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Abstract

In Trypanosoma cruzithe modification of thiols by glutathionylatioreglutathionylation and its
potential relation to protective, regulatory or rating functions have been scarcely explored.
Herein we characterize a dithiolic glutaredoXirtiGrx), a redox protein with deglutathionylating
activity, having potential functionality to contrahtracellular homeostasis of protein and
non-protein thiols. The catalytic mechanism followey TcrGrx was found dependent on thiol
concentration. Results suggest thatGrx operates as a dithiolic or a monothiolic Grapending

on GSH concentrationTcrGrx functionality to mediate reduction of proteimdanon-protein
disulfides was studiedTcrGrx showed a preference for glutathionylated sabessr respect to
protein disulfides. Fronn vivo assays involving crGrx overexpressing parasites, we observed the
contribution of the protein to increase the genaedistance againsbxidative damage and
intracellular replication of the amastigote stagdso, studies performed with epimastigotes
overexpressingrcrGrx strongly suggest the involvement of the protegina cellular pathway
connecting an apoptotic stimulus and apoptotic-lilel death. Novel information is presented
about the participation of this glutaredoxin nolyan redox metabolism but also in redox signaling
pathways inT. cruzi The influence offcrGrx in several parasite physiological processegestg
novel insights about the protein involvement inmedignaling.



1. Introduction

During the life cycle,Trypanosoma cruzs exposed to both reactive oxygen (ROS) and gtno
(RNS) species. These dangerous species are geherategenously as by-products of the parasite
aerobic metabolism, a phenomena reported for maémgr wrganisms, or exogenously generated
from the host immune system [1]. Both ROS and RMS8 affect the cellular redox balance,
consequently altering other major cell functions.biological systems, thiols have an essential
function in scavenging ROS and RNS either spontasigoor catalytically. Thiol redox state is a
mediator in metabolic, transcriptional and sigmglcell processes, supporting cellular functions
under basal physiological and/or oxidative (orasative) stress conditions [2]. Glutathionylatien i
one of the most common thiol modification mechamismside the cell, which mainly operates
during oxidative stress but also physiologicallyrhbgdiating redox signals exerted by ROS [2, 3].
Glutaredoxin (Grx), an oxidoreductase with deghitatylating activity, has a relevant role in
intracellular homeostasis of protein thiols. Grxsha strong preference for glutathione mixed
disulfides [4] and its cellular functionality hasdn mainly related to regulation of enzyme activity

by glutathionylation-deglutathionylation [2, 4, 5].

The cellular redox status can influence cell viapithrough regulation of cellular proliferation,
growth arrest or programmed cell death (PCD) [@&pé&nding on diverse factors (type of organism,
tissue or apoptotic stimulus), Grxs can act linkegbro-apoptotic or anti-apoptotic pathways [5].
PCD was previously described in protists [7], imldhg T. cruzi[8, 9]. Although the biological
significance of PCD in protozoan is still uncleinvas postulated that apoptosis-like cell death ca
function as a way for improving infectivity [8, 10ln trypanosomatids, most of the molecular
effectors that would be involved in the sequencepdptosis-like events were not elucidated. In
these microorganisms, different cellular actionsesMeund related to the apoptosis-like cell death
induced by human serum complement. Such cell psesésclude: i) decrease of T(SHnd GSH
levels [8], ii) ROS production [8], iii) release oytochrome ¢ from mitochondria to cytosol [8] and

iv) accumulation of calcium into mitochondria [&,]1

In trypanosomatids, trypanothione [T(SHilependent mechanism involved in redox homeostasis
and ROS/RNS detoxification has been relatively veblaracterized [12, 13]. Conversely, even
when these parasites contain free glutathione,ntbeification of thiols by glutathionylation-
deglutathionylation and its potential relation tmtective, regulatory or signaling functions have
been poorly explored. In fact, glutathionylation swaxclusively studied as a mechanism for

protecting several enzymes of the antioxidant ngtiroT. brucei[14]. A dithiolic glutaredoxin in
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T. cruzi(TcrGrx) was previously characterized by our group [1¥g reported on the identification
of two genes encoding dithiolic Grx in thE cruzi genome (Tc00.1047053506475.116 and
Tc00.1047053511431.40) having a high identity betwehem and coding for two identical
proteins TcrGrx). At the moment, this is the unique dithiol Geported inT. cruzi Afterwards,
Ceylan and co-workers [16] advanced in the studiwof glutaredoxins in African trypanosomes,
one of them (namely Grx2) sharing a high identitygentage (higher than 80%) with the dithiolic
Grx previously reported iit. cruzi[15]. However, the characterization of Grx in taywsomatids,
concerning biochemistry, kinetics and cellular fiimzality is far from complete. In this work we
report on the many faceted biochemical propertiepuwre recombinanfTcrGrx, showing its
relevance in maintaining intracellular physiologiczoncentrations of GSH, and other low
molecular mass thiols. Additionally, we presenbmfiation about the relevance TérGrx activity

(glutathionylation-deglutathionylation) on the psita vital processes.

2. Experimental procedures
2.1. Reagents

Trypanothione disulfide and glutathionyl-spermidimksulfide were acquired from Bachem
(Torrance, CA, USA). DIEGSSG was from Cayman Chah®lichigan, USA). All other reagents
and chemicals were of the highest quality commb#ycévailable from Sigma-Aldrich (St. Louis,
MO, USA) or similar.

2.2. Expression and purification ofTcrGrx and mutants TcrGrxC31S andTcrGrxC34S

TcrGrx was obtained as previously described [15]. Mistaof TcrGrx in active site cysteine
residues were obtained by site-directed mutagemesisrgrx gene cloned in pRSET-A by PCR-
driven using specifically designed primers, follogi Quick-Changé' mutagenesis protocol.
Expression and purification afcrGrxC31S andlcrGrxC34S was performed in the same way as
TcrGrx [15]. Purity of the recombinant protein was lgpad by SDS-PAGE [17]. Protein content
was determined by the method of Bradford [18].

2.3. Gel filtration chromatography

The estimation of the molecular size of nativerGrx was performed in a Superdex 200 (GE-
Healthcare) column equilibrated with 25 mM Tris-H@H 7.5, 1 mM EDTA and 100 mM NaCl.

The purified protein was analyzed chromatographjictdgether with different molecular mass



standards: bovine serum albumin (66 kDa), ovoalbu@B kDa), carbonic anhydrase (29 kDa) and

lysozyme (14 kDa).
2.4. Activity assays

Thioltransferase activities were measured specttmphetrically by following consumption of
NADPH at 340 nm and 30 °C, by means of coupledyastizat guarantee the regeneration of
reduced TcrGrx, using a Multiskan Ascent one-channel vertiight path filter photometer
(Thermo Electron Co.). The standard reaction medi(B8 pL final volume) contained
100 mM Tris-HCI pH 7.5, 2 mM EDTA and 3QM NADPH, and the different coupled reactions
were analyzed after the specific additions. T(S#€pendent reduction of GSSG or CySS or
Snitrosothiols by TcrGrx was performed in a reaction mixture containih@0 uM TS,
1uM TcrTR, 15-1000uM GSSG or CySS or GSNO or CySNO and different cotraéions
(0.5-5 uM) of TcrGrx. GSH-dependent reduction of JSGsp) or HEDS by TcrGrx was
performed at different concentrations (0.2hMN) of TcrGrx and 3mM GSH, as previously reported
[15, 19]. The ability of TerGrx for transferring electrons tdcrcTXNPx, TecrmTXNPx and
TcrGPxI, was determined by measuring the reductionb@OH [20]. The capacity ofcrGrx for
transferring electrons tocrMSRASs was determined by measuring the L-I8g&0 reduction [21].
GSH-dependent reduction of dehydroascorbate (DHAT&rGrx was performed as previously
reported [22].

Reduction of the two interchain disulfide bondsirafulin catalyzed by recombinafitrGrx was
analyzed in an assay adapted from the previous$grieed by Holmgren [23]. The ability of
TerGrx to participate in redox regulation of enzymatactivities was assayed using
TcrUDP-GIcPPase as a target, assay for UDP-GlcPPasétyasvas performed according to
Fusariet al [24]. Briefly, the formation of PPi from UTP and &1P was monitored at 37 °C in a
reaction mixture containing 100 mM MOPS pH,8&hM MgClL, 1 mM UTP, 1 mM Glc-1P and
1U pyrophosphatase. Pure recombinBetJDP-GIcPPase was reduced in presence of 1 mM DTT
for 30 min at 30 °C, the excess of reducer agers reanoved by desalting in an ultrafiltration
device (Microcon, Millipore). Pre-reducedcrUDP-GIcPPase was inactivated by oxidative
treatment with 2 mM diamide or 10 mM GSSG in staddeeaction medium. The excess was
removed as mentioned previously. OxidiZeatUDP-GlcPPase was then incubated under the same
conditions with 10 mM GSH and variable concentradiof TcrGrx. At different times, aliquots
were withdrawn and assayed for UDP-GlcPPase activit



All kinetic parameters are the mean of at leasedhindependent sets of data, which were

reproduced within £10 %.
2.5. Glutathionylation of TcrUDP-GIlcPPase with dieosinediglutathione (DIEGSSG)

Glutathionylation of TcrUDP-GIcPPase was evaluated using DIEGSSG, follovangrotocol
adapted from previously reported [23rUDP-GlcPPase (1{tM) was incubated with DIEGSSG
(33 uM) in 0.1 M phosphate buffer pH 7 for 30 min at 3Z. The excess was removed by
ultrafiltration in spin tubes, and diafiltered agst 0.1 M phosphate buffer pH 7.
Deglutathionylation was performed in a reaction tagring 0.5 mM DTT, or 0.1 mM GSH,
4 UmL™ glutathione reductase, 1 mM NADPH, with or withdit yM TcrGrx depending on the
experiment. Proteins in the reaction mixtures wamgjected to non-reducing SDS-PAGE. Before
staining with Coomassie blue the gel was scannedyiphoon 9400 (GE Healthcare). The
DIEGSSG has low fluorescence, having the eosin-@G8Hecules higher fluorescence intensity.
Thus, glutathionylated proteins are labeled witk fluorescent signal corresponding to eosin

isothiocyanatedexc = 518 nmiem = 545 nm).
2.6. Glutathione-Grx redox equilibrium

Redox equilibrium assays were carried out inculgatire oxidized protein (10 to 4M) for 4 h at
30 °C in a reaction mixture containing 100 mM THi€{ pH 7.5, 2 mM EDTA and 1 mM GSH.
After incubation, 5 % (w/v) TCA was added to sepanaroteins from the reaction mixture. In an
aliquot of the reaction mixture the remaining GSbheentration was estimated using DTNB
reagent [26]. The GSSG generated was determinea kipetic method as previously described
[22].

2.7. Measurement of thiol iKa by UV absorption

The pH-dependent nucleophilic cysteine ionizatiasviollowed by the absorption of the thiolate
anion at 240 nm [27, 28]. The proteins were analyate25 °C in a pH range from 2 to 11. Spectra
of 1-5 uM TcrGrx or TcrGrxC34S oxidized or reduced (with 10 mM DTT for &@n at room
temperature), were recorded between 200 and 340Thenspectra were measured against buffer
solution in a stoppered quartz cuvette in a Boee?2 SJV-Vis spectrophotometer and the
absorbance was converted into molar extinction fimdeft. For a single thiolate group a value

between 4 and 6 mMcni™ was used, according to previous reports [22, 29].

2.8. Determination of thiol pKa of nucleophilic cysteine by DTNB reduction assay



To determine the Ka value of cysteinyl thiol groups the reaction rage a function of pH was
measured. We used the mutant in the Cys34, acegptdim previous reported strategy [30]. The
rate of DTNB reduction bifcrGrxC34S was determined by incubation of reducetepr@20 puM)
with 500 uM DTNB in 50 ul of the reaction mediadifferent pH values, at 25 °C. The rates of
DTNB reduction were measured by monitoring the dieace at 405 nm. The apparent second

order rate constants were calculated and plottathsigpH.
2.9.T. cruzicultures, pTEX constructs and transfection procedues

T. cruziDm28c strain was cultured in LIT medium suppleredntith 10 % foetal bovine serum at
28 °C. Plasmid constructs fof. cruzi transfections were based on pTEX vector [31], using
restriction sites in the multicloning site (EcoRlBamHI and Xhol).T cruzi epimastigotes were
transformed with the constructs pTEX (empty veGt@JEX/GFP, pTEXTcrGrx, pTEX/RFP-
TerGrx and pTEXTcrGrx-RFP. Transfection procedures were performedessribed by Pifieyro
and co-workers [32].

2.10. Peroxide sensitivity and induction of apoptat - like cell death

Suspensions of logarithmic-phask cruzi (transfected stably with pTEX, pTEX/GFP or
pTEX/TcrGrx) epimastigotes at 2xifL™ were prepared in fresh LIT (containing 2.gglucose)

+ 10 % SFB medium and transferred in aliquots ofllto 48 well plates. Glucose oxidase was
added to different wells to obtain 0-0.1 mM financentrations. Samples were taken at different
times of incubation (15, 45, 180 and 240 min) urmdddative condition to evaluate epimastigote
viability [33]. Experimental data refer to the ays$ of three independent experiments, which were
reproduced within £10 %.

For apoptotic-like cell death induction assay, hithaic-phase epimastigotes were collected by
centrifugation and resuspended in PBS (control itimmd or PBS 10-15 % human fresh serum, at a
density of 1x10 parasitesnL™. Aliquots of 1mL were dispensed in 48 wells pl&Bamples were
separated at different times for control and apaptike phenotype quantification and TUNEL
(Terminal deoxynucleotidyl transferase-mediated BUiick end labeling) assay using ApopTag®
Plus Fluoresceirin Situ Apoptosis Detection Kit (Millipore, Billerica, MAUSA), following

manufacturer instructions.

For caspase-3-like activity quantification, controt HFS treated epimastigotes suspensions

(10 mL) were prepared in the same way, incubate®bien? T culture flask, for a period of 6 h.
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Caspase-like activity in extracts containingpprotein were measured using Caspase 3 assay Kit,

colorimetric (Sigma, St. Louis, MO, USA), followirthe instructions of the manufacturer.
2.11. Cell infection and invasion assay

Infection of HelLa cells [34] was performed followima protocol adapted from [35]. Briefly, HeLa
cells (2.5x16 cells/well) were cultured in 12 well plates, on EM 10 % SFB in 5 % C®
atmosphere chamber at 37 °C. Semiconfluent celle wdected withT. cruzi trypomastigotes
(pPTEX or pTEXITcrGrx) at a ratio 5:1 (trypomastigote:cell). Non imaized trypomastigotes were
removed 2 h later by washes with PBS, and fresh BDIM#as added. The plates were incubated in
5 % CQ atmosphere chamber at 37 °C. At 0 and 48 h pdesttion, cultures were sampled and
subjected to nuclear staining with DAPI. Cells anttacellular parasite counts were performed
from epifluorecence microphotographs of severalrosicopy fields with CellNote application
(http://cellinote.up.pt/). Experimental data arertwan of three independent experiments.

2.12. Western blotting

Protein extracts for western blotting were prepasstispending 1xI@vashed parasites directly in
SDS-PAGE sample buffer, boiling 10 minutes. ProteinSDS-PAGE gels were blotted onto
nitrocellulose membrane. The membrane was blockéth W % skimmed milk in PBS,

subsequently incubated with primary antibody at @ &vernight, and then incubated with
horseradish peroxidase-conjugated anti-rabbit stargrantibody for 1 h. Detection was carried out

using Supersignal detection kit (Pierce, RockférdJSA ).
2.13. Localization studies

Digitonin differential membrane permeabilizatiorotorcol was performed as described in [36]. A
pellet containing 1Dparasites was treated successively with increasingentrations of digitonin
(0-4 mgmL™) in extraction buffer (20 mM Tris-HCI, 100 mM NaCl mM EDTA and 300 mM
saccharose pH 7.5). Protein fractions in the sugtants were subjected to SDS-PAGE and western
blot analysis. Polyclonal sera raised agairst TXNPXx, TcrmTXNPX, TcrAPX, TcrGlcK, TheytC
were used as cytoplasmic, mitochondrial matrix, ogasmic reticulum, glycosomal and

mitochondrial intermembrane space markers, respgti

Indirect inmunofluorescence localization approachsvadapted from Wilkinson and co-wokers
(2008) [37]. Epimastigotes stably transformed WXREX/RFPTcrGrx and pTEXTcrGrx-RFP

were settled in silanized slides and fixed with 4®v) formaldehyde, and then permeabilized 10
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min with 0.2 % (v/v) Triton-X100 at room temperauPermeabilised parasites were blocked with
2 % (w/v) BSA and washed with PBS 1X. Afterwardiges were incubated for 1 h at room
temperature with the specific localization markeasiti-TcrmTXNPx for mitochondria, anti-
TercTXNPx for cytoplasm, anflbrcytC for inner-mitochondrial membrane space or-abtBip

for endoplasmic reticulum. After washes, the slidese incubated with goat anti-rabbit DyLight
488 (Pierce, Rockford, IL, USA) secondary antibedi€inally, after washes slides were mounted

with antifade mounting solution plus DAPI, and \amed under a confocal microscope.

3. Results
3.1. Monomeric TcrGrx disulfide is reduced by glutathione, glutathiorylspermidine and

trypanothione

We have reported recently [15] the identificatiohtwo genes encoding two identical proteins,
having identical amino acid sequendernGrx). We have described a procedure to recombipant!
produceTcrGrx at high purity degree, based on one of the ioeetl sequences. The functional
protein was found to have a monomeric structuret akited in a single peak corresponding to a
molecular mass of ~16 kDa from a Superdex 200 cojumhich agrees with the expected size for
the recombinant protein expressed as a fusion tbisiidine-tag. On the other hand, the
electrophoretic profiles ofcrGrx treated with different oxidants or reducing reigen non-reducing

SDS-PAGE showed a similar mobility, thus indicatittgat TcrGrx would not form covalent

oligomers after redox modification. Our findingsreg with previous reports on Grxs from other

sources [4, 38].

T. cruzihas two TXNs (TXNI and TXNII) actively involved iredox metabolism that can use
various low molecular mass-thiols [22]. To exploraletail the functionality oT crGrx, we sought
for similar properties in using the thiol compouri{§H),, GSH, Gsp-SH, and dihydrolipoamide.
An increasing oxidation rate of NADPH directly posponal to TcrGrx concentration was
observed in kinetic studies performed with theselshexcept for dihydrolipoamide. The reduction
of TcrGrx by T(SH) followed second-order kinetics. The second ordee iconstantk{) thus
calculated was about 2-fold lower than that vale¢ednined in the case of T(SHjependent
reduction of TcrTXNI (Table 1). Differently, third-order kinetics ewve observed fofTcrGrx
reduction by monothiols (GSH or Gsp-SH), in agreetmeith the behaviour observed for other
members of the TRX-family [22, 39, 40]. When irlitieelocities were determined at various GSH
or Gsp-SH concentrations two kinetic phases wesemied for the reduction ditrGrx depending

on monothiol concentration (more details in Sugpgrinformation, Fig. S1). Data were fitted to
9



the kinetic model corresponding to the overall mmff GSH concentrations [39], to obtain the
parameters corresponding to each kinetic phasdgT3dbThese parameters support that GSH and
Gsp-SH are oxidized bycrGrxwith similar catalytic performance.

On the other hand, no activity was detected whe®H){ GSH or Gsp-SH were replaced by
dihydrolipoamide, indicating a putative glutathibmyoiety dependence for using reducing
substrates.

3.2. Reduction of non-protein substrates bycrGrx, TcrGrxC31S andTcrGrxC34S

The active site ofcrGrx is formed by the motif CEYC in the positions 18134 of the protein. To
obtain further experimental support about the pigition of cysteine residues in the catalytic
mechanism, twolcrGrx mutants were generated. The resultif@Grxs having the respective
active sites CEYS TcrGrxC34S) and SEYC TerGrxC31S) were kinetically studied.
TcrGrx-dependent reduction of non-protein disulfidesch as GSSG and CySS, were kinetically
analyzed using enzymatic coupled systems. Secalet-aate constant&’( thus obtained (Table 2)
indicated a better catalytic performance TarGrx in reducing GSSG than CySS, with a difference
of two orders of magnitude. Moreover, second ordéz constants for GSSG-reduction catalyzed
by TcrGrx resulted about 2000-fold higher than that cpomding to the spontaneous GSSG
reduction by T(SH) (10 M*-s") [22] at pH 7.5 and 30 °C. As shown in Table 2 #inetic
behaviour of the mutarficrGrxC34S for this reaction was similar to the wijghé¢ protein, which
suggests that Cys 34 is not critical for the apitif TcrGrx to reduce GSSG. These results agree
with previous reports determined for other dithBaks [30, 41].TcrGrxC31S showed no reductase

activity, indicating the essential role of the Gjsresidue for this protein functionality.

Table 2 also provides additional information ab®atGrx. DHA reductase activity reported in
Grxs having an active site motif CPYC [4, 42], viasnd for TcrGrx. T(SH) dependent reduction
of DHA was characterized by a second order ratesteoh of 22 M's* (at pH 6.5) [43].
TcrGrx-catalyzed reduction of DHA by GSH at pH 7.5pwkd a rate constant two orders of
magnitude higher than the spontaneous reactionl¢Tap Concerning the second-order rate
constants values detailed in Table 2 for GSSG, Cy#8EDHA reduction bycrGrx, they are in
good agreement with those rates reported for TXNmT. cruzi (Table 2),T. brucei[28] and
Crithidia fasciculata[44]. We also analyzed the ability dtrGrx andTcrGrxC34S to reduc&
nitrosyl derivatives such as GSNO and CySNO (seleT2), determining that both proteins

increased by three orders of magnitude the ratstanhof the direct reaction between GSNO and

10



T(SH), (Kssno= 2 M™-s* at pH 7.5 and 30 °C, [22]). Conversely reductiérCgSNO was not
catalyzed byfcrGrx.

3.3. TcrGrx is a more effective reductant of glutathionylaed substrates than protein

disulfides

In trypanosomatids, reduction of hydroperoxides loarcatalyzed by TXNPxs [45] and GPxs [46].
After hydroperoxides reduction, TXN is the main weedr of the disulfide bonds formed in
TcrTXNPxs andTcrGPxs [20, 47]. We evaluatettrGrx capacity to perform the reduction of the
disulfide in TcrPxs in standard coupled reactiofixrGrx neither catalyzed the reduction of
TcrTXNPxs (cytosolic or mitochondrial) nor atrGPxI (Table 2), which is in agreement with the
kinetic properties reported for Grx2 from brucei[16]. In a similar way, in assays of disulfide
reduction inTcrMSRAS, we evidenced thdtcrGrx could not replacdcrTXN (Table 2), whose
functionality has been previously probed [21]. e bther handTcrGrx was not effective to
reduce insulin in standard protein disulfide assagdormed in the presence of either GSH or

T(SH), as previously reported for other Grxs, such asdnuGrx1 and Grx2 [42] .

On the other hand, we recently characterized, thedox regulation of an
UDP-glucose pyrophosphorylase frdémtamoeba histolyticdEhiUDP-GIcPPase) [48], revealing
the presence of several reactive cysteines reldoarthe enzyme activity. We identified in tAe
cruzi genome project (www.tritrypdb.org) a nucleotidgwsence (Tc00.1047053506359.60) coding
for a TcrUDP-GIcPPase with high identity tBhiUDP-GIcPPase. The recombinafitrUDP-
GlcPPase was generated for enzymatic analysis (a#tahown), and it exhibited kinetics and
redox regulation behaviour similar to that reporfed EhiUDP-GIcPPase [48]. Thug,crUDP-
GlcPPase was inactivated by more than 95% by 3Gmairbation with 2 mM diamide, after which
the activity was recovered to 82% of the initialweby 5 min treatment with 25 pNMcrTXNI.
Noteworthy, TcrGrx was not effective for recovering activity evafter 30 min incubation. When
the oxidation ofTcrUDP-GIcPPase was performed with GSSG, a signifitasg of activity was
observed, suggesting thetrUDP-GlcPPase was glutathionylated.

To further explore glutathionylation ofcrUDP-GIcPPase we performed the oxidation with
DIEGSSG (dieosinediglutathione). This glutathionerivhtive has low fluorescence due to
guenching phenomena, having the monomeric form Higbrescence signal. It is used to
fluorescently label cysteine residues when theyghueathionylated. As shown in Fig. 1A, after
treatment with DIEGSSG the band correspondiniadJDP-GIcPPase becomes labelled with the

11



fluorescent glutathione. No fluorescence was detectin the lane corresponding to
TcrUDP-GIcPPase alone, the reaction mixture withoet ghotein or DIEGSSG reagent. On the
other hand, in Fig. 1B it is shown that the signatresponding torcrUDP-GIcPPase labelled
disappear after treatment with DTT, and the le¥éhe signal diminishes with GSH, or even more
with GSH plusTcrGrx treatments. In terms of enzyme activity, aswshin Fig. 1C, the loss of
activity after GSSG oxidation was effectively reeel by GSH in aTcrGrx mediated (and
concentration-dependent) reaction. HenEexGrx showed a restriction towards mixed disulfide
betweenTcrUDP-GlcPPase and GSH.

3.4. Physicochemical properties determinations: razk potential of TcrGrx and pKa for Cys™

Redox potential offcrGrx was determined using a method based in thdilegun with GSH.
Different ratios of oxidizedl'crGrx and GSH were incubated for 6 h, after which té@aining
GSH concentration was estimated using DTNB read26f and the GSSG generated was
determined separately by a kinetic method basedAIDPH-dependent reduction of GSSG by GR,
using a GSSG calibration curve. The reduced andized fractions offcrGrx were estimated
analyzing ratios of GSH:GSSG and, with these dhtaequilibrium constants fdrcrGrx reduction
by GSH was determined [49]. Afterwards, the redoteptial of TcrGrx was calculated from the

Nernst equation:ge___ GRX=|507SGSSG,GSH+R'T|n chrGRX J-[Gssd . Analysis of different
e ' z-F | [TcrGRX -S [[GSHJ?

reaction mixtures resulted in a standard redoxmiateat pH 7.5 of —203 £ 11 mV fdrcrGrx.

The obtained data were confirmed by means of Haldalations as described by Arietsal [22].
The apparent equilibrium constaric{.p) for the reaction: 2 GSH HcrGrxox « GSSG +
TerGrxges KeqapplS calculated as the ratio between the third-okifegtic constant (direct reaction)
and the second-order kinetic constant (inversetimgc Accordingly, using the Nernst equation and
the Keq app @ global standard redox potential at pH 7.5TorGrx of -180+ 10 mV was obtained.
Consequently, considering the experimental erraljes obtained by both methods differ in less
than 10%. For the couple GSSG/GSH a value of —2vV0atpH 7.5 was used for all calculations
[6].

For several thiol disulfide oxidoreductases, thgt fEysteine thiol found in the active site (CXXE€)
the nucleophile responsible for the reactivity [50] order to obtain a better knowledge about the
molecular basis ofcrGrx properties, thela value of Cys3ivas determined (Fig. 2) using two
independent methodsg: measurement at 240 nm of the thiol ionization stafeCys31 (Ka=6.8 +
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0.2, Fig. 2A) andi) pH dependence highlighted of the reduction rat®®NB by TcrGrxC34S
(pKa = 6.6 £ 0.1, Fig. 2B). In both cases, theapvalue was consistent with the inflection point
observed in the pH dependérdrGrx activity profile (Supporting information Fig.2§ suggesting
a dependence of the disulfide reductase activitly thie ionization state of redox active cysteities.
is worth noting that theKn value for the nucleophilic Cys dfcrGrx is higher than thea values

(average 3.0-4.0) reported for classic Grxs [30].

3.5 TcrGrx is expressed in the different developmental stges of T. cruzi Subcellular

localization

To further explore on the functional role BrGrx we performed studies evaluating the relevance
of the protein for the physiology of the parasitée sought to establish the intracellular localiati

of TcrGrx and also analyse if levels of the active protie related with the parasite resistance to
oxidative stress as well as with its virulenceislknown that the complex life cycle af cruzi
includes several developmental stages in vertebrabel invertebrates host. These stages have
different morphology, expression patterns and teagkal properties [51, 52]. We investigated the
expression ofTcrGrx in different morphologic stages d@f. cruzi by using immunologic and
fluorescent techniques. In all morphological stagasalyzed (epimastigote, cell-derived
trypomastigote and amastigote), a protein banti@tkpected size (ca. 15 kDa) was recognized by
polyclonal antiserum produced in rabbit againsep@combinanTcrGrx (Supporting information
Fig. S3).

We obtained epimastigotes overexpresdingsrx fused to red fluorescent protein (RFP) at eithe
the N-terminus (RFA<rGrx) or the C-terminus TcrGrx-RFP), which were subjected to
co-immunolocalization and confocal microscopy (F3). Specific antibodies against proteins of
known localizations were applied as compartmentkerar antiTcrmTXNPx for mitochondria
[45], anti-TcrcTXNPx for cytoplasm [45], anflbreytC for inner-mitochondrial membrane space
[53] or anti-ThrBip for endoplasmic reticulum [54]. The same paittef fluorescence was observed
for RFPTcrGrx andTcrGrx-RFP epimastigotes (Supporting information Bg). A control assay
was performed using anfierGrx to confirm the same localization fécrGrx, RFPTcrGrx and/or
TerGrx-RFP. We found fluorescence signal co-local@ationly when antibodies against
TercTXNPx were used, which suggests a cytosolic laadbn for TcrGrx. Furthermore, RFP
fusion (either at the N- or the C-terminus) alseegfluorescence in the nuclear compartment (Fig.
3). It is worth mentioning that the nucleotide semges coding forTcrGrx (GenelDs:

Tc00.1047053506475.116 and Tc00.1047053511431id0hat include any sequence coding for
13



an import signal to nucleus (or any other compantnsgnal). It could be presumed thatrGrx
would be translocated to the nucleus following #duta mechanism (interaction with other
proteins) already described for mammalian Grx1.[®%) the other hand, to confirm the cytosolic
localization, epimastigotes of. cruzi were successively subjected to lysis with incregsi
concentrations of digitonin [36]. Analysis of sol@lfractions by western blot revealed thatGrx
was present in the protein fraction released frgsimastigotes at a digitonin concentration of

0.05 mgmL™, the fraction wer@crcTXNPx was also detected (Supporting informatiamp 55).

3.6. TcrGrx is involved in the resistance to oxidative stres and in-host replication in cell

cultures

We evaluated ifTcrGrx overexpression inl. cruzi could help to cope with an oxidative
environment. ThusT. cruzi cells stably transfected with pTEX (empty vect@,EX/GFP or
PTEX/TcrGrx were challenged by means of glucose oxidase. dddition of glucose oxidase
directly to the culture medium, which contains gise, resulted in a continuous generation g9
Under basal condition, all thrde cruzicell lines showed similar proliferation kinetics (Suptiug
information Fig. S6), which indicates that overegsion of GFP andlcrGrx has no detrimental
effect on epimastigote proliferation. It came ugodrom kinetics under basal condition (Supporting
information Fig. S6) that the overexpression of @@ not affect the method of measure of
proliferation and viability (based in the reductiohrezasurin [33]). The overexpressionTairGrx
was tested by western blot assay using specifio@y antiTcrGrx (Supporting information Fig.
S6- inset). Under oxidative stress conditions, @giigote forms overexpressiigrGrx showed
significantly higher viability percentagep< 0.05, Fig. 4C), when compared with cultures of
epimastigotes overexpressing GFP or parasitesféiced only with pTEX vector (Fig. 4). This
result supports the contribution ©€rGrx to the general resistance agamstiative damage, even
whenin vitro kinetic study (see section 3.2. & Table 2) indésathat it was unable to couple to
TcrTXNPxs orTcrGPxI for detoxifying peroxides.

The involvement offcrGrx in the infectivity of T. cruziwas also studied. The infection assay of
non-phagocytic HelLa cells was performed willerGrx overexpressing cell-derived. cruzi
trypomastigotes, or control parasites transformagl with the empty vector (pTEX). After 2 h of
interaction between Hela cells and cell-derivedpdmastigotes, a counting of internalized
amastigotes was completed. The analysis in term@fetted cell percentages did not show
differences in the infectivity of botficrGrx overexpressing trypomastigotes and the pTEX-

transfected trypomastigotes (Fig. 5). We considesdzl/ant to evaluate fcrGrx had an effect on
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intracellular amastigotes replication. Thus, anga$ds overexpressinglcrGrx and the
corresponding control were counted inside the @ll48 h post-infection. We observed a slightly
higher number of amastigotes per cell in cultundsdted with thélcrGrx overexpressing parasites
(Fig.5), the observed difference is significanttlae level of 95% (t-test statistics). Our results
suggest thaTcrGrx would be not essential in the process of irgization of trypomastigotes into
the host cell, but point a clue about the relevasfcEcrGrx in the survival of parasites once they

are inside the host cell.
3.7.TcrGrx is linked to apoptosis-like cell death inT. cruzi

We searched for other putative physiological fumdiforTcrGrx by quantifying the magnitude of
apoptotic-like cell death events generated afiemudtis. Cultures off. cruziepimastigotes (stably
transfected with pTEX, pTEX/GFP or pTEMIGrx) were stimulated to apoptosis by addition of
human fresh serum (HFS) as a complement sourcter&it parameters (previously established as
phenotypes characteristic for this kind of prograedneell death) were analyzeyl:morphological
changes in epimastigote forms of the parasite (idiate response after stimulus) [8], increased
caspase-like activity (medium time elapsed froomstus) [8], oriii) TUNEL labeling of apoptotic
nuclei (long time response after stimulus) [8]olr hands, 15 min after addition of 10 % HFS into
axenic cultures offcrGrx overexpressing epimastigotes, the percentageekd with an altered
morphology (spheroid shaped cells that have lodtlitgb was increased significantly. In all time
intervals studied, it was observed a higher pesggntof apoptotic epimastigotes in cultures
overexpressingTcrGrx than in the case of cultures of epimastigotemsfected with both
PTEX/GFP and pTEX alone (Fig. 6A). This phenomeneas increased even more in cultures
supplemented with 15 % HFS (Fig. 6A). The diffeeshobserved were significant at a level of
95% (ANOVA-test). HFS-treated epimastigotes dispthyf UNEL-labelled positive nuclei, being
the levels of TUNEL-positive cells higher in culesrof parasites overexpressifigrGrx than in
cultures of the microorganism transfected with pT&Xpty vector. These differences (significant
at a level of 90%) persisting on time (Fig. 6B)ggest that apoptotic-like cell death occurrence in
T. cruzicould be regulated in a reaction catalyzedTbyGrx. Furthermore, we analyzed, in the
above mentioned parasites lines, the levels of asespke activity after 3 h from apoptosis
induction (Fig. 6C). The highest activity was fouimdepimastigotes overexpressimgrGrx. As
shown in Fig. 6C, significant differences (90 %cohfidence) were found between epimastigotes
overexpressing crGrx before and after apoptosis induction. Such eba was not observed in

epimastigote cells transfected with pTEX empty seuiere tested.
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4. Discussion

The ability of T. cruzito cope with oxidative stress is essential fovisat during its infection to
mammalian tissues [56-58]. Currently, there is aegal understanding about the mechanisms
responsible for this antioxidant resistance, b@ Hiochemical and kinetic characterization of
several actors of the redox metabolism is stilbmplete. Similar to Grxs ifi. brucei[16], TcrGrx
was unable to transfer reducing equivalents to 2-@groxiredoxins (both cytoplasmatic and
mitochondrial) or glycosomal GPxl. RecombindmmrGrx exhibited the ability to accept reducing
equivalents from GSH, Gsp-SH or T(SH)eing, in its reduced status, able to reduce low
molecular mass disulfides, such as GSSG or CySS. réaults suggest that GSH-dependent
reduction of DHA can be catalyzed bgrGrx, which could be an alternative pathway for kegp

ascorbate under its reduced form in the parasite.

Moreover, the redox regulation of enzymes actisit@r cellular signaling has been scarcely
elucidated in trypanosomatids. We present evidenggesting thatcrGrx is functional foiin vitro
modifying the activity of UDP-GIcPPase (we havevirasly demonstrated this activity on a
glyceraldehyde-3-Pdehydrogenase frofriticum aestivun [15]) through glutathionylation/
deglutathionylation reactions, which could be hygtélevant for protecting key sulfhydryl groups
in this and other proteins of the parasiferGrx showed a strong specificity for GSH-mixed
disulfides, a property already reported for Grxsrfrother organisms, such Bscoli, S. cerevisiag

or mammalian cells [38, 59-61]. Additionally, it lekited differential capacity for catalyzing
T(SH), dependent reduction &nitrosothiols, with specificity for GSNO. The cajiig of TcrGrx

for reducing GSNO could work as a part of an andamt system against stress generated by RNS.
Possibly, GSH would react with exogenous NO, producGSNO, which would be then
regenerated by T(SHYcrGrx or GSHIcrGrx systems to yield GSH and HNO (it reacts witht®
generate Ng). Similar mechanisms were proposed for GSNO détation in P. falciparumand
mammalian cells [62, 63]. The present work providesults to support the hypothesis of an active
participation of T(SHYTcrGrx or GSHI crGrx redox pairs in the regulation of intracellulavels

of GSNO fromT. cruzi living under oxidative stress condition. Fig 7 snamizes the reaction
proposed foifcrGrx as a component of the redox network operatirig cruzi

The standard redox potential value ®ErGrx (average value of -190 mV at pH 7.5)
thermodynamically justifies the capacity of thisdog protein to use T(SH)or Gsp-SH
(E” of —242 mV [28]), and GSHE' of —240 mV [26]) as reducing substrates. It isazent with a

flow of reducing equivalents transported throudihypanothione-dependent system. The estimated
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pKa value for nucleophilic cysteine atrGrx (pKa = 6.6 at 25 °C) is atypical regarding “classical”
Grxs. It was previously demonstrated that resichid¢be dipeptide between cysteine residues in the
active site play an important role in several pbgshemical properties of proteins in the
thioredoxin family [28, 64]. The presence of a prelresidue in this dipeptide is a feature of
“classical” Grx [4] that is determinant for thetiary structure of the protein and the consequent
reactivity of residues around cysteines in thevactite, influencing their electrostatic interango
with thiols [64]. The absence of this proline resdetween Cys 31 and Cys 34rGrx, could be

a reason for the atypicaKp value for the nucleophilic cysteine. Neverthelegsthe intracellular
pH (about 7.0), more than 50 % of the Cys 31 ithathiolate state, as required for reactivity in
thiol-disulfide oxidoreductases [65]. Comparing lwihe nucleophilicity of cysteines from other
relevant thiol-disulfide oxidoreductases in thegsite a lower lda value thanTcrTXNI (pKa=7.0)

or TcrTXNIl (pKa=7.3) [22], was observed farcrGrx.

By means of specific antibodies designed agaiiegBrx, we evidenced the occurrence of Grx in
cellular extracts fronil. cruzi epimastigote, trypomastigote and amastigote stafjes protein
showed cellular localization in cytoplasm and phabaocurrs also in the nucleus. Probably, it
performs deglutathionylation in different molecutargets in both cell compartments, a hypothesis
that would be matter of future studies. We analyzkbughin vivo assays, the role dfcrGrx in
the protection of the parasite living under oxidatconditions. This task was previously described
for Grxs from others organisms, for example mamamaltrx2 [66] and yeast Grxs [67]. RNAI-
based experiences are usually exploited for exmlorjene function in several cell types.
Unfortunately RNAI machinery is not presentTincruzi[68], being knockout experiments in this
parasite extremely laborious and practically uakdé in several cases as a consequence of the
physiologic characteristic df. cruzi[69]. Overexpression of the gene of interest égjfiently the
viable alternative for studying gene functionTincruzi In our experiments, the overexpression of
TerGrx did not affect the normal proliferation paraeret of the cultures. However, under
conditions of oxidative stress, parasitegerexpressingrcrGrx showed an improved resistance,
which suggests that the protein could play a roléhe response of. cruzito hostile (oxidative)
environments. It is tempting to speculate thetGrx could help to maintain both DHA and GSH
intracellular (or nuclear) levels. Moreover, onetloé possible mechanism for glutathionylation is
catalyzed by Grxs [70], for example, human Grx2 clihican catalyze thiol oxidation and
glutathionylation of proteins in the mitochondriahembrane [71]. It is possible that
glutathionylation catalyzed by TcrGrx collaborates with sulfhydryl homeostasis, preie
irreversible oxidation of proteins [72].
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We have also verified that the overexpressiof@trx slightly improvesrI. cruzisurvival inside

the cell host. The evaluation ©f cruzimultiplication level inside infected cells has bgeaviously
used as indicator of the relevance of antioxidaolecules, likeTcrGrx, for the parasite viability in

an oxidative environment [32, 58]. Based in ouresipental dataJ crGrx could be also involved

in a cellular pathway that connects the apoptdkie-$timulus, and the final phenotype of apoptotic-
like death. As observed in other studies [5], selveomponents of apoptosis signaling pathways
could be subject of regulation by Grxs, resultingaugmented or decreased levels of apoptosis,
depending mainly on apoptotic stimulus and celfgetyThere is a considerable variability in the
responses observed in different systems, it isr ¢legt Grx became important for regulating cell
signaling even when components subjected to reégalaain vary in different contexts (such as the
cell type, tissue or cellular injury). In our exjpeents we observed responses that suggest different
roles for TcrGrx as a result of the varied challenges evaluatad.trypanosomatids, the
understanding of the apoptotic signaling pathwayill not completed, but different pathways are
being outlined depending on the inducer (summariref¥3]). In view of these antecedents for
PCD in trypanosmomatids, it will be necessary iy TcrGrx targets for establishing the actual
function played byf'crGrx in cell death irT. cruzi

5. Conclusions

Antioxidants defences are essential Torcruzito face the oxidative environment they will find
after host cells infection. Our work provides inf@tion about the biochemical and enzymatic
properties ofTcrGrx as well as on its contribution to the parasit¢ioxidant defence. Ifi. cruzj
TcrGrx is an oxidoreductase probably involved in reiunc of glutathione, dehydroascorbic acid
and mixed disulfides, such as glutathionylatedgingt Novel information reported herein proposes
the participation of this Grx in redox signalingatpways inT. cruzi probably through
glutathionylation-deglutathionylation mechanismsurQesults support a functional relationship
betweenTcrGrx and programmed cell death Th cruzi The involvement offcrGrx in several
parasite physiological processes suggests novighiissabout the protein involvement in redox
signaling.

Acknowledgments

We thank Dr. Andre Schneider (University of Berayitzerland) forT. bruceia-cytochrome ¢

antibody, Dr. James Bangs (University of Wiscon&l8A) for T. bruceia-BiP antibody and Dr.

Juan J. Cazzulo (Universidad Nacional de San Marirgentina) for T. cruzi (amastigote,

trypomastigote and epimastigote) crude extractss Work was supported by grants from UNL
18



(CAI+D Orientados & Redes), CONICET (PIP 112-201D0439), and ANPCyT (PICT 12 2439).
VEM is a fellow from CONICET. DGA, AAl and SAG anmvestigator career members from
CONICET. The authors declare that there are ndictsbf interest.

19



List of Abbreviations

Cys: cysteine

CySNO: s-nitrosocysteine

CySS: cystine

DHA: dehydroascorbic acid

DIEGSSG: dieosinediglutathione

DTNB: 5,5'-dithiobis-(2-nitrobenzoic acid)
GFP: green fluorescent protein

Grx: glutaredoxin

Grx-S: glutaredoxin, disulfide form

Grx-SSR: glutaredoxin mixed disulfide

GSH: glutathione, reduced form

GSNO: S-nitrosoglutathione

Gsp-SH: glutathionylspermidine, reduced form
(Gsp): glutathionylspermidine, oxidized form
GSSG: glutathione, oxidized form

HEDS: 2-hydroxyethyl disulfide

HFS: human fresh serum

IMS: intermembrane mitochondrial space
PCD: programmed cell death

PDI: protein disulfide isomerase

RFP: red fluorescent protein

RNS: reactive nitrogen species

ROS: reactive oxygen species

RSH: monothiol

T(SH): trypanothione, reduced form

TcrAPX: ascorbate peroxidase frohcruzi
TcrGPxI: glutathione peroxidase fromcruzi
TcrGrx: glutaredoxin fronT.cruzi

TcrGrxC31S: glutaredoxin fromi. cruzj mutant in Cy3
TcrGrxC34S: glutaredoxin fromi. cruzj mutant in Cy&
TcrMSRAs: methionine sulfoxide reductases A frororuzi

TcrTXNI: tryparedoxin | fromT. cruzi
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TcrTR: trypanothione reductase frofmcruzi

TcrUDP-GlcPPase: UDP-glucose pyrophosphorylase ffooruzi

TR: Trypanothione reductase

Trx: thioredoxin

TS,: trypanothione, oxidized form

TUNEL: Terminal deoxynucleotidyl transferase-meethtdUTP nick end labelling
TXN: tryparedoxin

TXNPXx: tryparedoxin peroxidase
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Tables and Figures legends

Table 1. Kinetic constants forTcrGrx reduction by low molecular mass thiols, caltedain
presence of 1 mM GSSG [for T(SH)r GSP-SH oxidation] or 100M TS, (for GSH oxidation) at
pH 7.5 and 30 °C.

Table 2: Kinetic constants for the reduction of differentbstrates byTcrGrx, calculated in
presence of 10Q0M T(SH), or 3 mM GSH (for DHA, Tg (Gsp} or HEDS reduction) at pH 7.5
and 30 °C. Control assays, in absence of the rigpeassayed redoxin, were included (and

subtracted to evaluated kinetics for Grx). N.A.:awivity was detected. (---): not determined.

Figure 1. TcrUDP-GIcPPase glutathionylation and deglutathiomgtat by TcrGrx.

A) TcrUDP-GlcPPase glutathionylation is detected by ieaavith DIEGSSG. Lane 1: Control of
TcrUDP-GIcPPase without reagents. Lane T2&rUDP-GIcPPase reaction with DIEGSSG (the
glutathionylated form calledcrUDP-GlcPPase-S-SGE). Lane BerUDP-GlcPPase reaction with
DIEGSSG after precipitation of proteins. Lane 4: EBSSG. B) TcrUDP-GIcPPase
deglutathionylation. Lane 1: TcrUDP-GlcPPase reaction with DIEGSSG
(TcrUDP-GlcPPase-S-SGE). Lane TerUDP-GIcPPase-S-SGE treated with DTT (0.5 mM). Lane
3: TcrUDP-GIcPPase-S-SGE treated with 0.1 mM GSH, Ml glutathione reductase, 1 mM
NADPH. Lane 4 TcrUDP-GIcPPase-S-SGE treated 0.1 mM GSH, U glutathione reductase,
1 mM NADPH, plus 10uM TcrGrx. C) Recovery offcrUDP-GIcPPase activity catalyzed by
TcrGrx, evolution of percentage of activity recoveoy pre-oxidizedTcrUDP-GIcPPase with 10
mM GSSG, then incubated with: 10 mM GSH-§; 10 mM GSH plus 2M TcrGrx (-=-),10 mM
GSH plus 5uM TcrGrx (-e-),10 mM GSH plus 2QM TcrGrx (-A-),10 mM GSH plus 5QM
TcrGrx (-¢-).

Figure 2 Evaluation of nucleophilic cysteine thiolKp A) Nucleophilic cysteine ionization

approach. Titration curve of absorption of the ldti® anion at 240 nm was obtained by subtracting
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€240 Values for oxidizedlcrGrx to g4 values forTcrGrxC34S, in a pH range from 2 to 11. B)
Reaction rate for DTNB reduction bycrGrxC34S as a function of pH. The rate of DTNB
reduction byTcrGrxC34S was determined by incubation of reducedeproand DTNB in the
reaction media at different pH values by monitotting absorbance at 405 nm. The apparent second
order rate constants were calculated and plottathsigpH.

Figure 3: Confocal microphotographs showing co-immunoloedian of cytosolic marker
(TercTXNPx) and RFPFcrGrx. A) DAPI stain. B) Localization of red fluoresace from
RFP-TcrGrx. C) TcrcTXNPx cytosolic localization revealed with amigrcTXNPx primary
antibodies and goat anti-rabbit DyLight 488, ageeg fluorescence. D) Merged images showing
co-localization of RFPFcrGrx andTcrcTXNPX.

Figure 4: T. cruziepimastigotes cultures under oxidative stresshiltig percentages of cultures of
T. cruzicells challenged with different concentrationsghfcose oxidase (0.1-0.8 mg.f\. after
different times of exposition: A) 15 min B) 240 mi@ultures ofT. cruziwere stably transfected
with: pTEX (o-), pTEX-GFP (A-) and pTEXTcrGrx (-e-) C) Results of analysis of variance for
viability in cultures of cultures of T. cruzi stgbiransfected with: pTEX, pTEX-GFP and pTEX-
TcrGrx challenged with different concentrations of agise oxidase (0.1-0.8 mg.mL-1), after
different times of exposition (15, 45, 180 and 2din). Representation of media value of viability
for each parasite transformed line and LSD inter¢@b% confidence), taking as variable factors
time of exposition and concentrations of glucosidase.

Figure 5: Parasites infectivity and in-host proliferatioreniconfluent monolayer of HelLa cells
were infected withT. cruzi trypomastigotes transfected with pTEX or pTEIGr. Invasion
capacity of parasites (white bar) was evaluatedctmyynting HelLa cells containing internalized
parasites immediately after infection, and cal@dabs the percentage of total cells that were

infected. Proliferation inside host cell (stripeattern bar) was evaluated by counting intracellular
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amastigotes 48 h post-infection, and expressednastagote number per infected cell. Values
represent mean of three biological replicates.

Figure 6. Apoptosis-like programmed cell death in culturesegimastigotes off. cruzi A)
Evolution of apoptotic-like phenotyped countingire@stigotes transfected with pTEXa),pTEX-
GFP (A-) and pTEXTcrGrx (-o-) after stimulus with 10 % HFS, and pTEXa{}, pTEX-GFP
(-A-) and pTEX-GRX (e-) after addition of 15 % HFS. Evolution in contrmlitures with heat
inactived serum is showed for pTEXA{-), pTEX-GFP (-A--) and pTEXTcrGrx (--o--). B)
Evolution of percentage of TUNEL labelled epimastas ofT. cruzitransfected with pTEX &)

or pTEX-GRX (--), after induction of apoptotic-like programmed|aeath with 10 % human
fresh serum. C) Caspase-like activity in extradt3.ocruzitransfected with pTEX or pTEX-GRX
incubated in control condition (empty bars) or HiF€atment (striped pattern bars), performed as
indicated in materials and methods section. Vatapeesent mean of three biological replicates.
Figure 7. Proposed reactions catalyzed BgrGrx in the redox metabolism daf cruzi In this
system, reduced trypanothione can transfers remuetjuivalents to compounds for detoxification
[12], or to oxidoreductases shuchTasGrx or TcrTXN [56]. TcrGrx can reduce ascorbate, GSSG
or glutathionylated proteins (P-S-SG), whilerTXN can reduce protein disulfides ribonucleotide
reductase (RR), effector proteins against oxidasitresses for examplEcrTXNPXx, TcrGPx or
reparative enzymes lik€crMSR. Trypanothione is reduced by TR (trypanothioseductase) at

expenses of NADPH [74].
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Table 1

Low molecular weigth thiols

Redoxin T(SH), GSH Gsp-SH
kK (M*.sh k" (M*.sh kK~ (M2sh k" (M™.sh kK~ (M2sh
TcrTXNI 73 x1d 62 2.7 x1C 2.6 x 1€ 2.3x1(
TerGrx 45x1d 2.0x1C 42 x1C 43x1€ 1.3x1(
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Table 2

. k" (M*-s
Oxidant
TerTXNI TerGrx TerGrxC34S
GSSG 1.5x 10 2.5x 14 1.6 x 16
TS 7.0x 16
Low
Gs 4.0x 106
molecular (Gsp)
weight
thiols GSNO 8.7x1b 2.3x 16 1.3x16
CySNO 1.4x10 N.A.
CySS 1.7x1d 2.4x 16
Non thiol DHA 1.0x 10 1.8 x 16
TcrcTXNPxX 5.7 x 16 N.A.
TermTXNPx 1.1x16 N.A.
Protein TcrGPx 6.1 x 16 N.A.
thiols
TcrMSRAL0 1.2 x 1¢ N.A.
TcrMSRA180 3.2x1d N.A.
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Highlights

Glutaredoxin from T. cruz (TcrGrx) was biochemically and functionally characterized.
TerGrx could be reduced by trypanothione, glutathionylspermidine and glutathione.
The redox protein from T.cruz has a strong preference for glutathionylated substrates.

TerGrx would be involved in several cellular eventsrelevant for T. cruz life cycle.



Supporting information

1. TerGrx can act as monothiolic or dithiolic Grx depending of GSH concentration

Dithiolic Grxs contain a CXXC motif in the activétes and can reduce disulfides by two
distinct mechanisms: the dithiolic (using both @etsite Cys residues) and the monothiolic
(requiring only the more N-terminal active site Qgsidue) [1]. To explore the catalytic
mechanism followed bylcrGrx, we determined initial velocities of reductidar 2-
hydroxyethyl disulfide (HEDS) in a coupled reactiorcluding TcrGrx, GSH, GR and
NADPH. The reaction order switches from second-okiteetic to first-order kinetic, as the
rate-determining step changes depending GSH camatient This change indicates that
TerGrx could operate following a kinetic mechanismidgp for dithiolic Grx at low GSH
concentration, or monothiolic Grx at high GSH cartcation [2]. Accordingly with other
members of the TRX-family [2, 3], this observatiagrees with a hypothesized model for
monothiols oxidation byTcrGrx-S, involving the formation of arcrGrx-SSR mixed
disulfide:

k1[RSH] K3[RSH]
TerGrx -S, ~ TcrGrx-SSR TcrGrx- (SH),
:2 k4[l(-'\’_SSR’]

being the kinetic model corresponding to the oveaaige of RSH concentrations [2]:

. k, k,[TcrGrx -S,[[RSHJ
- k, + ks [RSH|

At low RSH concentrations th&rGrx-S; is not fully converted to the mixed disulfide
(TerGrx-SSR), sko>>ks -[RSH], and equation becomes:

- k,k,{TerGrx - J{RSH[?
k2




At higher RSH concentrations (above 0.2 mWigrGrx-SSR reacts more rapidly toward
reaction with RSH than toward the formation ®€rGrx-S,. Under this condition,

ko<<ks:[RSH], and equation is modified to:
V= kl-[RSH] [[Tchrx SZ]

The active site offcrGrx is formed by the motif CEYC in the positions 8134 of the
protein. To obtain further experimental supportwthtbe catalytic mechanism model, two
TerGrx mutants TerGrxC34S andTcerGrxC31S) were generated. The resultifrggGrxs
having the respective active sites CEYS and SEY & wmetically studiedTcrGrxC31S
showed no reductase activity, indicating the esalentle of the Cy¥ residue for this
protein functionality. ConverselyJcrGrxC34S was active and exhibited a first-order
kinetic in the whole range of GSH concentrationg(F51). No change in the rate-
determining step was observed for this mutant, lvsigoports its exclusive functionality as

monothiolic Grx.

Supporting figur es legends:

Figure S1: kinetics of GSH-dependent reduction of 2-hydrakye disulfide (HEDS) by
TerGrx (-m-) orTerGrxC34S (e-). The reaction mix contained 1mM HEDS, 0-500 uM
GSH, 1 Uml-1 yeast GR, 30@M NADPH and different concentrations (0.254M) of

TerGrx.

Figure S2: pH dependence of GSSG reductase activityTaiGrx. The reaction was
followed by measuring NADPH oxidation in a coupleghction containinguM TcrTR,

100uM T(SH), 0.5-5uM of TerGrx and 15-1000M GSSG.

Figure S3: western blot ofT.cruzi epimastigote (lane E), amastigote (lane A) and

trypomastigote (lane T) extracts, using specifitbadies against recombinahtrGrx.



Figure $4: Confocal microphotographs showing fluorescencéepa of 1)TcrGrx-RFP and 2)
RFPTcrGrx. A) Localization of red fluorescence, B) DAPtain, C) Merged images of red
fluorescence and DAPI stain.

Figure Sb: digitonin differential membrane permeabilizatiextracts revealed by western
blots using TerGrx specific antibodies and the following organetiearkers: cytosol
(TercTXNPX), mitochondriaTcrmTXNPXx), endoplasmic reticulunT¢rAPX), glycosomes

(TerGlcK), and mitochondrial intermembrane spatiar ¢ytC).

Figure S6: kinetic of parasite proliferation and expresslewel of TcrGrx in cultures of
epimastigotes used fon vivo assays. Viability in cultures under control (ndraklenged)
condition, parasites were stably transfected witle} (-m-), pTEX-GFP (4A-), pTEX-
TerGrx (-e-). Inset: western blot of extracts Bfcruz cells stably transfected with: pTEX-

TerGrx (laneA), pTEX-GFP (lane B), pTEX (lane C).
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