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A B S T R A C T

Trypanosoma brucei glutaredoxin 2 (Grx2) is a dithiol glutaredoxin that is specifically located in the mi-
tochondrial intermembrane space. Bloodstream form parasites lacking Grx2 or both, Grx2 and the cytosolic
Grx1, are viable in vitro and infectious to mice suggesting that neither oxidoreductase is needed for survival or
infectivity to mammals. A 37 °C to 39 °C shift changes the cellular redox milieu of bloodstream cells to more
oxidizing conditions and induces a significantly stronger growth arrest in wildtype parasites compared to the
mutant cells. Grx2-deficient cells ectopically expressing the wildtype form of Grx2 with its C31QFC34 active site,
but not the C34S mutant, regain the sensitivity of the parental strain, indicating that the physiological role of
Grx2 requires both active site cysteines. In the procyclic insect stage of the parasite, Grx2 is essential. Both alleles
can be replaced if procyclic cells ectopically express authentic or C34S, but not C31S/C34S Grx2, pointing to a
redox role that relies on a monothiol mechanism. RNA-interference against Grx2 causes a virtually irreversible
proliferation defect. The cells adopt an elongated morphology but do not show any significant alteration in the
cell cycle. The growth retardation is attenuated by high glucose concentrations. Under these conditions, pro-
cyclic cells obtain ATP by substrate level phosphorylation suggesting that Grx2 might regulate a respiratory
chain component.

1. Introduction

Glutaredoxins (Grxs) are ubiquitous small oxidoreductases that be-
long to the thioredoxin superfamily and play crucial roles in the redox
homeostasis of the cell (for reviews see [1,21,65]). All organisms have
an individual set of isoforms that occur in the cytosol, mitochondria and
nucleus. Based on the primary structure, two main groups are distin-
guishable, monothiol Grxs containing one or more CXXS motif(s) and
the more classical dithiol Grxs with a CXXC active site sequence (mostly
CPYC) [36]. Dithiol Grxs were first identified as highly efficient elec-
tron donors for ribonucleotide reductase and thus for the synthesis of
the DNA building blocks [36,66]. Like thioredoxins, dithiol Grxs par-
ticipate in a wide variety of biological processes, many of them can

catalyze the reduction of protein disulfides using both active site cy-
steine residues albeit usually at lower efficiency than thioredoxins [37].
Grxs have been shown to play distinct roles in the sensitivity of various
cells towards oxidative stressors [1,10,21,39,41]. A remarkable recent
finding is that limiting amounts of the cytosolic Grxs in the mitochon-
drial intermembrane space (IMS) of Saccharomyces cerevisiae provide a
kinetic barrier that prevents the reduction of target proteins by glu-
tathione (GSH) [31].

A unique feature of dithiol Grxs is their ability to catalyze redox
reactions using only the first cysteine (monothiol reactions). Generally,
the functions of Grxs are closely linked to the GSH system since (i) their
reduced form is regenerated by thiol/disulfide exchange of the oxidized
protein with GSH, where the GSSG formed is then reduced by
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glutathione reductase, and (ii) they catalyze with high efficiency and
selectivity the reversible S-glutathionylation of proteins. The latter
mechanism may be employed to protect reactive cysteine residues in
distinct proteins from irreversible over-oxidation as well as for redox
signaling pathways that could mediate critical cellular functions like
proliferation and apoptosis [1,21,41,65].

Trypanosomatids, such as Trypanosoma brucei, the causative agent
of African sleeping sickness and Nagana cattle disease, lack glutathione
reductases and thioredoxin reductases and their thiol metabolism is
based on the low molecular mass dithiol trypanothione [bis(glu-
tathionyl)spermidine, T(SH)2] and trypanothione reductase (for re-
views see [33,34,44]). T(SH)2 is synthesized from two molecules of
GSH that are covalently linked by spermidine with glutathionyl-
spermidine (Gsp) as intermediate [11,51]. The T(SH)2 system is in-
volved in the synthesis of DNA precursors as well as the detoxification
of hydroperoxides. The reactions are mediated by tryparedoxin (Tpx).
This essential and parasite-specific oxidoreductase is a distant member
of the thioredoxin-type protein family and fulfils many of the functions
known to be catalyzed by thioredoxins and/or Grxs in other organisms
[13,59]. Despite the absence of a classical glutathione system, trypa-
nosomatids contain appreciable concentrations of free GSH as well as a
repertoire of distinct Grxs [12,33]. Recently we showed that as response
to exogenous and endogenous oxidative stresses, the mammalian
bloodstream (BS) form of T. brucei can undergo protein S-glutathiony-
lation and S-trypanothionylation [64].

The T. brucei genome encodes genes for three monothiol Grxs as
well as two dithiol Grxs (Grx1 and Grx2) [12]. Grx1 represents a ca-
nonical dithiol Grx whereas Grx2 has sequence features exclusively
found in trypanosomatid organisms [12]. In T. brucei, Grx1 is a cyto-
solic protein whereas Grx2 is located in the mitochondrion and pre-
liminary studies suggest a localization in the intermembrane space
(IMS) [9]. Interestingly, Trypanosoma cruzi, the causative agent of
Chagas’ disease, encodes a single grx gene. The protein has an overall
sequence identity of 80% with T. brucei Grx2 and is located in the cy-
tosol [46].

The catalytic properties of recombinant T. brucei Grx1 and Grx2 as
well as T. cruzi Grx have been studied in some detail [9,46,47]. The
reduced form of the proteins with the active site cysteines (Cys31 and
Cys34 in T. brucei Grx2) in the thiol state is regenerated from the in-
tramolecular disulfide by spontaneous thiol/disulfide exchange with
T(SH)2, reactions that are at least three orders of magnitude faster
compared to those with GSH [9,46]. The trypanosomal Grxs accelerate
the reduction of GSSG by T(SH)2 which again reflects their close link
with the trypanothione metabolism. Both T. brucei Grxs and T. cruzi Grx
catalyze the reduction of the mixed disulfide between GSH and either 2-
mercaptoethanol or cysteine residues of various model proteins, a re-
action that is not taken over, at least to a physiological competent de-
gree, by Tpx [9,43,46]. Indeed, the cytosolic Grx1 has been shown to
contribute to about 50% of the deglutathionylation capacity of infective
T. brucei [49] and facilitates the reversion of stress-induced protein S-
thiolation [64]. Nonetheless, at variance with Tpx [13], parasites
lacking Grx1 are fully proliferative in vitro and in vivo, and even display
a marked thermoresistance when grown at 39 °C [49]. In contrast, RNA-
interference (RNAi) against Grx2 causes growth retardation of procyclic
(PC) insect stage cells [9] indicating life cycle specific functions of Grxs
in trypanosomes. Supporting this assumption, overexpression of Grx in
the amastigote intracellular form of T. cruzi confers resistance against
oxidative damage and promotes parasite growth while in non-infective
parasites it induces apoptosis [46].

Here we investigated the molecular and biological details of the
overall contribution of the Grx-dependent metabolism for parasite
survival in an animal host as well as of the indispensability of Grx2 for
PC trypanosomes. We show that Grx2 specifically localizes to the IMS of
the mitochondrion and that its biological functions require the presence
of both (in BS cells) or only the first (in PC cells) of the active site
cysteine residues. Grx2 was dispensable for infective trypanosomes but,

as observed for Grx1 KO cells, its absence increased the thermo-toler-
ance of BS cells. Thus, from a therapeutic point of view, the parasite
Grxs can be ruled out as putative drug target molecules. Remarkably,
the temperature rise lowered the cellular T(SH)2/TS2 ratio and in-
creased the level of S-glutathionylated proteins, whereby these effects
were Grx-independent. In contrast, Grx2 is essential in PC cells. The
insect stage requires a redox-active Grx2 for viability. RNAi-mediated
downregulation of the oxidoreductase resulted in cells with elongated
morphology that were irreversibly arrested in proliferation.

2. Material and methods

2.1. Material

Insulin, digitonin, diamide, tetracycline (tet), DAPI, (hydroxylethyl)
disulfide (HED), 2-mercaptoethanol (2-ME) and sodium (meta) arsenite
were purchased from Sigma-Aldrich. Puromycin dihydrochloride, hy-
gromycin B, and blasticidin hydrochloride were from Roth, Karlsruhe.
Fetal calf serum (FCS) was from Biochrome, H2O2, G418 and mono
(bromo)bimane (mBBr) from Merck. 5,5′-Dithio-bis-(2-nitrobenzoic
acid) (DTNB) was ordered from Serva, Heidelberg, and 4-acetamido-4′-
maleimidylstilbene-2,2′-disulfonic acid (AMS) from Life Technologies.
The Bond Breaker tris(2-carboxyethyl)phosphine (TCEP) solution and
methyl-PEG12-maleimide [MM(PEG)12] were from Thermo Scientific.
Recombinant Grx2 was produced as described [9]. Recombinant human
glutathione reductase (GR) was a kind gift of Dr. Heiner Schirmer,
Heidelberg University. Polyclonal guinea pig antisera against T. brucei
Grx1 as well as rabbit antisera against T. brucei cytosolic 2-Cys-perox-
iredoxin (cTXNPx), lipoamide dehydrogenase (LipDH) and Tpx were
obtained previously [9,13,58]. Polyclonal guinea pig antibodies against
the mitochondrial T. brucei 2-Cys-peroxiredoxin (mtTXNPx) as well as
rabbit and guinea pig antibodies against Grx2 were generated by
Eurogentec. Polyclonal rabbit antibodies against acetate: succinate-
CoA-transferase (ASCT) were a kind gift from Dr. Frédéric Bringaud,
University of Bordeaux. Goat anti guinea pig IgG were purchased from
Santa Cruz Biotechnology. Goat anti rabbit IgG were from Thermo
Scientific or Santa Cruz Biotechnology. The pHD vectors used for T.
brucei transfection were kindly provided by Dr. Christine Clayton,
Heidelberg University. All primers were synthesized by Eurofins MWG
Operons, Ebersberg, Germany. The plasmids were sequenced by Euro-
Fins MWG Operons or GATC Biotech AG, Konstanz, Germany.

2.2. Cultivation of T. brucei under various conditions

The parasites used in this work were of the T. brucei brucei 449 cell
line which is a descendant of the Lister 427 strain [17]. BS parasites
were cultivated in HMI-9 medium at 37 °C in a humidified incubator
with 5% CO2. If not stated otherwise, PC cells were grown at 27 °C in
MEM-Pros medium. Both media were supplemented with 10% (v/v)
heat-inactivated FCS, 50 units/ml penicillin, and 50 µg/ml strepto-
mycin. In addition, the HMI-9 medium and MEM-Pros medium con-
tained 0.2 µg/ml and 0.5 µg/ml, respectively, of phleomycin to select
for cells containing the tet repressor gene [62,6]. To study the tem-
perature sensitivity of BS parasites, WT parasites and the Grx mutants
were grown at 39 °C in the presence or absence of 1 µg/ml tet in
medium without hygromycin. The response of BS cells towards hy-
drogen peroxide, diamide and sodium arsenite was studied in HMI-9
medium lacking cysteine and 2-ME. The response of PC cells towards
hydrogen peroxide and diamide was followed in SDM-79 medium. A
putative temperature phenotype of Grx2-depleted PC cells was studied
at 37 °C. The proliferation of PC under high glucose conditions was
followed in MEM-Pros medium supplemented with 10mM glucose.
Cells were counted in a Neubauer chamber.
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2.3. Cloning of constructs for deletion and/or ectopic overexpression of grx2
species in T. brucei

Genomic DNA was isolated from BS T. brucei using the Qiagen
DNeasy Blood and Tissue kit. For the deletion of both grx2 alleles, the 5′
untranslated region (utr) of grx2 (TriTryp code: Tb927.1.1770) was
amplified by PCR with Pfu polymerase and Grx2-5′−1F and Grx2-
5′−2R as primers, generating a fragment of 388 bp. All primers used in
this work are listed in Table S1. The 3′ utr was amplified using the
primers Grx2-3′−7F and Grx2-3′−4R, yielding a 416 bp fragment. Both
fragments were purified from a 2% agarose gel using the Zymoclean Gel
DNA Recovery kit. With the pHD1747-grx1-KO vector [49] as template,
the 5′ and 3′ utr of grx1 were stepwise released by digestion with XhoI/
HindIII and EcoRI/NotI, respectively, and replaced by the grx2 utr
fragments generating pHD1747-grx2-KO. The blasticidin resistance
gene in the pHD1748-grx1-KO vector [49] was removed by digestion
with HindIII and EcoRI and replaced with the neomycin resistance gene
which was obtained from pHD2171 by digestion also with HindIII and
EcoRI. Subsequently, the 5′ and 3′ utr of grx1 were stepwise replaced by
the grx2 utr fragments, generating pHD1748 (neo)-grx2-KO.

Since preliminary work had revealed largely cytosolic localization
of a C-terminally myc-tagged version of Grx2, a vector was generated
that allowed tet-inducible expression of a tag-free ectopic copy of Grx2
in the parasites. For this purpose, a stop codon was introduced after the
coding sequence in the pHD1700/grx2-c-myc2 vector [9] by the
QuickChange Multi Site-Directed Mutagenesis Kit and the primers
Grx2-Stop-F/Grx2-Stop-R resulting in pHD1700/grx2. For the expres-
sion of C34S and C31S/C34S Grx2 mutants, the pHD1700/grx2 vector
was mutated using the primer pair Grx2-C34-F/Grx2C34S-R and Grx2-
Dmut-F/Grx2-Dmut-R, respectively. The products were pHD1700/
grx2c34s and pHD1700/grx2c31s/c34s.

2.4. Generation of BS Grx2 KO, conditional Grx2 KO and Grx1/Grx2 KO
cell lines

To obtain Grx2 KO cells, 4 × 107 BS T. brucei were harvested in the
logarithmic growth phase. 12 μg of pHD1747-grx2-KO and
pHD1748(neo)-grx2-KO, respectively, was digested with XhoI and NotI,
ethanol-precipitated, mixed with 100 µl human T cell nucleofactor so-
lution and added to the cell pellet. Transfection was performed in the
Amaxa nucleofactor electroporator with the program X-001. The
parasites were grown overnight in 50ml of HMI-9 medium without any
selecting antibiotic. Afterwards the cells were seeded in 24-well plates
by serial dilutions, selecting with 0.2 μg/ml puromycin or 2.5 μg/ml
neomycin as outlined previously [49]. Verified single KO (SKO) cells
were transfected with the respective other deletion cassette and clones
selected with both antibiotics. Deletion of both grx2 alleles was verified
by PCR and Western blot analyses.

Conditional BS Grx2 KO cells were obtained by transfecting Grx2
KO cells with NotI-linearized pHD1700/grx2, pHD1700/grx2-c34s or
pHD1700/grx2-c31s/c34s. Stably-transfected clones were selected with
10 μg/ml of hygromycin. BS cell lines that lack both Grxs (Grx1/Grx2
KO) were obtained by transfecting Grx1 KO cells [49] with pHD1747-
grx2-KO and pHD1748(neo)-grx2-KO as outlined above.

2.5. Generation of PC conditional Grx2 KO cell lines

PC T. brucei were transfected with XhoI/NotI-digested pHD1747-
grx2-KO or pHD1748 (neo)-grx2-KO as outlined above for BS cells and
clones selected by 2 μg/ml puromycin and 30 μg/ml G418, respectively.
Grx2 SKO cells were obtained. However, subsequent transfection with
the respective second deletion cassette yielded one double-resistant cell
line that still had a grx2 gene. Therefore, Grx2 SKO (puro) cells were
transfected with NotI-linearized pHD1700/grx2, pHD1700/grx2-c34s or
pHD1700/grx2-c31s/c34s and cell lines selected with 2 μg/ml pur-
omycin and 50 μg/ml hygromycin. The Grx2 SKO (puro) clones that

harbored a tet-inducible ectopic copy of either grx2, grx2-c34s or grx2-
c31s/c34s were grown overnight in MEM-Pros medium containing 2 μg/
ml puromycin, 50 μg/ml hygromycin, and 100 ng/ml tet and then
transfected with the XhoI/NotI-digested pHD1748(neo)-grx2-KO con-
struct. After culturing the cells overnight at 27 °C in the presence of
hygromycin and tet (but no puromycin or G418), cell lines were se-
lected in medium containing all four antibiotics.

2.6. Western blot analyses

Western blot analyses as well as the removal of bound antibodies
were conducted as described previously [9,49]. Proteins were separated
by SDS-PAGE, blotted onto a PVDF membrane and reacted with anti-
bodies against Grx1 (1:800), Grx2 (rabbit, 1:200 or guinea pig, 1:500),
cTXNPx (1:3000), Tpx (1:2000), LipDH (1:1000), ASCT (1:500), and
mtTXNPx (1:1000). The secondary goat antibodies were diluted
1:10,000 (guinea pig) and 1:20,000 (rabbit). Bands were visualized by
chemiluminescence using the Super-Signal West Pico Kit (Pierce) or the
Western BLoT Ultra Sensitive HRP Substrate (Takara).

2.7. Immunofluorescence microscopy

The immunofluorescence microscopy was done as described pre-
viously [26,49].

2.8. HPLC analysis of mBBr-labeled parasite thiols

The level of free thiols, free thiols and disulfides and protein-bound
thiols was determined as described previously [64]. Shortly, about 1 ×
108 BS T. brucei were grown at 37 °C or 39 °C, washed with PBS and an
aliquot was removed for counting. Proteins were precipitated by tri
(chloro)acetic acid (TCA) treatment. The supernatant was split into two
parts. One sample was directly labeled with mBBr. The other one was
treated with TCEP followed by mBBr derivatization. The protein pellet
was dissolved and treated with TCEP. After precipitation of the pro-
teins, the supernatant containing the released thiols was reacted with
mBBr. The samples were subjected to HPLC analysis and fluorescence
detection. The thiols were quantified by comparing integrated peak
areas between the sample and standard curves of each thiol derivative.
The cellular concentration was calculated by normalizing to the cell
number and a cell volume of 58 fl [50].

2.9. Subcellular localization of Grx2

For BS cells, the differential membrane permeabilization was done
essentially as described previously for PC cells [9]. For each digitonin
concentration, 6.5 × 107 cells were used. Digitonin was added to the
cell pellets resulting in increasing digitonin: protein ratios (mg/mg).
The samples were incubated at 25 °C for 5min and centrifuged. The
supernatants were mixed with 4 × sample buffer containing 8M urea
and 0.2mg/ml DNase. The pellets were washed with PBS and dissolved
in 1 × sample buffer. All samples were subjected to Western blot
analysis.

To distinguish between a putative localization of Grx2 in the matrix
or IMS of the mitochondrion, per sample, 7 × 107 PC T. brucei were
harvested, washed with PBS followed by 10mM Tris-HCl, 150mM
NaCl, 1 mM EDTA, pH 7.4. All subsequent steps were carried out at 4 °C.
The cells were re-suspended in 100 µl of the respective digitonin solu-
tion, incubated for 4min and centrifuged. The supernatants were di-
rectly treated for 5min with 10mM TCEP followed by 15min with
15mM MM(PEG)12. The pellets were washed twice with 20mM Tris,
0.6 M sorbitol, 0.5 M NaCl, pH 7.4, re-suspended in 100 µl buffer and
treated with TCEP and MM(PEG)12. The control samples obtained the
same volume of buffer. The reaction was stopped by adding 38mM 2-
ME. The samples were mixed with 4 × sample buffer containing
0.05mg/ml DNase I and subjected to Western blot analysis.
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2.10. In vivo experiments

The animal protocols used in this work were approved by the
Animal Use and Ethic Committee (CEUA) of the Institut Pasteur
Montevideo (Protocol 2009_1_3284) and are in accordance with
FELASA guidelines and the National law for Laboratory Animal
Experimentation. The infection experiments were carried out using 6–8
weeks old female Balb/cJ mice (six per group) hosted at the Transgenic
and Experimental Animal Unit (Institut Pasteur de Montevideo) as de-
scribed previously [26,49,58]. Animals from each group were infected
intraperitoneally (i.p.) with 104 WT, Grx2 KO, Grx1/Grx2 KO cells as
well as Grx2 KO cells ectopically expressing a Grx2 copy.

The parasites were harvested in the exponential growth phase and
resuspended in 0.3 ml fresh medium. The health status and survival of
the animals were monitored daily. The parasitemia levels were assessed
from day 4 post-infection onwards. Briefly, blood taken from the sub-
mandibular sinus (5–25 µl) was collected in a tube containing 5 µl of tri-
potassium ethylenediamine tetracetic acid (K3EDTA, DELTALAB) as
anticoagulant. In some cases, 10 µl PBS-1% (w/v) glucose was added to
the blood to maintain parasite viability during sample processing. After
thorough homogenization, an aliquot was diluted 1:20 in red cell lysis
buffer (0.8% (w/v) NH4Cl, 0.084% (w/v) NaHCO3 and 0.038% (w/v)
Na2-EDTA, pH 7.4), incubated for 2min at room temperature, and
further diluted with PBS-1% (w/v) glucose when the parasite density
was above 106 cells/ml. Parasites were counted under an inverted mi-
croscope using a Neubauer chamber. The minimum parasite density
detectable by this method is about 1 × 105 cells/ml. Mice showing an
impaired health status and/or a parasite load of ≥ 108 cells/ml blood
were euthanized. The Kruskal-Wallis test (followed by Dunn's multiple
comparison) and the log rank test were applied to assess statistical
significance of the parasitemia and the Kaplan-Meier survival plots,
respectively, using GraphPad Prism version 6.01 for Windows
(GraphPad Software, La Jolla, California, USA).

2.11. Production of recombinant cysteine mutants of Grx2

To generate Grx2 mutants in which Cys34 or both Cys31 and Cys34
were replaced by serine, the pETtrx1b/grx2 plasmid [9] was subjected
to site-directed mutagenesis as outlined above for the pHD1700 vector.
E. coli cells were transformed with pETtrx1b/grx2-c34s or pETtrx1b/
grx2-c31s/c34s and the recombinant proteins purified as described for
the authentic Grx2 [9]. The protein concentration was determined in a
Bradford assay.

2.12. Enzymatic assays

The assays were performed as described previously [9]. Insulin re-
ductase assay: In a total volume of 800 µl 100mM potassium phos-
phate, 2 mM EDTA, pH 7.0, the assay mixtures contained 625 μM DTT
and 130 μM insulin as well as none, 0.7 μM Tpx, 9 or 22 μM of Grx2,
C34S Grx2 or C31S/C34S Grx2. The increase in turbidity was followed
at 650 nm and 30 °C. HED assay: In a total volume of 1ml 100mM
potassium phosphate, 1 mM EDTA, pH 7.0, 200 µM NADPH, 1mM GSH,
1 U human GR, and 2.5mM HED were incubated for 3min at 25 °C.
400 nM of the different Grx2 species was added and NADPH con-
sumption followed at 340 nm.

2.13. Determination of the cellular redox state of Grx2 under standard and
stress conditions

To establish the procedure, 200 µM recombinant WT, C34S or C31S/
C34S Grx2 in 50 µl of 50mM Tris/HCl, 1 mM EDTA, 1% w/v SDS, pH
7.5 (reaction buffer) was incubated for 20min at 50 °C with 10mM
DTT. 50 µl of 60mM AMS in reaction buffer was added. The samples
were incubated for 1 h at 37 °C and then subjected to SDS-PAGE on a
16% gel. The proteins were visualized by Coomassie staining.

To follow the redox state of Grx2 in oxidatively stressed cells, six
samples, each with 4 × 107 PC cells harvested in the logarithmic
growth phase, were washed and re-suspended in 900 µl PBS. 1. Un-
stressed cells: (a) 100 µl of ice-cold TCA was added and the mixture
kept on ice for 30min. After centrifugation, the pellet was washed three
times with 500 µl ice-cold acetone and dissolved in 100 µl reaction
buffer, (b) after the TCA precipitation, the pellet was dissolved in 100 µl
reaction buffer containing 30mM AMS and the solution incubated for
1 h at 37 °C. 2. Cells treated for 5min at RT with 3mM diamide were
processed as described under 1. 3. The diamide-stressed cells were reset
to normal culture conditions and after 5min treated as described in 1.
All samples were subjected to Western blot analysis.

3. Results

3.1. In BS Trypanosoma brucei Grx2 is dispensable

RNAi towards Grx2 did not reveal any proliferation defect for BS T.
brucei [9]. Thus, both grx2 alleles were deleted by replacing one allele
at a time by puromycin and neomycin resistance genes (Fig. S1A). PCR
analysis confirmed the correct insertion of the resistance genes in the
grx2 locus and the absence of the grx2 gene (Fig. S1B). Accordingly,
Western blot analyses of total cell lysates revealed Grx2 in WT parasites
but not the Grx2 KO cell line (Fig. 1A). The latter cells were then cul-
tured in the absence of the selecting antibiotics. Western blot analysis
against Grx1 did not show any difference in the protein levels between
WT and Grx2 KO cells (Fig. 1B). The respective behavior was observed
for Grx2 in Grx1 KO cells [49] indicating that the levels of the two
dithiol Grxs in BS cells are mutually independent in accordance with
their distinct cellular localization.

3.2. BS cells lacking Grx2 are less temperature-sensitive compared to WT
parasites

Under standard culture conditions at 37 °C, the Grx2 KO cells pro-
liferated like the WT control with a doubling time of about 6 h (not
shown). Based on our earlier finding that cytosolic Grx1 links heat re-
sponse to cell proliferation [49], we investigated the growth phenotype
of the Grx2 KO cells at 39 °C. Within 5 days of continuous cultivation at
39 °C, the proliferation of WT cells gradually decreased suggesting a
loss of fitness. In contrast, cells lacking Grx2 retained a significantly
higher proliferation rate (Fig. 1C). To verify that the altered phenotype
was due to the absence of Grx2, the Grx2 KO cells were transfected with
pHD1700/grx2 which allowed the tet-inducible expression of an ectopic
copy of the protein (for details see Materials and methods). The in-
ducible Grx2 KO cells were grown overnight at 37 °C in the absence and
presence of tet and then cultured at 39 °C. The mutant cells behaved
like the WT parasites independent of the presence or absence of tet
(Fig. 1C). Western blot analysis revealed leaky expression of the ectopic
Grx2 (Fig. 1A). Therefore, the higher proliferation rate of the Grx2-
deficient cells at 39 °C can be ascribed to the specific absence of the
oxidoreductase. Western blots of total lysates from WT BS parasites that
were grown at 37 °C or 39 °C revealed identical Grx2 levels ruling out a
putative temperature-induced upregulation of the protein (not shown).

To get an insight into the underlying cellular mechanism, WT and
Grx2 KO cells were cultured for three days at 39 °C and then subjected
to immunofluorescence microscopy. Kinetoplast (K, mitochondrial) and
nuclear (N) DNA were visualized by DAPI staining and five different
configurations of kinetoplasts and nuclei were quantified (Fig. 1D).
Parasites in the G1 or mitochondrial S phase of the cell cycle possess a
single kinetoplast and a single nucleus and are termed 1K1N. As the cell
cycle progresses, the kinetoplast replicates and segregates before the
nucleus generating a 2K1N cell. The cell then enters mitosis, the out-
come of which is a 2K2N cell. Finally, cytokinesis occurs, cleaving the
cell into 1K1N siblings [57]. In a standard culture of BS parasites, about
83%, 10%, and 5% of the cell population display 1K1N, 2K1N, and
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2K2N configuration, respectively [60]. Subjecting BS cells to 39 °C
shifted the distribution dramatically. As noted previously [49], the
proportion of WT parasites with 1K1N was lowered by 50% compared
to cultivation at 37 °C and cells with ≥ 2K2N increased to ≥ 30%
(Fig. 1D). In addition, many cells appeared to be fused and bearing two
flagella suggesting that cytokinesis initiates but is unable to complete
(Fig. 1D, upper part). In contrast, with 61% 1K1N and ≤ 9% 2K2N,
Grx2 KO cultures grown at 39 °C displayed a distribution more similar
to WT cells cultured at 37 °C. Other configurations such as cells with
0K1N and 1K2N, which are undetectable under standard conditions
[57,60], occurred in both cultures and may be the result of un-
symmetrical division of the kinetoplast or failure to segregate at all
[38,57]. When put back to 37 °C, both WT and Grx2 KO cells readily
resumed normal growth. This indicates that the temperature rise in-
duced a reversible proliferation arrest but did not affect cell viability.
Remarkably, BS T. brucei that lack the cytosolic Grx1 display an almost
identical phenotype at 39 °C [49]. This suggests the presence of one or
more step(s) involved in the cell cycle/proliferation response of BS cells
to elevated temperatures that is/are susceptible to Grx-mediated redox
control.

3.3. An elevated culture temperature does not affect the subcellular
localization of Grx2

The primary structure of Grx2 does not display any obvious tar-
geting signal. In the insect stage, subcellular fractionation indicated a
localization in the mitochondrial IMS [9] (see also Fig. 9). To assess the
localization of Grx2 in the BS form of T. brucei, the parasites were
treated with increasing concentrations of digitonin which results in the
gradual permeabilization of cellular membranes [9,14]. Western blot
analysis of the supernatant and pellet fractions of each sample revealed
the cytosolic marker protein cTXNPx completely solubilized at a digi-
tonin: protein ratio of 0.1:1 (mg/mg) whereas the mitochondrial matrix
protein LipDH appeared in the supernatant at a ratio of 0.4:1 (Fig. S2A).
Grx2 remained in the pellet fraction up to a digitonin: protein ratio of
0.2:1, indicating that the protein does not occur in the cytosol. Solu-
bilization of Grx2 started at a ratio of 0.3:1, slightly earlier than LipDH
in accordance with a mitochondrial, putatively IMS localization.

To evaluate if the temperature increase affected the cellular dis-
tribution of Grx2, BS cells were grown at 39 °C for two days and then
subjected to fractionated digitonin lysis (Fig. S2B). The elution pattern
of cTXNPx remained unchanged and was identical with that of Tpx,
another cytosolic marker. Also the elution pattern of Grx2 was identical
in cells grown at 37 °C or 39 °C indicating that the protein retained its
subcellular localization. LipDH and mtTXNPx were completely

Fig. 1. Phenotypic analysis of WT and Grx2 KO BS T. brucei grown at 39 °C. A. Total lysates from 3 × 107 WT, Grx2 KO, and inducible Grx2 KO cells grown under normal culture
conditions at 37 °C in the absence (-) and presence (+) of tet as well as 5 ng recombinant Grx2 were subjected to Western blot analysis with rabbit Grx2 antibodies. B. Total lysates from 1
× 107 WT and Grx2 KO cells grown under normal culture conditions at 37 °C were subjected to Western blot analysis with antibodies against Grx1 followed by antibodies against
cytosolic 2-Cys-peroxiredoxin (cTXNPx) as loading control. There was no upregulation of Grx1 in the Grx2 KO cell line compared to the WT control. C. WT, Grx2 KO and Grx2 KO cells
harboring a tet-inducible ectopic copy of grx2 were seeded at a density of 2 × 105 cells/ml in 5ml of 39 °C pre-warmed HMI-9 medium and cultured at 39 °C. The inducible Grx2 KO cells
were grown in the absence and presence of 1 µg/ml tet. Every 22 h, living cells were counted and the cultures diluted back to the initial cell density. The graph shows the cumulative cell
densities for the different cell types derived from three independent experiments. The mean± standard deviation is depicted where * indicates p-values< 0.05 (calculated using
Microsoft Excel Student's unpaired t-test with equal variance). The inducible Grx2 KO cells behaved like WT controls independent of tet due to leaky expression of the ectopic copy (see
A). D. WT and Grx2 KO cells cultured for three days at 39 °C were harvested and subjected to fluorescence microscopy using DAPI to stain the kinetoplast (K, small dot) and nuclear (N,
large dot) DNA. Representative WT cells are depicted. Phase, phase contrast pictures (scale bar 10 µm). At least 200 parasites of both cell types were scored for their number of
kinetoplasts and nuclei and the percentage of cells displaying the respective phenotype was calculated. The results from two independent experiments are presented.

S. Ebersoll et al. Redox Biology 15 (2018) 532–547

536



solubilized at a digitinin: protein ratio of 0.5:1. Intriguingly, a minor
but constant fraction of the mitochondrial matrix proteins was found in
the supernatants at low digitonin concentrations suggesting that the
elevated temperature affected the integrity of the mitochondrion.

3.4. The temperature sensitivity of BS WT T. brucei requires Grx2 with both
active site cysteines

As shown in Fig. 1, when cultured at 39 °C, WT cells displayed a
strong growth retardation whereas the Grx2 KO cells continued to
proliferate. This growth advantage was abolished when the Grx2 KO
cells expressed an ectopic copy of the authentic protein. To examine if
the contribution of Grx2 to this growth phenotype is redox-dependent,
the Grx2 KO cells were complemented with constructs that allowed the
tet-inducible expression of either the C34S or C31S/C34S mutant of
Grx2 (for details see Materials and methods). WT parasites and the
different Grx2 KO cell lines were cultured for five days at 39 °C
(Fig. 2A). Interestingly, the temperature sensitivity of WT parasites was
not restored when the Grx2 KO cells even over-expressed the C34S or
C31S/C34S mutant (Fig. 2B). This suggests that the strong proliferation
defect of BS T. brucei at 39 °C involves a Grx2-mediated redox-regulated
step that requires both active site cysteine residues.

3.5. BS Grx2 KO and Grx1/Grx2 KO cells display an identical
thermotolerance

Since the deletion of Grx2 (this work) as well as Grx1 [49] yielded
BS T. brucei with an identical growth phenotype at 39 °C, we decided to
study the biological impact of deleting both oxidoreductases. With
(blasticidin resistant) BS Grx1 KO cells [49] as starting material, both
grx2 alleles were deleted by replacing one allele at a time with pur-
omycin and neomycin resistance genes. PCR analysis confirmed the

correct insertion of the resistance genes in the grx2 locus and the ab-
sence of both grx1 and grx2 (Fig. S3A, Fig. 3A). Three Grx1/Grx2 KO
clones as well as WT and Grx2 KO cells were then cultured for five days
at 39 °C (Fig. S3B and Fig. 3B). Whereas after three days, the WT
parasites virtually stopped proliferation (see also Figs. 1C and 2A), the
mutant cell lines continued to grow. No difference was observed be-
tween the Grx2 KO and Grx1/Grx2 KO cell lines suggesting that the two
oxidoreductases are not redundant but act in series within a common
redox-regulated pathway that arrests cell proliferation at elevated
temperatures.

3.6. Growth at 39 °C shifts the cellular thiol status of BS T. brucei to more
oxidizing conditions

The finding that a redox-active form of Grx2 is required to overcome
the thermotolerance of Grx2-deficient BS cells suggested that the tem-
perature shift may affect the cellular thiol redox homeostasis. To assess
if the temperature rise has an effect on the cellular GSH, Gsp and T(SH)2
pool, the thiols were derivatized with mBBr and quantified by HPLC
analysis as described before [64]. BS WT T. brucei that were cultured
under standard conditions at 37 °C had about 350 µM T(SH)2, 100 µM
GSH and 10 µM Gsp. In addition, the levels of the free thiols and free
thiols plus disulfides were almost identical indicating that all three thiol
species were exclusively present in free and reduced form (Fig. 4A, left
graph). The values were in perfect agreement with our previously
published data [64]. Cultivation of BS parasites at 39 °C altered the
cellular thiol redox balance, resulting in a slight decrease of the GSH
level and undetectable Gsp level which might suggest a slight shift to
T(SH)2 formation. Most remarkably, a significant portion of the cellular
trypanothione was now in the disulfide form (Fig. 4A, right graph). As
shown in Fig. 4B, at both temperatures, the Grx1/Grx2 KO cells showed
virtually the same pattern as WT cells.

Fig. 2. Cysteine mutants of Grx2 are unable to re-
store the temperature sensitivity of WT BS cells. A.
BS WT, Grx2 KO, and Grx2 KO cells that allowed the
inducible expression of the C34S or C31S/C34S
mutant of Grx2 were grown± tet at 39 °C. Living
parasites were counted every 23 h and the cultures
were diluted to the initial density of 2 × 105 cells/
ml. The data represent the mean± standard devia-
tion of three independent experiments. B. Total ly-
sates of 2 × 107 cells harvested after 48 h cultivation
at 39 °C were subjected to Western blot analysis
against Grx2 (guinea pig, 1:500) and cTXPNx
(1:2000) as loading control. Rec. Grx2, 5 ng re-
combinant protein.

Fig. 3. Generation and temperature behavior of BS
T. brucei lacking both Grxs. A. PCR analysis of
genomic DNA isolated from WT T. brucei and four
Grx1 KO cell lines (1−4) transfected with constructs
to replace the grx2 alleles by puromycin and neo-
mycin resistance genes. Internal primers for Grx1
and Grx2 were used to demonstrate the absence of
any grx1 and grx2 allele. The primer combinations
with the expected amplicon sizes in brackets are
given above each lane. The primer sequences are
shown in Table S1. B. WT, Grx2 KO, and Grx1/Grx2
KO cells (clones 2, 3, and 4) were seeded at a density
of 2 × 105 cells/ml in 5ml of 39 °C pre-warmed
medium and cultured at 39 °C. Every 22 h or 23 h,
the cells were counted and diluted to the initial cell
density. The graph shows the cumulative cell den-
sities of the different cell types. The data represent
the mean± standard deviation of three independent

experiments.
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Another remarkable effect induced by this minor (2 °C) temperature
shift was the increase in the level of S-glutathionylated proteins (from
~7 µM to ~17 µM) in both WT and Grx1/Grx2 KO cells (Fig. 4C). In
summary, under this experimental setting that mimics fever in the
mammalian host and generates an endogenous redox unbalance, the
dithiol Grxs do not contribute to the overall GSH/GSSG and GSH/
protein-SSG redox state of these cells as initially expected [12].

3.7. Lack of the dithiol Grxs does not sensitize BS cells towards oxidants

As shown above, the dithiol Grxs do not appear to be involved in the
maintenance of the cellular thiol redox homeostasis when the oxidative
stress originates from an increase in temperature. Nonetheless, the
oxidoreductases may be part of a more general protection mechanism
against an acute oxidative stress. To test this hypothesis, WT and Grx1/
Grx2 KO BS T. brucei were subjected to a short term exposure to hy-
drogen peroxide, diamide as well as arsenicals, all of which affect the
thiol redox homeostasis but via distinct mechanisms. For instance, hy-
drogen peroxide shifts the cellular GSH and T(SH)2 to the free disulfide
forms whereas in diamide-treated cells the main products are S-glu-
tathionylated and S-trypanothionylated proteins [64]. Arsenicals form

stable complexes with T(SH)2 and inactivate trypanothione reductase
[16,20]. To exclude any interaction between the reagents and thiols in
the culture medium, the cells were transferred into HMI-9 medium
lacking cysteine and 2-ME and then treated with hydrogen peroxide,
diamide or sodium arsenite (Fig. S4). The concentrations of the reagents
were chosen to mildly or severely affect the viability of WT cells. Every
hour, living cells were counted. During the five hours observation time,
unstressed control cells even slightly proliferated indicating that the
thiol-depleted medium did not impose an additional stress. Towards all
three stressors, the Grx1/Grx2 KO cells displayed the same behavior as
the WT controls. This clearly shows that in infective T. brucei the dithiol
Grxs are not involved in the protection against acute oxidative stress.

3.8. The dithiol Grxs are fully dispensable for infectivity and parasite
survival in a mammalian host

In vitro proliferation does not resemble the more challenging con-
ditions parasites face during host infection and, hence, may hide a
detrimental phenotype as shown for BS T. brucei lacking the mi-
tochondrial LipDH [58]. Thus, in order to provide compelling evidence
for the biological role of the dithiol Grxs in infectious trypanosomes,

Fig. 4. Upon cultivation at 39 °C, BS WT and Grx1/Grx2 KO cells
show an increase in trypanothione disulfide and protein-bound
glutathione. A. WT parasites grown for 48 h at 37 °C or 39 °C were
counted and immediately lysed by TCA precipitation. Half of the
supernatant was directly reacted with mBBr to label the free thiols
(RSH). The other half was treated with TCEP, followed by mBBr,
yielding the sum of free thiols and disulfides (RSSR). B. Grx1/
Grx2 KO cells were analyzed as described under A for the WT
parasites. C. The TCA pellet was dissolved in buffer containing
TCEP and the released thiols were labeled with mBBr. The thiol
derivatives were separated and quantified by HPLC analysis. For
details see Material and methods. The values are the mean± SD
of at least three independent analyses.
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mice (n = 6/group) were infected with WT, Grx2 KO, Grx2 KO cells
expressing ectopically Grx2 and Grx1/Grx2 KO cells, respectively, and
animal survival and parasitemia recorded (Fig. 5). Although early an-
imal death (n = 2) occurred at day 4 and 7 post infection with Grx2 KO
cells ectopically expressing Grx2 and Grx1/Grx2 KO cells, respectively,
no significant differences were observed between the distinct groups
which all shared a mean survival time of 10 days (Fig. 5A). The para-
sitemia in the group infected with WT parasites displayed the typical
trend earlier described for infections with monomorphic parasites
[26,45,49,58]. After a peak at day 4 (Fig. 5B), parasite proliferation is
largely controlled by the host at day 7 (Fig. 5C), which parallels the
immune response of the host [42], and finally ends in an uncontrolled
multiplication (≥ 108 parasites/ml blood at day 10; Fig. 5D) and an-
imal death (Fig. 5A). For the groups infected with the mutant cell lines,
the parasitemia presented an overall similar, but not identical picture.
In particular, at day 4, the Grx2 KO and Grx1/Grx2 KO cells were
significantly less proliferative than the Grx2 KO cells that ectopically
expressed Grx2 (Fig. 5B). At day 7, animals infected with the latter cells
presented a significantly higher parasitemia compared to those infected
with WT parasites (Fig. 5C) which suggests that they have a higher
capacity to adapt to and withstand the innate immunity of the murine
host during the early stage of infection. The in vivo phenotype of these
cells may be associated with their much higher Grx2 content compared
to WT cells (Fig. 1A). We do, however, not know if the overexpressed
protein is correctly transferred to its physiological site or largely re-
mains in the cytosol. In summary, our data show that the infective form
of African trypanosomes does not require dithiol Grxs to establish in-
fection and survive in a mammalian host.

3.9. PC T. brucei are refractory to deletion of both grx2 alleles and require a
redox active Grx2 species for viability

To provide conclusive evidence that Grx2 is indispensable in PC
cells, the grx2 alleles were replaced by transfection with puromycin and
neomycin resistance cassettes. Resistant cell lines were cloned as de-
picted schematically in Fig. S1 for BS cells. Both transfections yielded at
least three SKO cell lines. However, attempts to replace the second al-
lele failed. Only a single double-resistant cell line was obtained but PCR
analysis still revealed the presence of a grx2 copy (Fig. S5A). Both the
Grx2 SKO clone and the double resistant cell line displayed a lower
Grx2 level compared to WT cells (Fig. S5B). Supporting previous find-
ings that depletion of the Grx2 mRNA results in a proliferation defect of
PC cells [9], the Grx2 SKO parasites displayed a slightly but sig-
nificantly lower growth rate compared to WT cells (Fig. S5C). Strik-
ingly, after several months in culture, this minor proliferation defect
was lost (not shown) and Western blot analysis revealed that the Grx2
SKO clone cells had recovered a Grx2 level comparable to that in WT
cells (Fig. S5D).

Based on the finding that Grx2 is essential for the proliferation of PC
T. brucei, we aimed at elucidating if this requires a redox-active form of
the protein. For this purpose, a Grx2 SKO cell line (puromycin resistant)
was transfected with hygromycin-resistance constructs that allow the
ectopic expression of WT, C34S, and C31S/C34S Grx2, respectively. The
cells were cultured in the presence of tet to induce expression of the
respective protein species, and then transfected with the neomycin re-
sistance cassette to replace the second grx2 allele. Stably-transfected
clones were selected by serial dilutions in medium containing

Fig. 5. Infectivity of Grx2 KO, Grx1/Grx2 KO and Grx2 KO cells expressing an ectopic copy of Grx2 as well as WT T. brucei. Female BALB/cJ mice (n = 6/group) were infected
intraperitoneally with 104 parasites. A. Kaplan-Meier survival plot of mice infected with the respective cells. The plots are slightly displaced to allow a better visualization. B-D. Parasite
load in blood samples from infected animals taken at (B) day 4, (C) day 7, and (D) day 10 post-infection. The horizontal bars represent median values and ** denotes statistically
significant differences with a p-value of< 0.01.
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hygromycin, tet, puromycin and G418. Parasites with both grx2 alleles
replaced were obtained only if an ectopic copy of grx2 or grx2-c34s –
but not grx2-c31s/c34s – had been integrated into the genome as con-
firmed by PCR analysis (Fig. S6).

The growth phenotype of WT versus Grx2 KO cell lines ectopically
expressing either WT or C34S Grx2 was followed for five days. Grx2 KO
cells that harbored an ectopic copy of authentic grx2 proliferated like
the WT control. In comparison, all three cell lines expressing the C34S
mutant displayed a slightly slower proliferation (Fig. S7) which mir-
rored their significantly diminished multiplication factors (Fig. 6A).
Growth of all inducible Grx2 KO cell lines was independent of tet. This
was due to leaky expression of the ectopic protein species in the non-
induced cell lines which, as assessed by Western blot analysis, reached
levels similar to or higher than that of endogenous Grx2 in WT cells
(Fig. 6B). Overall, the data indicated that PC T. brucei require a redox
active form of Grx2 whose biological function(s) depend to a great
extent on the N-terminal active site cysteine.

3.10. Recombinant Grx2 lacking Cys34 retains deglutathionylation activity

To get a deeper insight in the reaction type catalyzed by the C34S
mutant, and thus to infer the putative biological function of Grx2 in PC
cells, the recombinant protein was subjected to different enzymatic
assays. Insulin reduction is catalyzed very efficiently by thioredoxins,
oxidoreductases operating via a dithiol/disulfide exchange mechanism
[27]. Some Grxs accelerate the reaction as well, although with much
lower efficiency. In accordance with previous data [9], recombinant T.
brucei Tpx and Grx2 catalyzed the reduction of insulin. In contrast, the
C34S mutant of Grx2 did not show any activity (Fig. 7A).

The HED assay is the most commonly used Grx-specific assay [40].
HED reacts spontaneously with GSH yielding 2-ME and the mixed dis-
ulfide between 2-ME and GSH (2-ME-SSG), which then acts as substrate
of Grx. The Grx-catalyzed reaction frees the second 2-ME molecule and
generates a mixed disulfide between GSH and the N-terminal active site
cysteine of Grx. This glutathionylated form (Grx-SSG) is resolved by
attack of a second GSH molecule yielding reduced Grx and glutathione
disulfide (GSSG) [5]. The overall reaction is monitored as consumption
of NADPH in the glutathione reductase-catalyzed reduction of GSSG.
Recombinant C34S Grx2 catalyzed HED reduction with about 40% ac-
tivity compared to WT Grx2 (Fig. 7B). As expected, the double cysteine
mutant (C31S/C34S) of Grx2 lacked HED activity as the absorption
decrease was only marginally higher than that of the spontaneous re-
action in the absence of Grx. Since C34S Grx2 had a lower activity than
the authentic protein, one might expect that upon overexpression the
mutant should restore WT proliferation. However, this was not the case
(see Fig. 6) possibly because the overexpressed protein remained

largely in the cytosol. Taken together, the essential function of Grx2 in
PC T. brucei can follow a monothiol mechanism such as, for instance,
the reduction of protein-SSG mixed disulfides.

3.11. Cellular Grx2 is in the fully reduced state and susceptible to reversible
oxidation but is not involved in protection against exogenous oxidative stress

Next we asked for the physiological redox state of Grx2. Labeling of
a cysteine residue with AMS causes a mass increase of 500 Da. Grx2
possesses only two cysteine residues which form the active site CQFC
motif. To verify the accessibility and reactivity of the residues in the
folded protein, recombinant WT Grx2 and cysteine mutants were
treated with DTT followed by excess AMS and then subjected to SDS-
PAGE and Coomassie staining. WT, C34S and C31S/C34S Grx2 dis-
played a shift that corresponded to the incorporation of two, one and no
AMS label, respectively (Fig. 8A) demonstrating that the procedure is
suitable to evaluate the cellular redox status of Grx2.

Diamide is a strong disulfide-inducing reagent [32] that in different
cell types induces protein S-thiolation [37,64]. To mimic an oxidative
stress condition sensed by Grx2, PC T. brucei were exposed for five min
to 3mM diamide, or diamide-stressed and reset for five min to normal
medium or kept under standard culture conditions (control). The cells
were harvested by TCA precipitation. The proteins were re-dissolved,
treated with AMS and subjected to Western blot analysis. For the con-
trol cells, the AMS treated sample displayed a complete shift of the
protein band indicating that Grx2 is in the fully reduced state (Fig. 8B,
lanes 1 and 2). In contrast, in diamide-stressed parasites, the running
behavior of Grx2 was unaffected (lanes 3 and 4) in accordance with
formation of the intramolecular disulfide which prevented any reaction
with the thiol reagent. Five min after re-transferring the stressed cells
into normal medium, Grx2 reacted again with two AMS molecules and
thus was in the fully reduced state (lanes 5 and 6). Taken together,
under physiological conditions, cellular Grx2 is present completely in
the dithiol state. Upon challenging PC cells with a strong oxidative
agent, the oxidoreductase forms an intramolecular disulfide which is
rapidly re-reduced after stress removal.

The finding that a redox active Grx2 is required for the proliferation
of PC cells led us to question if in this life cycle stage, the protein might
be involved in protection or repair mechanisms against oxidative in-
sults. Since PC Grx2 KO cells could not be obtained, tet-inducible RNAi
cell lines available from previous work [9] were used for the analysis.
Depletion of the Grx2 mRNA was induced for 72 h which resulted in
virtually undetectable levels of the protein and a proliferation arrest
(see Fig. 10). Induced and non-induced Grx2 RNAi cells as well as WT
parasites were then treated with 500 µM or 1mM H2O2 and 30 µM or
60 µM diamide. The concentrations of the oxidants were chosen to exert

Fig. 6. PC Grx2 KO cells that express C34S Grx2
show a slightly impaired growth when compared to
WT or Grx2 KO cells ectopically expressing authentic
Grx2. A. WT parasites, Grx2 KO cells that harbored
an ectopic copy of WT Grx2 and three clones of Grx2
KO cells with an ectopic copy of C34S Grx2 were
seeded at a density of 5 × 105 cells/ml and grown
for five days in the presence or absence of tet. Every
22 h, the cells were counted and the cultures diluted
back to the initial density. The average multi-
plication factor for the different cells was calculated
for all 22 h intervals. Since for each individual cell
line, the proliferation rate at all time points as well as
in the presence or absence of tet was virtually iden-
tical, the values were combined. The data are the
mean± standard deviations of three individual ex-

periments. Significant differences are indicated by *** (p-value≤ .001, calculated using Microsoft Excel Student's unpaired t-test with equal variance). B. At each time point, an aliquot of
the culture was withdrawn. Shown here is a representative Western blot with total lysates from 1.4 × 107 cells harvested after 88 h and loaded onto a 14% SDS gel. rec. Grx2, 5 ng
recombinant Grx2. 1, WT cells, 2 and 3, Grx2 KO cells expressing the C34S mutant (clone 2 and 3, respectively), and 4, Grx2 KO cells expressing an ectopic copy of WT Grx2, grown in the
absence (-) or presence (+) of tet. The membrane was developed with rabbit Grx2 antibodies and then re-probed for cTXNPx as loading control. Independent of tet, the conditional KO
cell lines expressed the respective Grx2 species at least at the level of the authentic protein in WT cells.
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either a minor or a strong effect on the WT parasites. For a total of six
hours, every h as well as after 24 h, living cells were counted. As shown
in Fig. S8, no significant differences were observed between the three
cell types. Thus, neither in the mammalian BS nor the PC insect form of
T. brucei, Grx2 seems to play a role in the defense against exogenous
oxidative stresses.

3.12. Grx 2 is located in the mitochondrial intermembrane space of PC cells

The identification of proteins in discrete regions of the cells such as
the IMS can be challenging. To get a final proof that Grx2 resides in the
IMS, we used a method that combines selective cell permeabilization at
4 °C with a gel shift assay. Since AMS proved to be unsuitable because of
its low solubility at 4 °C, MM(PEG)12 was used. The compound is
membrane impermeable but can access the IMS by pores in the outer
membrane [30]. MM(PEG)12 irreversibly alkylates cysteine residues
thereby adding a molecular mass of 700 Da per moiety. PC T. brucei
were treated at 4 °C with low and high concentrations of digitonin and
the resulting pellet and supernatant fractions treated with TCEP fol-
lowed by MM(PEG)12. After stopping the alkylation with 2-ME, the
samples were analyzed by Western blotting with antibodies against
Grx2 as well as cytosolic Tpx and the mitochondrial matrix protein
ASCT [56]. All three proteins possess cysteine residues which are able
to react with MM(PEG)12 and thus undergo a mass shift detectable in
the Western blot.

At a digitonin: protein ratio of 0.1:1, both Grx2 and ASCT remained
in the pellet fraction whereas the cytosolic Tpx was virtually completely
solubilized and shifted in the MM(PEG)12-treated sample (Fig. 9). That

in the absence of digitonin, MM(PEG)12 could partially modify Tpx in
the pellet fraction is probably due to some damage of the cell mem-
brane during the extensive washing and incubation steps of the pellet.
The absence of the protein in the supernatant of the digitonin-free
samples clearly ruled out any direct lysis of the cells. Notably, in the
pellet fraction, Grx2 – but not ASCT – displayed a mass shift when the
0.1:1 sample was treated with MM(PEG)12. This shows that Grx2 was
accessible although the inner mitochondrial membrane was intact.
ASCT became only solubilized at the high digitonin: protein ratio
(0.55:1) and then also displayed a shift upon MM(PEG)12 treatment.
Taken together, Grx2 and ASCT required a high digitonin concentration
for solubilization in accordance with their mitochondrial localization.
In contrast to the matrix protein ASCT, Grx2 was accessible to MM
(PEG)12 alkylation in the pellet fraction. This strongly suggests that
Grx2 is specifically localized in the IMS.

3.13. Grx2-depleted PC cells do not show a heat phenotype but advanced
proliferation under high glucose conditions

Based on the fact that Grx2 is involved in the temperature adapta-
tion of BS T. brucei, a similar putative role was investigated in PC cells.
Grx2 RNAi was induced for 24 h. Subsequently induced and non-in-
duced cells as well as WT parasites were incubated at 37 °C. Within the
first and second day at 37 °C, WT and non-induced cells multiplied
about 10- and 5-fold, respectively, in comparison to a continuous 12-
fold multiplication at 27 °C (Fig. S9). Longer incubation at 37 °C caused
significant cell death. The induced Grx2 RNAi cell lines multiplied with
50% and 30% of the rate of the non-induced control (Fig. S9B).

Fig. 7. Catalytic activities of Grx2 Cys-mutants. A. Insulin reduction assay. In 100mM potassium phosphate, 2mM EDTA, pH 7.0, the reaction mixtures contained 625 µM DTT and
130 µM insulin and either no oxidoreductase (none), Tpx, WT Grx2 or C34S Grx2 at the indicated concentrations. The increase in turbidity due to the precipitation of the insoluble beta-
chain of insulin was followed at 30 °C. The data are representative for three independent experiments. B. HED assay. In a total volume of 1ml of 100mM potassium phosphate, 1mM
EDTA, pH 7.0, 200 µM NADPH, 1mM GSH, 1 U of human GR and 2.5 mM HED were incubated for 3min at 25 °C. The reaction was started by addition of 400 nM of WT, C34S and C31S/
C34S Grx2, respectively. NADPH consumption was followed at 340 nm. The data are the mean± standard deviation of three independent experiments.

Fig. 8. Gel shift assay to reveal the cellular redox
state of Grx2. A. Recombinant WT, C34S, and C31S/
C34S Grx2 were treated with DTT followed by AMS
as outlined in Material and methods. Each protein
sample (5 µg) was subjected to SDS-PAGE and
Coomassie staining. AMS adds 500 Da per modified
cysteine residue. WT and C34S Grx2 showed a mass
shift corresponding to two and one cysteine residue
(s) alkylated by AMS, respectively. The C31S/C34S
mutant does not contain any cysteine and remained

unmodified. B. PC T. brucei were grown under normal culture conditions, stressed for 5 min with 3mM diamide or stressed and then re-transferred for 5 min into 27 °C pre-warmed
medium. Afterwards the cells were harvested and lysed by TCA precipitation. The pellet was dissolved in reaction buffer± 30mM AMS and incubated for 1 h at 37 °C. The extracts were
subjected to Western blot analysis with rabbit Grx2 antibodies. For details see Material and methods.
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However, an identical relative growth retardation was observed at 27 °C
(Fig. S9A). Thus, Grx2 depletion affected the proliferation of PC cells
but the heat-stress did not impose an additional challenge. In conclu-
sion, in PC T. brucei Grx2 is essential for proliferation but most prob-
ably, the protein does not play a role in the heat-stress response.

In their natural habitat, the PC insect form of T. brucei dwells in the
midgut of the tsetse fly, an environment poor in glucose but rich in
amino acids, especially proline, and gains ATP via oxidative phos-
phorylation. However, when grown in the presence of glucose, the
energy needs of the parasites can be fulfilled by substrate level phos-
phorylation alone [15,35]. To elucidate if the physiological role of Grx2
may be related to the activity of the respiratory chain, the Grx2-de-
pleted cells were grown in the presence of high glucose concentrations.
The MEM-Pros medium used for cultivation of PC T. brucei contains
5.2 mM proline but ≤ 0.5mM glucose originating from the FCS
[58,61]. To induce the metabolic adaptation to glucose consumption,
WT parasites and two Grx2 RNAi clones were cultured for seven days in
medium supplemented with 10mM glucose. Control cells were kept in
normal (low-glucose) medium. Subsequently, the cells were grown in
the absence or presence of tet. Every 24 h, the cells were counted and
the culture diluted back to the starting density of 5 × 105 cells/ml. As
expected, the induced Grx2 RNAi cell lines grew at a lower rate than
non-induced cells or WT parasites. However, whereas WT parasites and
the non-induced cell lines proliferated at the same rate in both media,
the Grx2-depleted cells retained a slightly but sustained higher growth
rate in the glucose-rich medium. Fig. 10A shows for WT parasites and
clone 1 the cumulative densities from three individual experiments. The
higher growth rate of the Grx2-depleted cells in glucose-rich medium
persisted for six days and vanished upon prolonged cultivation. An al-
most identical behavior was observed for clone 2 except that the effect
got lost already after five days. Western blot analysis confirmed that
upon RNAi induction, Grx2 was significantly down-regulated between
day 1 and 6 in clone 1 (between day 2 and 5 in clone 2, not shown) and
then re-appeared (Fig. 10B). The cellular Grx2 protein level was in-
dependent of the glucose concentration in the medium. For each 24 h
time interval, the multiplication factor of the cells in high- and low-
glucose medium was calculated and the ratio determined. In WT
parasites and the non-induced clones the value was around 1 (Fig. 10C).
In comparison, the induced Grx2 RNAi cells yielded higher values in the
high-glucose medium. Due to some variances between the individual
experiments, the clones showed statistically significant differences only
at one or two time points. However, it should be pointed out that in
each individual experiment (three per cell line), the Grx2-depleted cells
grew better in the presence of high glucose (see Fig. S10 for an ex-
ample). The data suggest that the IMS-localized Grx2 is involved in the
regulation or stabilization of a respiratory chain component and thus
may be less important under conditions when the cell slows down
oxidative phosphorylation.

3.14. Grx2-depleted PC cells have an elongated morphology

To evaluate the reasons for the observed growth arrest of the Grx2-
depleted cells, such as putative changes in the morphology and/or
content of kinetoplast and nuclear DNA, the cells were treated with
MitoTracker and DAPI and microscopically analyzed. Remarkably,
upon RNAi induction, an increasing number of the Grx2-depleted cells
displayed an elongated shape (Fig. 11A). After 72 h of RNAi induction,
the mean distance between their anterior and posterior end was
17.5±2.7 µm whereas in WT parasites the average total cell dimension
was 15.2±2.3 µm (Fig. 11B). To establish whether these changes were
restricted to a specific region, the linear distances between the posterior
end and the kinetoplast, between kinetoplast and nucleus, and between
the nucleus and the anterior end were measured. The most prominent
alteration was the mean posterior end to kinetoplast dimension which
was 3.6±0.9 µm in WT parasites but 4.8± 1.1 µm in the total popu-
lation of Grx2-depleted cells. However, also the other two dimensions
were increased (Fig. 11B). Both the non-induced and induced Grx2
RNAi cells showed intense MitoTracker staining indicating that Grx2-
depletion does not affect the mitochondrial membrane potential. To-
gether with the elongation of the cell body in the Grx2-depleted cells,
the mitochondrion was also extended spreading from the anterior to
posterior end.

To investigate if the phenotypic changes are reversible, Grx2-de-
pletion was induced for 3 days. Afterwards the cells were either further
kept in the presence of tet or transferred into tet-free medium. As ex-
pected, cells that were continuously exposed to tet proliferated at about
30% of the rate of the non-induced control culture (see Grx2 RNAi cells
+ tet, low glucose in Fig. S10). Cells that after 72 h RNAi induction
were transferred into tet-free medium proliferated at an only margin-
ally higher rate (not shown). This indicates that the Grx2-depleted
elongated cells were unable to readapt normal proliferation.

To determine if the Grx2-depleted cells accumulated in a specific
cell cycle phase, the DAPI-stained cells were assessed for their kineto-
plast and nucleus content. At least 280 of each, WT, non-induced and
induced Grx2 RNAi cells were inspected and the percentage of 1 K1N,
1K*1N, 2K1N, and 2K2N configuration was calculated (Fig. 11C). Cells
with non-dividing kinetoplast and a single nucleus (1 K1N) are in the
G1-phase. Parasites with an elongated/dividing kinetoplast (1 K*1 N)
are in the mitochondrial S-phase. Trypanosomes with two kinetoplasts
and 1 nucleus (2K1N) are in G2/M phase while parasites with 2K2N are
post-mitotic [67]. No significant differences in the karyotypes were
observed. In all three cultures about 20% of cells had a 1K*1N con-
figuration which indicates that the Grx2-depleted cells are still able to
divide the kinetoplast. Notably, of the induced Grx2 RNAi cells with
2K1N and 2K2N none had an elongated shape when compared with the
respective WT parasites. Taken together, formation of the elongated
morphology appears to be an irreversible step but the proliferation

Fig. 9. Grx2 is localized in the mitochondrial IMS of
PC T. brucei. PC parasites were treated for 4min at
4 °C with 0, 0.1, and 0.55 digitonin/protein (mg/mg)
and centrifuged. The supernatant and pellet fractions
were treated with 10mM TCEP, followed by 15mM
MM(PEG)12 (+) or the same volume of buffer (-)
and the excess alkylating agent was inactivated by
adding 38mM 2-ME. Samples from 1 × 107 cells
were loaded per lane on a 14% gel and subjected to
Western blot analysis with Grx2 guinea pig anti-
bodies and subsequently Tpx as cytosolic marker. In
the case of the mitochondrial matrix marker ASCT,
samples from 2 × 106 cells were loaded on an 8%
gel. TL, total cell lysate. The analysis is a re-
presentative of four independent biological re-
plicates.
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defect of the Grx2-depleted cells does not reflect a specific cell cycle
arrest.

4. Discussion

Here we report on the physiological roles the dithiol Grx2 plays in
the distinct developmental stages of African trypanosomes. Grx2 is a
mitochondrial protein and does not show any overlapping localization
or functional redundancy with the cytosolic Grx1 [9,49]. The parasite
Grx2 is a lineage-specific Grx [12,43] which localizes specifically to the
IMS in contrast with the situation in mammalian or yeast cells where
small sub-fractions of the cytosolic Grxs occur in the IMS [31,52]. A
recent proteome approach based on the knockdown of ATOM40, the
central-pore forming protein of the ATOM (archaic translocase of the

mitochondrial outer membrane) complex, revealed Grx2 (but not Grx1)
as one of the proteins with significantly reduced abundance upon
ATOM40 RNAi induction [54]. This perfectly agrees with our locali-
zation data and indicates that Grx2 may be imported into the IMS via
the ATOM complex.

Deletion of both grx2 alleles did not affect the in vitro proliferation
of BS T. brucei. Even parasites that lacked both Grx1 and Grx2 did not
show any altered growth phenotype under standard culture conditions
and had identical sensitivity towards exogenous hydrogen peroxide,
diamide or arsenite when compared with WT cells. This contrasts with
the situation in yeast where Grx1- or Grx2-deficient strains display a
distinct pattern of sensitivity against different oxidative stressors [39].
Thus, none of the dithiol Grxs plays a crucial role in protecting infective
trypanosomes against exogenous oxidative stressors. Most probably,

Fig. 10. Proliferation of Grx2-depleted PC parasites in glucose-rich medium. A. WT cells and two inducible Grx2 RNAi cell lines (clone 1 and 2) were cultured for seven days in normal
MEM-Pros medium (low glucose) or in medium supplemented with 10mM glucose (high glucose). Afterwards, the cells were seeded at a density of 5 × 105 cells/ml and grown in the
presence or absence of tet. Every 24 h, the cells were counted and the cultures diluted back to the initial density. The cumulative cell densities are shown for WT cells and clone 1 where
the values are the mean± standard deviation from three independent experiments. The proliferation of WT parasites was unaffected by the presence of tet. Therefore only the + tet data
are depicted for clarity. B. Every 24 h, a sample of the induced cells was removed. Total lysates from 1 × 107 cells (clone 1) were subjected to Western blot analysis using Grx2 guinea pig
antibodies and afterwards re-probed against Tpx. rec. Grx2, 5 ng recombinant Grx2. C. For each 24 h time interval, the multiplication factor of the cells cultured± tet and under high- and
low-glucose conditions was calculated and the ratio determined. Clone 2 revealed a very similar behavior except that the protein was down-regulated only between day 2 and 5. The data
are the average± standard deviation from three independent experiments. Values>1.0 indicate a higher proliferation rate when the cells were grown under high- versus low-glucose
conditions. Significant differences between induced Grx2 RNAi cells and WT cells are indicated by asterisks (top: clone 1, bottom: clone 2; *, ** and *** represent p-values of< 0.05, 0.1
and 0.001, respectively).
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this task is taken over by the highly abundant Tpx. Tpx-depletion ren-
ders BS T. brucei extremely sensitive to a challenge with exogenous
hydrogen peroxide [13]. Further evidence that maintenance of the
overall cellular thiol redox homeostasis in the infective stage of the
parasite does not depend on the dithiol Grxs was provided by heat-
stress experiments. As shown here for the first time, a 2 °C increase
(from 37 to 39 °C) of the culture temperature entails a marked shift of
the intracellular thiol status to more oxidizing conditions. However, WT
and Grx1/Grx2 KO cells displayed an identical increase of the TS2/
T(SH)2 ratio and the level of S-glutathionylated proteins. A respective
finding has been reported for S. cerevisiae where deletion of the genes
for Grx1 and Grx2 does not affect the cellular glutathione redox state
[39].

Instead, our data support a regulatory function of the dithiol Grxs in
the adaptation of BS cells to elevated temperatures. WT parasites grown
at 39 °C displayed a strongly attenuated proliferation in accordance

with published data [28,29,49]. The distribution of cells in the different
phases of the cell cycle changed dramatically. The strong decrease of
cells with 1K1N configuration and increase in cells with 2K2N is con-
sistent with a preferential arrest in a pre-cytokinesis state [60]. Com-
pared to the WT parasites, the Grx2 KO culture retained a significantly
higher growth rate at 39 °C together with a larger portion of cells with
normal morphology and karyotype distribution. The heat-induced
growth impairment of WT cells does not imply a putative altered sub-
cellular distribution of Grx2 because the protein retained its mi-
tochondrial localization in BS cells grown at either 37 °C or 39 °C. Re-
markably, the same phenotype observed for Grx2 KO cells was found
for Grx1/Grx2 KO cells and, as reported previously, for cells that spe-
cifically lack Grx1 [49]. This strongly suggests that the cytosolic Grx1
and the IMS-localized Grx2 work in series within a process that at-
tenuates the proliferation of BS parasites at the elevated temperature.

Interestingly, the severe temperature sensitivity of WT BS cells was

Fig. 11. Morphological analysis of Grx2-depleted PC T. brucei. A. Grx2 RNAi cells grown for three days in the absence (- tet) and presence of tet (+ tet) were stained with MitoTracker and
DAPI and analyzed by fluorescence microscopy. Induction of RNAi leads to an elongated phenotype. The merge of phase contrast and DAPI images (upper panel) as well as the
MitoTracker staining (lower panel) are shown for representative cells. Scale bar: 10 µm. B. Quantification of cellular distances in 210WT parasites and 210 Grx2-RNAi cells induced for 3
days (+ tet) with 1K1N configuration, irrespective of the overall cell morphology. The minimum, mean, and maximum distances as well as the mean distance± standard deviations are
depicted. Distances were measured using ImageJ software. The p-values were calculated by Student's unpaired t-test (***, p-value ≤ .001). C. Karyotype analysis of WT, non-induced (-
tet) and induced (+ tet) Grx2 RNAi cells. At least 280 cells were inspected for their kinetoplast and nucleus content. The percentage of cells with the respective configuration is given for
two independent experiments. 1K*1N are cells with one elongated kinetoplast and one nucleus. Other indicates cells with abnormal N-K distribution.

S. Ebersoll et al. Redox Biology 15 (2018) 532–547

544



restored when Grx2 KO cells ectopically expressed a copy of the au-
thentic protein but neither the C31S/C34S nor C34S mutant indicating
that the biological function of Grx2 is redox-dependent. Recombinant
C34S Grx2 retained about 40% of the HEDS activity of the WT protein.
Either the lowered deglutathionylation capacity of C34S Grx2 may not
be sufficient to restore the WT phenotype or the Grx2 reaction in BS
cells follows a dithiol mechanism. Dithiol Grxs catalyze both protein
disulfide formation and S-glutathionylation as well as protein deglu-
tathionylation and reduction of protein disulfides by GSH
[9,19,4,55,64]. Notably, the import and productive folding of IMS
proteins have been shown to be strongly affected by the thiol redox
state and the presence or absence of dithiol Grxs. For instance, low
concentrations of GSH stimulate the import and oxidative folding of
IMS proteins whereas high GSH concentrations strongly diminish the
translocation of IMS, but not of matrix proteins into isolated mi-
tochondria [48,7]. Also, import and oxidative folding of IMS proteins
are delayed in yeast cells that either lack dithiol Grxs or overexpress
Grx2 in the IMS [31].

In fact, no disulfide isomerase has been identified in the IMS [7] and
it has been speculated that IMS-localized Grxs might partake in proof-
reading thiol/disulfide reactions [31]. In trypanosomes oxidative pro-
tein folding in the IMS has not been studied in detail but the process
appears to significantly differ from the canonical one in other organ-
isms [23]. In virtually all eukaryotes, the oxidoreductase Mia40 and the
sulfhydryl oxidase Erv1 form a redox relay that mediates the translo-
cation of cysteine-rich proteins from the cytosol into the IMS [25].
Trypanosomes possess an essential Erv1 protein but lack Mia40 [3].
Taken together, the following hypothetical mechanism could be en-
visaged for dithiol Grxs in BS parasites: Under standard culture condi-
tions, the cellular thiol redox milieu is strongly reducing and the Grxs
are dispensable. Under the more oxidizing conditions generated by a
rise in temperature, Grx1 and Grx2 could play a role in the import and
productive folding of target proteins that reside permanently or tran-
siently in the IMS and act as negative regulators of cell proliferation. In
the absence of one or both Grxs, this regulatory step would be ham-
pered or missing with the consequence that proliferation of the para-
sites is less affected. This could explain why BS cells that lack either
Grx1 or Grx2 or both proteins displayed an identical phenotype. In this
respect it is highly interesting that in smooth muscle cells, Grx1-de-
pletion attenuates the cell growth defect upon heat stress [18]. Al-
though the proteins involved are not the same, both studies link Grx-
deficiency with increased cell proliferation at high temperature.

Infection of mice with Grx2 KO as well as Grx1/2 KO parasites re-
sulted in high parasitemia like WT parasites showing that the oxidor-
eductases are not essential for the in vivo infectivity. However, the
mouse model may not be ideal for studies on a putative fever effect the
parasites may encounter in their mammalian hosts. As reported re-
cently, mice respond to an infection with African trypanosomes even
with a hypothermia of their surface body temperature [8].

In the insect stage, Grx2 is essential. Here we show that PC cells
require a distinct level of redox active Grx2 for viability. Parasites in
which one grx2 allele was deleted displayed a transient reduction of the
Grx2 protein level which was accompanied by an attenuated pro-
liferation. Upon prolonged cultivation, both effects got lost indicating
that the cells managed to restore WT level of Grx2. The second allele
could be replaced if the cells harbored an ectopic copy of WT or C34S
Grx2, but not the C31S/C34S mutant. This strongly suggests that the
IMS-localized oxidoreductase has an essential redox function in this life
cycle stage. Conditional Grx2 KO cells that expressed the C34S mutant
proliferated at about 75% of the rate of WT cells. Thus, the authentic
protein may be slightly more efficient, but clearly, the physiological
function of Grx2 does not require a dithiol mechanism. This fits to the
fact that all putative Leishmania orthologues lack the second active site
cysteine and thus can undergo exclusively monothiol reactions.

Depletion of the mRNA of Grx2 in PC cells causes a proliferation
defect [9]. As shown here, after several days of RNAi induction the

growth arrest got lost which was associated with re-appearance of the
protein, a phenomenon often observed for essential proteins in trypa-
nosomes [62]. When cultured at 37 °C, the relative proliferation defect
due to Grx2-depletion was identical to that in cells grown at 27 °C.
Evidently, Grx2 does not play a role in the heat-stress response of PC
parasites.

The Grx2-depleted cells ceased proliferation but dead cells were not
detectable. Remarkably, many cells displayed an elongated cell body.
This morphological restructuring involved modulation of the posterior
end to kinetoplast as well as kinetoplast to nucleus and nucleus to
anterior end dimension. Therefore it differed from the specific extended
posterior end morphology found in PC cells that ectopically express the
Zink finger protein ZFP2 [24] or are depleted of cyclin 2 or sphingosine
kinase [22,53]. In common with cyclin 2- or sphingosin kinase-depleted
PC cells [22,53], the proliferation of the Grx2-depleted cells remained
attenuated when the cells were re-transferred into tet-free medium
suggesting that the absence of Grx2 induced an irreversible alteration.
Elongation of the cell body in the Grx2-depleted cells was accompanied
by a corresponding extension of the single mitochondrion. A similar
phenomenon has been reported for PC T. brucei upon depletion of the
cdc2-related kinases 1 and 2. In these cells, the posterior end is ex-
tended and/or branched and the mitochondrion expands into these
extended spaces [63].

When grown in the presence of high glucose, the Grx2-depleted PC
cells retained a slightly higher proliferation rate when compared to
standard low-glucose conditions. A significant effect on the NADPH
level is unlikely since PC T. brucei have two NADPH-producing path-
ways that are redundant under both high- and low-glucose conditions
[2]. In high-glucose medium, PC parasites no longer require ATP syn-
thase but obtain ATP by substrate level phosphorylation [15]. Grx2
might play a role in protecting or regulating a component of the re-
spiratory chain and thus the energy metabolism of the cell. Regulation
of respiratory chain complexes is a well-known function of Grx2 in the
mitochondrial matrix of mammalian cells [41,4,65]. In trypanosomes,
small thioredoxin-type oxidoreductase appear to be absent from the
mitochondrial matrix as so far neither Tpx nor a thioredoxin or Grx has
been described in this compartment. Thus, a Grx2-catalyzed redox
regulation or protection of a respiratory chain component from the IMS
site may occur. However, such a role of Grx2 becomes less relevant
when oxidative phosphorylation is diminished.

5. Conclusions

The function of Grx2 in T. brucei is dependent of the life cycle stage.
In BS cells, Grx2 is not essential neither in vitro nor in vivo. However, the
oxidoreductase contributes to the reversible growth arrest BS parasites
encounter under conditions that mimic a fever situation in the mam-
malian host. In PC cells, Grx2 is essential. Depletion of the oxidor-
eductase strongly affects the cell morphology and causes an irreversible
proliferation arrest. Using trypanosomes as model organism, we show
that a redox active dithiol Grx in the mitochondrial IMS can have cell
type-specific regulatory roles for the proliferation and morphology of
the cell.
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