to act as reducing substrate of Tpx or mPrx
was measured in assays with 200 pM NADH, 300 puM pre-reduced li-
poamide [37], 200 mU LipDH, 0 or 10 uM Tpx and 0.15-0.3 uM mPrx.
To evaluate the ability of Trx to replace Tpx, the trypanothione/Tpx
assays were conducted in the presence of 150 puM NADPH,
300 uM T(SH),, 200 mU TR with either 11 pM Trx alone or with both,
11 uM Trx and 10 uM Tpx, and 0.11-0.32 pM mPrx.

2.4. Cultivation of T. brucei

All cells used in this work were culture-adapted Trypanosoma brucei
brucei 449 (Lister strain 427) that stably express the tetracycline re-
pressor [38]. BS and PC cells were cultivated in HMI-9 medium at 37 °C
and MEM-Pros medium at 27 °C, respectively, as described before
[12,13]. BS Px III KO cells were generated previously [14]. PC T. brucei
constitutively expressing Tpx-roGFP2 or mito-roGFP2-Tpx were gener-
ated recently and kept in presence of 30 ug/ml G418 [33]. BS and PC
mPrx RNAi cells were constantly cultured in the presence of hygro-
mycin (10 and 50 pg/ml, respectively) to ensure maintenance of the
integrated pHD678_mprx construct (see sections 2.5. and 2.6.). Notably,
under standard culture conditions, the parasites showed virtually the
same proliferation as the respective WT parasites grown without hy-
gromycin.

2.5. Cloning of a hairpin construct for inducible RNAi against mPrx in T.
brucei

The pHD678 plasmid contains a hygromycin resistance gene and
allows for Tet-inducible RNAi against a target mRNA. Two fragments of
the mprx coding sequence were amplified from T. brucei genomic DNA,
a 301 bp fragment using primers 5-GCGAAGCTTGGACGGAAAGATCA
AGG-3’ and 5’-CACAGTACGCGTTCTTCGACCAACACC-3’, and a 366 bp
fragment covering the sequence of the short fragment plus additional
65 bp, using primers 5’-GCAGGGATCCGGACGGAAAGATCAAGG-3’ and
5-GCAAATACGCGTTGGTCACATGGCGAAG-3’ (restriction sites under-
lined). The short amplicon, long amplicon and pHD678_px3 [39] were
digested with Hindlll/Mlul, BamHI/Mlul and HindIll/BamH]I,
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respectively, purified and ligated yielding pHD678_mprx.
2.6. Generation and phenotypical analysis of mPrx RNAI cells

BS WT and Px III KO, as well as PC WT cells were transfected with
the Notl-linearized plasmid pHD678 mprx. After 24 h cultivation, hy-
gromycin was added, and resistant clones were selected by serial di-
lutions essentially as described before [35]. To induce RNAI, logarith-
mically growing cells were transferred into medium containing 1 pg/ml
Tet. If not stated otherwise, for phenotypical analyses, the density was
adjusted to 1.5-2 (BS) or 5 (PC) x 10° cells/ml. Every 24 h, living
parasites were counted in a Neubauer chamber and the cultures diluted
back to the starting density. All phenotypic analyses of the mPrx RNAi
cells were conducted in the presence of hygromycin (section 2.4.).

To follow the heat sensitivity of BS cells, mPrx RNAi cells were
cultured =+ Tet for 48 h under standard conditions at 37 °C.
Subsequently, the cells were either kept at 37 °C or transferred to 39 °C
and proliferation was followed for another three days. WT cells + Tet
were treated accordingly. For the phenotypical analyses of PC cells, the
mPrx RNAIi cells were grown for various days + Tet. Mito-paraquat
(10 mM in DMSO), H,0- (9.8 M) or antimycin A (10 mM in DMSO) was
added to the cultures at varying concentrations. For heat stress ex-
periments, the PC parasites were grown in parallel at 27 °C and 37 °C.
To study the effect of high glucose on the proliferation of mPrx-depleted
PC cells, the cells were pre-cultured + 10 mM glucose without Tet for
seven days. Subsequently, the cells were split into medium + 10 mM
glucose + Tet at a density of 5 x 10° cells/ml, and cell growth was
followed for 10 days. Every 24 h, living cells were counted and the
culture was diluted back to the starting density with fresh
medium =* glucose = Tet. PC WT parasites cultured = 10 mM glu-
cose served as control.

2.7. Immunofluorescence microscopy

About 1.2 x 10° cells were used per condition. PC mPrx RNAi cells
were cultured with Tet for three and seven days. Non-induced parasites
served as controls. Staining with MitoTracker Red, as well as cell
fixation, permeabilization and incubation with antibodies were per-
formed as described [15,20]. The anti-mPrx, anti-LipDH, Alexa Fluor
488 goat anti-guinea pig IgGs and anti-rabbit IgGs antibodies were di-
luted 1:1000. DAPI (50 pg/ml) was used for visualization of the nuclear
and kinetoplast DNA. Samples were imaged using a Carl Zeiss Axiovert
200 M widefield microscope equipped with an AxioCam MRm digital
camera and the AxioVision software (Zeiss, Jena, Germany).

2.8. Flow cytometry

All treatments were performed at 27 °C in the dark. PC mPrx RNAi
cells were cultured =+ Tet for three or seven days. About
1.1 x 10° cells were centrifuged, washed with 1 ml ice-cold PBS, re-
suspended in 1 ml medium *+ MitoTracker Red or Green (0.12 pM) and
incubated for 15 min. Next, the cells were washed with 1 ml ice-cold
PBS, re-suspended in 1 ml medium and incubated for 30 min. For
control, staining and post-staining incubations were performed in
medium supplemented with 20 uM FCCP. To measure cellular oxidative
stress, PC WT cells and mPrx RNAIi cells cultured + Tet for three or
seven days were washed with 1 ml ice-cold PBS, re-suspended in 1 ml
medium containing 500 pM H,0, and incubated for 30 min.
Subsequently, the cells were washed with 1 ml ice-cold PBS, re-sus-
pended in 1 ml medium * 10 pM DCFH-DA and incubated for 30 min.
Afterwards, the cells were washed with 1 ml ice-cold PBS, re-suspended
in 1 ml ice-cold PBS, transferred into FACS tubes (Sarsted) and im-
mediately analyzed on the FACS Canto flow cytometer at the Flow
Cytometry and FACS Core Facility (FFCF) of the Center of Molecular
Biology (ZMBH) of Heidelberg University. Data were collected using the
561:586/15 nm (ex:em) laser (MitoTracker Red) and the 488:530/
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30 nm laser in the case of MitoTracker Green and DCF. In each ex-
periment, 10000 events were recorded. The data were analyzed using
FlowJo software (FlowJo, LLC).

2.9. Western Blot analyses

Total lysates of the different BS and PC cell lines were subjected to
SDS-PAGE using 12% gels, if not otherwise stated, and the proteins
blotted onto PVDF membranes. The membranes were probed with an-
tibodies against mPrx (1:3000), cPrx (1:3000), Tpx (1:2000), LipDH
(1:1000) and TR (1:1000), followed by HRP-conjugated donkey anti-
guinea pig IgGs (1:15000) or goat anti-rabbit IgGs (1:20000) anti-
bodies. To follow hyper-oxidation of mPrx and cPrx, the membrane was
probed with anti-Prx-SO; (1:1600)/anti-rabbit IgGs antibodies. For
details, see the figure legends.

2.10. Plate-reader based fluorescence measurements of PC cells expressing
roGFP2 biosensors

The measurements were performed using a PHERAstar FS plate
reader (BMG Labtech) virtually as described [33]. Briefly, PC Tpx-
roGFP2/mPrx RNAi and mito-roGFP2-Tpx/mPrx RNAi cells were cul-
tured + Tet for three or seven days. The mPrx RNAi cells kept without
Tet served as fluorescence background control. The cells were har-
vested, washed and re-suspended in medium lacking hemin and phenol
red. Aliquots of 200 pl were applied per well of a 96-well black/clear
bottom imaging plate (BD Falcon), corresponding to 1 x 107 cells/well.
For full sensor reduction and oxidation, 1 mM DTT and 3 mM diamide,
respectively, was added. Antimycin A (10 mM in DMSO) was diluted to
200 uM with water. The cells were treated with 10 or 30 uM antimycin
A or with 15 ul DMSO. The final DMSO content in each well was 0.3%.
After excitation at 400 and 485 nm, emission at 520 nm was measured.
The degree of sensor oxidation (OxD) was calculated following pub-
lished procedures [40].

2.11. Immunoprecipitation of cPrx or mPrx from H;Oz-stressed PC T.
brucei

The IgGs from 2 ml of the cPrx and mPrx antisera were enriched by
33% ammonium sulfate precipitation over night at 4 °C and re-dis-
solved in PBS-T (PBS + 0.05% Tween). Two samples of 1 ml protein A-
coated agarose slurry (approx. 500 pl beads) were washed twice with
PBS and PBS-T by gentle rotation and centrifuged for 1 min at
2000 rpm at room temperature. The IgGs were added and the beads
incubated for 1 h at 4 °C. After centrifugation, the beads were washed
three times with PBS-T and once with 0.1 M sodium borate, pH 9.0.
Next, the antibodies were cross-linked with protein A by 30 min in-
cubation with 20 mM DMP (freshly prepared in 0.1 M sodium borate,
pH 9.0) at room temperature. After centrifugation, the supernatant was
removed and the cross-linking step repeated. To stop the reaction, the
beads were incubated twice for 5 min with 0.1 M ethanolamine in PBS.
After a wash with PBS, unbound antibodies were removed by two
washes with cold 0.1 M glycine, pH 2.5. The beads were stored at 4 °C
in PBS-T containing 0.02% sodium azide.

About 8 x 108 PC WT cells were treated for 5 min with 100 uM or
10 uM H,0, at 23 °C, centrifuged, re-suspended in 20 mM NEM in PBS,
lysed by freezing/thawing and centrifuged again. The supernatants
were collected. An aliquot of 8 X 107 cells was boiled in SDS sample
buffer with 2- mercaptoethanol. The remaining cell lysate was split into
two parts (input), added to the anti-cPrx and anti-mPrx protein A-
agarose beads and incubated for 4 h at 4 °C with gentle rotation. After
centrifugation, the supernatants (flow through) were collected and the
beads washed three times with 20 mM NEM in washing buffer (10 mM
Tris, 1 mM EDTA, 150 mM NaCl, pH 7.4). Each time, the beads were
centrifuged and the supernatants collected. Aliquots of each fraction
(flow through, washes) and the beads were boiled for 10 min in SDS
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sample buffer with 2-mercaptoethanol. Extracts of 4 x 107 cells (10%
of input), 10% of flow through, 5% of washes and the supernatant of
the beads were loaded per lane and subjected to SDS-PAGE. After
blotting, the PVDF membranes were probed with anti-Prx-SOz/anti-
rabbit IgGs antibodies. The membranes were stripped and probed with
anti-cPrx/anti-rabbit IgGs antibodies in case of the immunoprecipita-
tion of cPrx, or with anti-mPrx/anti-guinea pig IgGs antibodies in case
of the mPrx immunoprecipitation. After re-activation in methanol, the
membranes were reacted with antibodies against the respective other
Prx as described above. As last step, both membranes were probed with
anti-LipDH and anti-rabbit IgGs antibodies.

2.12. Analysis of protein aggregation

The formation of aggregated proteins was studied essentially fol-
lowing published procedures [27,41]. Briefly, about 5 x 107 cells were
harvested and washed with 10 ml ice-cold lysis buffer (50 mM po-
tassium phosphate, pH 7.0, 1 mM EDTA, 5% glycerol), centrifuged for
5 min at 2000 g and 4 °C, re-suspended in 200 pl lysis buffer and stored
at —80 °C. The cells were thawn at 37 °C and disintegrated by five
rounds of freezing/thawing, followed by 5 min sonication on ice. After
20 min centrifugation at 17,000 g and 4 °C, the supernatant was re-
moved. The pellet was re-suspended in 400 pl lysis buffer containing
20% Nonidet-P-40, centrifuged again, and washed twice with 500 pl
lysis buffer. Finally the pellet was dissolved in reducing sample buffer
containing 4 M urea. The equivalent of 1 x 107 cells was loaded per
lane of a 10% gel and subjected to SDS-PAGE.

3. Results
3.1. Recombinant T. brucei mPrx has tryparedoxin peroxidase activity

Recombinant T. brucei mPrx has been shown to reduce H,0, in the
TR/T(SH),/Tpx peroxidase assay, albeit with seven-fold lower activity
than cPrx [9]. This led to the suggestion that another oxidoreductase
may act as physiological partner of the mitochondrial peroxidase. Here
we generated tag-free T. brucei mPrx without putative mitochondrial
pre-sequence (Fig. S1A). Antibodies raised against the purified protein
revealed a single strong band in lysates of both BS and PC T. brucei cells
whose mass corresponded that of the recombinant mPrx and did not
react with cPrx (Fig. S1B). The data showed that mPrx is an abundant
protein in both developmental stages of the parasite, the mature au-
thentic mPrx lacks approximately the first 26 residues, and the mPrx
antiserum does not cross-react with cPrx.

Recombinant T. brucei mPrx was then subjected to peroxidase assays
with H,0, as substrate and various thiol systems as putative donors of
reducing equivalents. The protein displayed an activity of 3.1 * 0.3
U/mg in the TR/T(SH),/Tpx assay, but no activity in presence of GSH
and human glutathione reductase (Table 1). T(SH), can be replaced,
albeit less efficiently, by lipoamide as electron donor for the mi-
tochondrial L. infantum Tpx2 [42]. Indeed also T. brucei mPrx showed
activity when the assay contained lipoamide and lipoamide dehy-
drogenase instead of the T(SH),/TR couple. However, in the absence of
Tpx, no activity was observed indicating that lipoamide is unable to
directly reduce mPrx. In addition, free lipoamide is unlikely to act as an
efficient reducing agent due its low physiological abundance [42].
Thioredoxins (Trxs) are the most general electron donors for 2-Cys-Prxs
[1]. T. brucei has a classical Trx which in vitro delivers electrons to the
Px-type enzymes as well as Crithidia fasciculata Prx, but less efficiently
when compared with Tpx [11,31]. The protein does not have an ob-
vious mitochondrial pre-sequence and seems to be dispensable for T.
brucei [43]. Nevertheless, a genome-wide localization study revealed N-
terminally mNeonGreen-tagged Trx in the mitochondrion of PC T.
brucei [44]. Therefore, we studied if the protein could act as oxidor-
eductase and transfer electrons from T(SH), onto mPrx. When the re-
action mixture contained Trx, but no Tpx, we did not detect any
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Table 1
Peroxidase activity of T. brucei mPrx towards H,O, in presence of various re-
ducing systems.

Reducing system Tpx [uM] mPrx activity [U/mg]
T(SH)>/TR 0 0

10 31 = 0.3
GSH/hGR 0 0
Lipoamide/LipDH 0 0

10 1.2 = 0.1
T(SH)2/TR/Trx 0 0

10 3.1 + 0.2

The assays contained the respective reducing system = 10 pM Tpx, as in-
dicated. The reactions were started by adding H,O. For details see section 2.3.
The values represent the mean * SD of at least three independent measure-
ments. hGR, human glutathione reductase; LipDH, lipoamide dehydrogenase;
Trx, thioredoxin.

peroxidase activity. In the presence of both oxidoreductases, the ac-
tivity of mPrx corresponded to that of Tpx alone. The recently char-
acterized mitochondrial Trx2 lacks any reductase activity [45]. None of
the low molecular weight thiols studied directly reduced mPrx, and Trx
was unable to replace Tpx. In the presence of Tpx, T(SH), and also
lipoamide are able to deliver electrons for the reduction of mPrx.

3.2. Both mitochondrial peroxidases are dispensable in BS T. brucei under
standard culture conditions

Depletion of mPrx by RNAi does not cause a loss of fitness in BS
trypanosomes [10]. Also the gene encoding Px III is dispensable [14].
To evaluate if one of the two mitochondrial peroxidases may be re-
quired, we transfected WT and Px III KO cells with a construct that
allowed the Tet-inducible depletion of mPrx. WT parasites as well as Px
III KO, mPrx RNAi and Px III/mPrx RNAI cell lines were then cultured
in the presence and absence of Tet (Fig. 1A). Western blot analyses
revealed the efficient down-regulation of mPrx already after one day of
RNAI induction (Fig. 1B). All cell lines lacking Px III proliferated at a
slightly reduced rate when compared to WT parasites, in accordance
with previous data [14]. The simultaneous depletion of mPrx did not
have any further effect on the proliferation (Fig. 1A). Under standard
culture conditions, BS T. brucei do not appear to require any of the
mitochondrial peroxidases.
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3.3. Under heat stress, mPrx-depletion is lethal for BS T. brucei

In L. infantum, mPrx functions primarily as a heat-activated mole-
cular chaperone [26-28]. To investigate if the protein might fulfill a
similar role in BS stage T. brucei, the mPrx RNAI cells were pre-induced
with Tet for 48 h and then cultured in parallel at 37 °C and 39 °C. Non-
induced cells and WT parasites + Tet served as controls. The increased
temperature severely affected the proliferation of all cells (Fig. 2A).
However, in contrast to WT parasites and non-induced mPrx RNAI cells,
which were still able to proliferate, the mPrx-depleted cells started to
die after 48 h and were almost completely lysed after 72 h at 39 °C.
Western blot analysis confirmed the efficient down-regulation of mPrx
in the induced mPrx RNAI cell lines (Fig. 2B). It also revealed that the
non-induced cells had a slightly lower level of the protein than WT
parasites, presumably due to some leakiness of the RNAi construct.
This, together with the fact that the experiments were conducted in
presence of hygromycin, to retain the genomic integration of the RNAi
construct, is likely the reason for the lower proliferation of the non-
induced RNAI cell lines at 39 °C compared to WT parasites. The data
indicate that BS parasites need mPrx for viability when they face a
temperature that could occur during fever episodes of their mammalian
host. One should, however, also consider that an adult cow has a body
temperature of about 39 °C. The T. brucei Lister strain 427 used in this
work was most probably isolated from an infected cattle (http://tryps.
rockefeller.edu/DocumentsGlobal/lineage Lister427.pdf), then propa-
gated in mice with a body temperature of 37 °C and adapted to la-
boratory conditions. Thus, in their natural hosts, BS T. brucei may re-
quire mPrx even under physiological conditions.

3.4. PC T. brucei require mPrx for proliferation under standard culture
conditions

Insect stage T. brucei possess a fully developed mitochondrion and
generate ATP mainly by oxidative phosphorylation. As the role of mPrx
in PC parasites has not been investigated so far, we generated cell lines
that allowed Tet-inducible down-regulation of the protein. Cultivation
of the mPrx RNAI cells in presence of Tet resulted in a significant
proliferation defect, starting on day four (Fig. 3A). At day six, the cells
duplicated only once per 24 h. This low growth rate persisted for an-
other two to five days (depending on the clone). Afterwards, the pro-
liferation gradually increased again and after ten (maximally 15) days
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Fig. 1. BS trypanosomes lacking both mPrx and Px III proliferate almost as WT parasites. WT parasites as well as Px III KO, mPrx RNAi and Px III KO/mPrx RNAi cell
lines were cultured = Tet. (A) Cell proliferation was followed for six days. The data represent the mean + SD from three independent experiments with one clone.
Three other clones of both mPrx RNAi and Px IIl KO/mPrx RNAi cells were studied for three days and behaved identically. (B) Total lysates of 5 x 10° cells/lane were
subjected to Western Blot analysis against mPrx and re-developed with antibodies against cPrx.
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Fig. 2.BS T. brucei subjected to RNAi
against mPrx do not survive prolonged ex-
posure to 39 °C. BS mPrx RNAi cells were
pre-cultured *+ Tet for 48 h at 37 °C,
transferred  into two flasks  with

Oh 72h

WT mPrx WT mPrx

-
~

medium =+ Tet and then cultured in par-
allel at 37 °C and 39 °C. WT parasites in
medium + Tet were treated accordingly.
(A) Every 24 h, viable cells were counted
and the cultures diluted to the starting
density of 2 x 10° cells/ml. The values are
the mean * SD from three independent
experiments with two clones. The data for
mPrx RNAIi cells cultured at 39 °C in the
absence (green dashed line) and presence
(purple dashed line) of Tet were analyzed
by a standard unpaired t-test (***,
p < 0.001). (B) Cells cultured at 37 °C were
collected at the start (0 h) and end (72 h) of

RNAi RNAi
- 4+ 4+ -+ Tet

mPrx

Tpx

the experiment. Total lysates of 2 x 10° cells/lane from one of the clones were subjected to Western Blot analysis with mPrx antibodies and re-developed with anti-
Tpx antibodies. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

corresponded to that of non-induced cells. Western blot analyses re-
vealed that mPrx was down-regulated 24 h after the onset of RNAi and
virtually undetectable in cells induced for two to six days (Fig. 3B).
Upon prolonged cultivation, the protein re-appeared despite the pre-
sence of Tet, in accordance with the observed restoration of normal
growth (Fig. 3A). Such a loss of RNAi regulation is a phenomenon often
observed for essential T. brucei proteins [35,45].

PC T. brucei reside in the midgut of the tsetse fly where they use
proline as main substrate for energy production. However, in a glucose-
rich environment, the parasites generate ATP primarily by glycolysis
[46,47]. The medium we use to cultivate PC trypanosomes does not
contain glucose except for the < 0.5 mM originating from the fetal calf
serum [32]. To induce glycolysis, we cultured the mPrx RNAIi cells in

presence of 10 mM glucose for seven days and then transferred the cells
into medium + glucose + Tet (Fig. S2). The high glucose con-
centration had only a minor positive effect on the proliferation of the
mPrx-depleted cells. A metabolic shift from oxidative phosphorylation
to more glycolysis does not appear to effectively revert the proliferation
defect of the mPrx-depleted PC parasites.

Remarkably, the growth arrest of the mPrx-depleted cells was ac-
companied by the appearance of thin and long cells (Fig. 3C). To get an
insight if these morphological changes correlate with a specific cell
cycle arrest, we inspected the cells for their kinetoplast (K) and nuclear
(N) DNA content. Cells with non-dividing kinetoplast and a single nu-
cleus (1K1N) are in the G1-phase. Trypanosomes with two kinetoplasts
and one nucleus (2K1N) are in G2/M phase while parasites with 2K2N
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Fig. 3. PC mPrx-depleted cells have a proliferation defect, elongated morphology and signs of growth arrest in G1 phase. WT and mPrx RNAi cells were
cultured * Tet under standard conditions at 27 °C. (A) Cumulative cell density. The data for the mPrx RNAI cells are the mean =+ SD from four different clones
studied in parallel. They were analyzed by Microsoft Excel Student's standard unpaired t-test (**, p < 0.01; ***, p < 0.001). (B) Total lysates from 5 X 10° cells/lane
harvested after different days (d) were subjected to Western blot analysis with antibodies against mPrx and TR as loading control. A representative analysis of one of
four clones is depicted. (C) Fluorescence microscopy of mPrx RNAI cells cultured + Tet for six days. Nuclear and kinetoplast DNA were visualized with DAPI (blue).
Overlays of the phase contrast and DAPI images are depicted. Scale bar 10 um. (D) Cell cycle analysis of the mPrx RNAi cells after six days + Tet. K, kinetoplast; N,
nucleus; 1K*1 N, cells with elongated kinetoplast and one nucleus. For each sample at least 800 parasites were inspected. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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are post-mitotic [48]. The induced cultures revealed a higher percen-
tage of 1K1N cells compared to the non-induced controls (Fig. 3D). An
increase of parasites with abnormal number of kinetoplasts or nuclei, as
observed for various other mitochondrial RNAI cell lines [49], could not
be detected. Taken together, PC T. brucei require mPrx for normal
morphology and proliferation and appear to be prone to be arrested in
the G1-phase of the cell cycle.

3.5. Depletion of mPrx affects the mitochondrial membrane potential of PC
cells

Immunofluorescence microscopy of PC mPrx RNAIi cells cultured
with Tet for seven days confirmed the absence of the protein (Fig. 4A)
and revealed an overall diminished MitoTracker Red staining together
with a number of bright spots (Fig. 4A and B). Similar observations
have been reported for PC cells that lack the mitochondrial acyl carrier
protein (ACP) [50] or cardiolipin synthase [51]. In the latter case, the
spots have been suggested to result from mitochondrial fragmentation.
For the mPrx-depleted cells this is very unlikely since the matrix protein
lipoamide dehydrogenase displayed a continuous mitochondrial dis-
tribution, independently if the parasites were cultured with or without
Tet (Fig. 4B). Guler at al. propose that the MitoTracker bright spots in
the ACP-depleted cells are at least partially due to localized regions of
elevated mitochondrial membrane potential (AWm) [50]. To study the
impact of mPrx-depletion on the AWm in more detail, we stained the
cells with MitoTracker Red or MitoTracker Green and subjected them to
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flow cytometry (Fig. 4C). In parallel, non-induced cells were incubated
with the dyes together with FCCP. In presence of the uncoupler, the
MitoTracker Red signal was almost completely lost, whereas the Mi-
toTracker Green signal was even increased. Such a phenomenon has
been observed for cells that were simultaneously treated with the dye
and FCCP [52]. The data indicated that MitoTracker Green staining in
PC T. brucei is independent of AWm as it is the case in many other cell
types [52]. After three days of mPrx-depletion, the parasites showed a
decreased MitoTracker Red signal but unchanged MitoTracker Green
signal corroborating a lowered AWm. In cells treated with Tet for seven
days, the signals of both dyes were diminished which may suggest that
their total mitochondrial mass is lowered. Another possibility is that in
these proliferation, and probably also metabolically, arrested cells up-
take and processing of the dyes are hampered. In summary, our data
indicate that depletion of mPrx results in a decrease of AWm.

3.6. mPrx reduces mitochondrially generated H,0,

Expression of a Tpx-coupled roGFP2 biosensor in the cytosol (Tpx-
roGFP2) or mitochondrion (mito-roGFP2-Tpx) allows real-time mea-
surements of the T(SH),/TS, ratio in intact PC cells [33]. In T. brucei,
any known enzymatic hydroperoxide reduction is coupled to the try-
panothione system and results in the transient formation of TS, and
thus sensor oxidation (change in OxD). Subsequent regeneration of
T(SH), by TR restores the reduced sensor state. Recently, we demon-
strated that mPrx takes part in the reduction of exogenously applied
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Fig. 5. Depletion of mPrx abolishes the response of the mito-roGFP2-Tpx sensor to antimycin A. PC mPrx RNAi cells expressing the Tpx-coupled roGFP2 sensor either
in the (A) mitochondrion or (B) cytosol were cultured for three days -Tet (left graphs) or + Tet (right graphs) and then subjected to plate reader-based fluorescence
measurements. The degree of sensor oxidation (OxD) was calculated as described in section 2.10. A single pulse of 10 or 30 pM antimycin A (+AA) or 0.3% DMSO
alone (-AA) was given after 3 min (arrow). The data are the mean *+ SD of three individual experiments with one clone. A second cell line showed identical results.
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H,0, [33]. Here we used antimycin A to generate H,O, at the mi-
tochondrion. The mito-roGFP2-Tpx/mPrx RNAi and Tpx-roGFP2/mPrx
RNAI cells were pre-cultured = Tet for three days and subjected to
plate reader-based fluorescence measurements as described in section
2.10. (Fig. 5). In both, non-induced and induced mPrx RNAi cells, the
basal OxD of the mito-roGFP2-Tpx was higher than that of the Tpx-
roGFP2 sensor (Fig. 5A and B, black lines) indicating that the mi-
tochondrion harbors a slightly less reducing milieu than the cytosol
[33]. After injection of antimycin A, the cytosolic Tpx-roGFP2 dis-
played very minor oxidation. In contrast, the mito-roGFP2-Tpx sensor
reported a marked increase in OxD and remained oxidized for the
whole time of the experiment, suggesting a continuous, mainly mi-
tochondrial, production of H>O,. In the mPrx depleted cells, the re-
sponse of the mitochondrial sensor was almost abolished (Fig. 5A, right
panel), whereas the low response of the cytosolic sensor was unaffected
(Fig. 5B, right panel). These data place mPrx as the main enzyme re-
sponsible for the reduction of H,0, in the mitochondrial matrix of PC T.
brucei.

3.7. mPrx does not play a crucial role for the viability of PC cells in presence
of oxidative stressors

To study if the peroxidase activity of mPrx is essential in vivo, we
followed the viability and/or proliferation of the mPrx-depleted PC T.
brucei in the presence of different H,O,-generating agents. In the first
approach we used MitoParaquat, a mitochondria-targeted derivative of
Paraquat that generates superoxide anions which are then converted
into hydrogen peroxide [53]. MitoParaquat affected the proliferation of
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non-induced mPrx RNAI cells significantly, but, surprisingly, had only a
minor additional effect on cells in which mPrx was depleted for two
days and almost no effect on cells cultured + Tet for five days (Fig. 6A).
Probably, in these proliferation-arrested cells with their diminished
AWm, the cationic compound is not properly enriched in the mi-
tochondrion. In the second approach, we used antimycin A, a complex
III inhibitor which generates superoxide anions in both the mitochon-
drial matrix and intermembrane space [54]. Also towards antimycin A,
mPrx-depleted cells did not display an increased sensitivity when
compared to the non-induced controls (Fig. 6B). Next, we treated the
cells directly with H,O,. After 6 h of continous exposure to 10 pM H»05,
induced and non-induced mPrx RNAI cells started to die, and after 24 h,
living cells were no longer detectable. Cells in which mPrx was depleted
for seven days, appeared to be even slightly more resistant (Fig. 6C).
Finally, we studied the short-term effect of high H,O, concentrations.
WT parasites as well as non-induced and induced mPrx RNAI cells were
treated with 500 pM H,0, for 30 min, stained with DCFH-DA and
subjected to flow cytometry. The unstressed control cells displayed an
identical low DCF fluorescence, indicating that the absence of mPrx
does not lead to any cellular oxidative stress. After treatment with
H,0,, WT parasites, non-induced mPrx RNAI cells and mPrx RNAI cells
that were induced for only three days displayed marginally higher
fluorescence. Most probably, the cells are still able to reduce H5O,.
Remarkably, after seven days of mPrx depletion, highly fluorescent cells
appeared (Fig. 6D), but an increase in dead cells was not observed. Most
likely, these growth-arrested, and putatively also metabolically si-
lenced, cells are unable to efficiently reduce exogenous H,0,, but ob-
viously are not immediately damaged by the oxidant.
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Fig. 6. PC mPrx-depleted cells do not show increased sensitivity towards oxidative stressors. The mPrx RNAI cells were pre-cultured *+ Tet for (A) two and five (d2

and d5) or (B and C) three and seven (d3 and d7) days and then transferred into medium containing (A) *+ Tet * 10 uM MitoParaquat (MPQ), (B) + Tet * 10uM
antimycin A (AA) or (C) = Tet + 10 uM H,0,. After the indicated times, viable cells were counted. The data represent the mean + SD from (A and C) one clone
analyzed in three independent experiments or (B) two clones studied in parallel in two independent experiments. (B-C) The data were analyzed by standard unpaired
t-test; ns, not significant (p > 0.05), *, p < 0.05. (D) WT parasites and mPrx RNAi cells cultured in the presence of Tet for three (d3) and seven (d7) days were
treated with 500 pM H,0,, for 30 min, washed, stained with DCFH-DA and subjected to flow cytometry. A representative histogram from one of three independent
experiments is depicted.



M. Bogacz, et al.

3.8. Treatment of PC T. brucei with H0, results in hyper-oxidation of cPrx
and mPrx

Typical 2-Cys-Prxs are homodimers with each subunit harboring
two redox-active cysteine residues. During catalysis, the peroxidative
cysteine attacks a hydrogen peroxide molecule and is oxidized to a
sulfenic acid which then reacts with the resolving cysteine of the second
subunit under formation of an intersubunit disulfide bridge [55]. The
reduced state of the enzyme is restored by reaction with an oxidor-
eductase such as a thioredoxin, or Tpx in the case of trypanosomatids.
Under conditions of severe oxidative stress, a second hydrogen peroxide
molecule can react with the sulfenic acid to a sulfinic or sulfonic acid.
Hyper-oxidized Prxs are unable to form covalent dimers and lack per-
oxidase activity [4,56,57]. To get an insight into the susceptibility of
the parasite Prxs to (hyper-)oxidation, we treated PC T. brucei with
diamide or H,0,, disintegrated the cells in presence of NEM and sub-
jected the lysates to Western blot analyses. As expected, under reducing
conditions, both proteins run as monomer, independently of the treat-
ment. Under non-reducing conditions, cells kept in PBS revealed cPrx
largely in monomer form whereas a significant portion of mPrx was
present as covalent dimer (Fig. S3A). Exposure of the cells to diamide
shifted both proteins completely to the covalent dimer. The cPrx formed
two species that likely represent dimers that are connected by either
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one or two intermolecular disulfide bridges, as previously seen in BS
cells [58]. In the case of mPrx, a single band was visualized which run
as the dimer in PBS-treated cells and probably represents the protein
with the subunits linked by two disulfide bridges. In cells challenged
with H»0,, both cPrx and mPrx were mainly present as monomer. This
band reacted with the Prx-SO;3 antibodies which recognize the con-
served active site of 2-Cys-Prxs with the peroxidative cysteine in the
sulfinic or sulfonic state [59] (Fig. S3). A hyper-oxidized dimer, formed
by human Prxs upon H,0, treatment in vitro [56,60], was not observed.
Unfortunately, due to the very similar size of cPrx and mature mPrx, the
analysis did not allow to decide which of the two proteins was hyper-
oxidized. Therefore we treated PC T. brucei with 100 uM H,0, for 5 min
and subjected the cell lysates to immunoprecipitation (IP) on anti-cPrx
and anti-mPrx-agarose beads (section 2.11.), followed by Western blot
analyses. The Prx-SO3 antibodies revealed a band that migrated at the
mass of the monomeric proteins in the input, flow through and elution
fractions of both IPs (Fig. 7A and B, upper panel). The strong bands
with higher masses in the elution fraction of the anti-cPrx beads
(Fig. 7A, upper panel) are due to reaction of the anti-rabbit IgG anti-
bodies with cPrx antibodies that partially elute from the beads upon
boiling (not shown). Subsequent development of the cPrx IP membrane
with cPrx antibodies detected the protein in the input and elution
fractions (Fig. 7A, middle panel), but also the mPrx antibodies revealed
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some protein in the elution fraction (Fig. 7A, lower panel). Never-
theless, the fact that the flow through fraction of the mPrx IP reacted
with both the Prx-SO5 and cPrx antibodies, but not the mPrx antibodies
showed that cPrx was hyper-oxidized. The mPrx IP was highly efficient.
From these beads, exclusively mPrx was eluted (Fig. 7B, middle and
lower panels). Taken together, under the conditions tested, both Prxs
are prone to hyper-oxidation.

3.9. At 37 °C, mPrx-depleted PC T. brucei stop proliferation, but remain
viable

As shown in Fig. 2A, BS mPrx-depleted cells lyse when the culture
temperature is raised from 37 °C to 39 °C. To investigate if also PC T.
brucei display a temperature-dependent phenotype, we studied the
ability of mPrx-depleted cells to recover from a 1 h exposure to 41 °C, a
condition shown to result in a reversible heat shock [61]. The treatment
slightly affected the proliferation of WT parasites as well as the mPrx
RNAI cells, independently if mPrx depletion was induced for two or five
days (Fig. 8A). To follow the long-term heat sensitivity, we cultured the
mPrx RNAi cells + Tet for three days. Afterwards we kept the cells
either at 27 °C or transferred them to 37 °C (Fig. 8B). Cultivation at
37 °C for 48 h or 72 h, caused a strong growth retardation of WT
parasites and non-induced mPrx RNAIi cells. The mPrx-depleted cells
stopped proliferation almost completely, but, remarkably, did not lyse.
Finally, we raised the temperature to 39 °C. Under these extreme con-
ditions, all cells died at the same rate (Fig. 8C). Taken together, 37 °C
heat stress amplifies the proliferation defect due to mPrx-depletion, but
both effects appear to be additive.

3.10. Depletion of mPrx in PC cells does not result in the formation of
protein aggregates

L. infantum promastigotes lacking mPrx display WT proliferation
rate at 25 °C but a severe growth defect when cultivated at 37 °C [26]
which is accompanied by higher levels of protein aggregates [27]. As
mPrx-depleted PC T. brucei have a marked growth arrest already under
standard culture conditions we asked if this may be due to formation of
protein aggregates. WT parasites as well as non-induced and induced
mPrx RNAI cells were lysed, soluble proteins were removed and the
insoluble protein fraction subjected to SDS-PAGE (Fig. S4). All cells
yielded a virtually identical pattern of weak bands. In contrast, when
we exposed the cells to 39 °C for 24 h, a substantial level of aggregated
proteins was observed. Again the pattern was identical for the three
samples. In addition, under these conditions, the cells are highly da-
maged.

3.11. Expression and redox state of mPrx in PC T. brucei are independent of
the growth phase and heat stress

When promastigote L. donovani are grown from early to late loga-
rithmic and stationary phase, the cellular mPrx level increases drama-
tically [25]. To study if the expression of mPrx changes during growth
of PC T. brucei, WT cells were harvested at a density of 1.7 x 10°,
6.4 x 10°and 1.4 x 107 cells/ml, representing the early, mid and late
logarithmic growth phase, respectively, lysed in presence of NEM and
subjected to Western blot analysis. The mPrx antibodies visualized two
bands corresponding to the monomer and covalent dimer under non-
reducing conditions and a single monomer band under reducing con-
ditions (Fig. S5A). The intensity and ratio of the bands were identical in
the three samples.

To evaluate if heat stress affects the redox state of the parasite Prxs,
PC T. brucei were grown at 27 °C (control) and at 37 °C for 24 and 48 h,
lysed in presence of NEM and subjected to Western blot analysis. Prx-
SO; antibodies did not visualize any specific band (Fig. S5B, upper
panel). The cPrx and mPrx antibodies revealed for all three samples an
identical level of the respective protein and the same monomer/dimer
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Fig. 8. Viability and proliferation of heat-stressed mPrx-depleted PC cells. (A)
mPrx RNAI cells were pre-cultured with Tet for two (d2) or five (d5) days at
27 °C and split. One flask was further kept at 27 °C. The medium in the other
flask was pre-heated to 41 °C, the cells were added and incubated for 1 h at
41 °C and then put back to 27 °C. Viable cells were counted after 6, 12 and 24 h.
Non-induced cells and WT parasites were treated accordingly. The data are the
mean = SD from three independent experiments with one clone. A standard
unpaired t-test did not reveal a significant difference between non-induced and
induced mPrx RNAi cell lines (p > 0.05). (B and C) mPrx RNAI cells were
cultured * Tet for three days at 27 °C and subsequently in parallel at (B) 27 °C
and 37 °C or (C) 27 °C and 39 °C. WT parasites + Tet were treated accordingly.
(B) Every 24 h, viable cells were counted. The data are the mean *= SD from
two clones studied in parallel in two independent experiments. (C) Viable cells
were counted after 3, 6, 24, and 48 h. The graph shows the cumulative cell
density of two experiments with WT parasites (mean) and two mPrxRNAi cell
lines (mean =# SD). The cultures were diluted back to the starting density of
5 X 10° cells/ml, where appropriate.

ratio for mPrx (Fig. S5B, middle and lower panel). Thus, neither the
expression nor the redox state of mPrx is affected by the growth stage
and temperature corroborating the conclusion that the protein plays a
constitutive role in PC T. brucei.

4. Discussion

BS T. brucei lacking either mPrx or the mitochondrial Px III pro-
liferate almost as WT parasites and do not show an increased sensitivity
towards exogenously applied hydrogen peroxide [10,14]. As both en-
zymes reduce hydrogen peroxide and thus display a partially over-
lapping in vitro substrate specificity, it has been proposed that only one
of the two mitochondrial peroxidases might be required [10,22]. Here
we show that BS T. brucei which lack Px III and are simultaneously
depleted of mPrx do not have any significant growth defect. Both mi-
tochondrial peroxidases are dispensable, at least under standard culture
conditions. BS parasites possess a mitochondrion that lacks a functional
electron transport chain (ETC) and generate ATP by glycolysis and
maybe additional substrate-level phosphorylations in the mitochon-
drion [47,62]. Without an active respiratory chain, the mitochondrion
probably does not constitute a significant source of oxidants. However,
when the culture temperature is raised to 39 °C, mPrx-depleted BS cells
are no longer viable. L. infantum mPrx (mTXNPx) is required for the
survival of amastigote parasites in the mammalian host cell where it
functions as heat-activated holdase [26]. The leishmanial protein has
been proposed to facilitate the transition from insects to warm-blooded
host environments [27,28]. In African trypanosomes, mPrx is not re-
quired for the adaptation of the parasites to the 37 °C body temperature
of the mammalian host but may serve as a defense during fever episodes
of the host acting as a heat-induced chaperone, similarly to its role in
Leishmania.

In contrast to BS cells, PC T. brucei require mPrx for proliferation, in
the absence of any stress. As reported recently, mPrx takes part in re-
ducing exogenously applied hydrogen peroxide [33]. Here we show
that treatment of PC cells with antimycin A has only a minor effect on
the cytosolic T(SH)»/TS, couple but results in marked oxidation of the
mitochondrial trypanothione pool. The response is completely lost in
cells lacking mPrx. This compares with yeast cells where H,0»-induced
matrix glutathione oxidation is dependent on the presence of the mi-
tochondrial Prx1 [63]. Thus, in PC T. brucei, antimycin A causes the
generation of H,O, primarily in the mitochondrial matrix and mPrx acts
as H,0,-reducing peroxidase in vivo, in accordance with its in vitro ac-
tivity. On the other hand, MitoParaquat, antimycin A and hydrogen
peroxide affected the viability of PC T. brucei to the same degree, in-
dependently of the presence or absence of mPrx. This suggests that the
peroxidase activity may not play a major physiological role, at least
under culture conditions, in accordance with the situation in Leishmania
[26]. Interestingly, in human neutrophils, the cytosolic Prx1 and Prx2
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appear also to have a role that is not directly related to peroxide re-
moval [64].

Hyper-oxidation of the peroxidative cysteine is a mechanism to
activate the chaperone function of 2-Cys-Prxs [4]. Yet, the modification
is not a prerequisite for the functional switch from a peroxidase to a
chaperone. As shown in Leishmania, a mutant lacking the peroxidative
cysteine fully rescues the in vivo infectivity of mPrx-depleted amastigote
parasites [26-28]. This does, however, not exclude that hyper-oxida-
tion of the parasite mPrx might be an additional chaperone-activating
mechanism. In Jurkat cells that are exposed to 100 uM H,0, for 10 min,
90% of the cytoplasmic hPrx1 and hPrx2, but only 10% of the mi-
tochondrial hPrx3 are hyper-oxidized [56]. Here we treated PC T. brucei
with 100 uM H,0, for 5 min. Under these conditions, both cPrx and
mPrx were modified suggesting that the parasite proteins are relatively
sensitive to hyper-oxidation. As shown prevoiously, PC T. brucei that are
exposed to 50 uM H,0, for 20 min lose the ability to reduce cytosolic,
but not mitochondrial, HO, [33] which indicates that prolonged ex-
posure to H,0, affects the cPrx to a higher degree. The lower sensitivity
of mPrx towards hyper-oxidation may be due to the fact that it is more
prone to covalent dimer formation than cPrx in intact PC T. brucei. This
could at least partially be attributable to the less reducing environment
in the mitochondrial matrix compared to the cytosol [33]. The sensi-
tivity of human Prx1, Prx2 and Prx3 to hyper-oxidation is determined
by the rate of disulfide bond formation between the peroxidative and
resolving cysteines [56,57,60]. Typical mammalian 2-Cys-Prxs have
been classified as hyper-oxidation-sensitive due to the presence of
GGLG and C-terminal YF motifs which are absent in the resistant pro-
karyotic proteins [55]. However, even among mammalian Prxs, the
susceptibility to hyper-oxidation and inactivation is remarkably vari-
able. The mitochondrial hPrx3 is significantly more resilient to hyper-
oxidation than hPrx1 and hPrx2 despite the fact that all three proteins
exhibit a high degree of sequence identity and possess these motifs
[56]. Recently two novel putative resistance-conferring motifs have
been detected [65]. Both motifs are found in hPrx3 and the mPrx, but
not cPrx, of T. brucei.

The growth defect of PC T. brucei caused by the depletion of mPrx
starts with a delay and is accompanied by formation of long and thin
cells that are probably arrested in the G1 phase of the cell cycle. The
cells are able to resume proliferation after overcoming the RNAi reg-
ulation or upon Tet-removal (not shown), both conditions resulting in
the re-appearance of mPrx. The phenotype was reminiscent of the late
procyclic and mesocyclic stages which appear as the parasites migrate
from the posterior to the anterior midgut of the tsetse fly [66]. The long
mesocyclic trypomastigotes are GO/Gl-phase arrested. When trans-
ferred back into in vitro culture medium they revert to the length of PC
cells and resume growth [66]. Highly elongated PC T. brucei with a
higher percentage of 1K1N cells that resemble mesocyclic trypomasti-
gotes have been observed also upon depletion of the plasma membrane
heme transporter [67]. Another example are parasites lacking Grx2, an
oxidoreductase in the mitochondrial intermembrane space, which is
also essential for proliferation of PC T. brucei. However, the latter cells
do not show an altered DNA distribution and are unable to readapt
normal proliferation [35]. RNAi knock-down of 101 predicted mi-
tochondrial proteins in PC T. brucei resulted for 39 proteins in a strong
or moderate growth retardation [49]. Several mutant cell lines dis-
played particularly long cells, and many of the cells had an abnormal K
and N distribution pattern. The percentage of 1K1N was increased in
only two cell lines, but lowered in all others [49]. Apparently, very
different perturbations of the mitochondrial metabolism can affect the
morphology, cell cycle progression and proliferation of PC T. brucei.
Interestingly, silencing of Prx3 in breast cancer cells also inhibits pro-
liferation and induces a cell cycle arrest in the G1 phase [68].

The depletion of mPrx did not affect the sensitivity towards exo-
genous H,0, or the cellular redox status, as visualized by DCF staining,
when compared to WT parasites. Moreover, the basal OxD reported by
the cytosolic and mitochondrial Tpx-coupled roGFP2 sensors was
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unaffected. These results indicate that the parasites are not subject to
oxidative stress as result of mPrx down-regulation. Remarkably, upon
long-term depletion of mPrx, the cells display strong DCF fluorescence
when exposed to exogenous H,O, but remain viable. Probably, these
proliferation-arrested cells are unable to metabolize and thus accumu-
late H,0,, without being damaged directly by the oxidant.

The mPrx-depleted PC parasites have a diminished mitochondrial
membrane potential. Similarly, depletion of Prx3 in HeLa cells en-
hances the decrease of the mitochondrial membrane potential induced
by pro-apoptotic stimuli [69]. In C. elegans, repression of Prx3 leads to a
lowered steady state level of ATP, impaired motility, and reduced brood
size indicating the importance of the mitochondrial protein for normal
life [70]. A recent study identified 171 mitochondrial proteins of C.
elegans whose knock-down resulted in decreased mitochondrial mem-
brane potential and induction of the mitochondrial unfolded protein
response [71]. The proteins are involved in many processes; all of them
are expected to either impair mitochondrial protein synthesis or import,
or directly or indirectly influence the ETC. Very little is known about
the response to mitochondrial stress in trypanosomes. A classical,
transcription-controlled mechanism is unlikely as the parasites regulate
their gene expression primarily on post-transcriptional levels [61].
Supplementing the medium with high glucose, to shift ATP generation
to glycolysis, did not significantly improve the growth defect indicating
that the energy metabolism is not primarily affected in the mPrx-de-
pleted PC cells. The proliferation defect is not due to a general increase
of aggregated proteins and also towards heat stress, the mPrx-depleted
PC cell lines do not display a specific response. All our data suggest that
mPrx plays a constitutive role in the insect stage of T. brucei. This is
further corroborated by the finding that both the expression level and
redox status of the protein are independent of the growth stage and
culture temperature.

Qualitatively, the mitochondrial proteomes of BS and PC T. brucei
are very similar, albeit, proteins of the TCA cycle and ETC often differ
significantly when quantitative data are available [62]. The most ob-
vious difference between the two developmental stages is the volume of
the mitochondrion, which in PC cells occupies one fourth of the whole
cell volume [72] and, most importantly, harbors an active ETC. In two
immunoprecipitation studies on PC T. brucei that aimed at identification
of the members of the translocase of the inner membrane (TIM) com-
plex, which is essential for protein import into the mitochondrial ma-
trix, mPrx was identified [73,74] which might suggest a transient in-
teraction of mPrx with the TIM complex. Downregulation of TbTim17
or TbTim50 leads to growth retardation and decrease in mitochondrial
membrane potential [75,76]; and the sensitivity of TbTim50-depleted
cells towards H,O, is even reduced [77]. Speculating that mPrx is in-
volved in the import and/or folding of nuclear-encoded subunits of the
respiratory chain complexes or other proteins whose shortage leads to a
lowered mitochondrial membrane potential, long-term depletion of
mPrx would be expected to affect the import of proteins into the mi-
tochondrion. This may explain the gradual decrease of the mitochon-
drial membrane potential and increase of the proliferation defect ob-
served and the fact that PC, but not BS, cells require mPrx under
standard culture conditions.

5. Conclusions

The function of mPrx in T. brucei is dependent of the life cycle stage.
In BS cells dwelling in the blood and body fluids of the mammalian
hosts, mPrx is dispensable, even in cells simultaneously deficient in Px
I1I. However, BS cells lacking mPrx die under conditions that mimic a
fever situation suggesting that the protein functions as a heat-activated
chaperone, similar to the protein in Leishmania. In contrast, in the PC
insect stage, mPrx is required for proliferation in the absence of any
stress. Prolonged depletion of mPrx results in an altered cell mor-
phology, arrest of the cell cycle and diminished mitochondrial mem-
brane potential. The data suggest that mPrx fulfills distinct functions as
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heat-activated and constitutive chaperone-like protein, respectively, in
the malleable mitochondrion of T. brucei. Interesting aspects for future
work could be to study the role of mPrx in BS parasites isolated from an
infected natural host as well as to identify proteins that interact with
mPrx in PC cells and to elucidate if these processes are thiol-(in)de-
pendent.
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