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ABSTRACT

The components of the redox metabolism in Entamoeba histolytica have been recently revisited by Arias et al.
(Free Radic. Biol. Med. 42:1496-1505; 2007), after the identification and characterization of a thioredoxin-
linked system. The present work deals with studies performed for a better understanding of the localization
and identification of different components of the redox machinery present in the parasite. The gene encoding
for amoebic thioredoxin 8 was cloned and the recombinant protein typified as having properties similar to
those of thioredoxin 41. The ability of these thioredoxins and the specific reductase to assemble a system
utilizing NADPH to metabolize hydroperoxides in association with a peroxiredoxin has been Kkinetically
characterized. The peroxiredoxin behaved as a typical 2 cysteine enzyme, exhibiting a ping-pong mechanism
with hyperbolic saturation kinetics for thioredoxin 8 (K, =3.8 uM), thioredoxin 41 (K, =3.1 uM), and tert-butyl
hydroperoxide (K, about 35 uM). Moreover, the tandem system involving thioredoxin reductase and either
thioredoxin proved to be operative for reducing low molecular weight disulfides, including putative
physiological substrates as cystine and oxidized trypanothione. Thioredoxin reductase and thioredoxin 41
(by association also the functional redox system) have been immunolocalized underlying the plasma
membrane in Entamoeba histolytica cells. These findings suggest an important role for the metabolic pathway
involving thioredoxin as a redox interchanger, which could be critical for the maintenance and virulence of the

parasite when exposed to highly toxic reactive oxygen species.

© 2008 Elsevier Inc. All rights reserved.

Introduction

Amoebiasis is an intestinal infection widespread throughout the
world and caused by the human pathogen Entamoeba histolytica. The
parasitic disease is the third leading cause of death in almost all
countries where sewage and water quality are inadequate [1-3],
causing 50 million clinical episodes of dysentery or amoebic liver
abscess and ca. 100,000 deaths annually [4,5]. Identification and
functional characterization of molecular targets are relevant matters
for the rational design of new therapeutic drugs, which could improve
the treatment of the disease [3,5-11]. In this regard, processes
involved in redox metabolism are of particular interest in E. histolytica
[7-11].

We have recently reported [12] the molecular cloning of two genes
from E. histolytica encoding for thioredoxin reductase (EhRTRXR) and
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Abbreviations: BSA, bovine serum albumin; IPTG, isopropyl-3-D-thiogalactopyrano-
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tase; TS,, trypanothione.
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thioredoxin 41 (EhTRX41), followed by their expression, purification,
and functional characterization of the recombinant proteins. After
these findings, the metabolic redox scenario operative in E. histolytica
was revisited and the occurrence of a system (the ERTRXR/TRX
system) operating with a two cysteines peroxiredoxin (Ehp29; now
more properly abbreviated Eh2CysPrx) has been proposed [12]. This
metabolic pathway is complemented with other components such as
Fe-superoxide dismutase (Fe-SOD), rubrerythrin, cysteine, flavopro-
tein A, and a 34-kDa oxidoreductase (Ehp34) [13]. In addition, it
has been established that E. histolytica lacks or has insignificant
amounts of glutathione and its associated enzymes [14,15], with
cysteine being the major intracellular thiol [15,16]. Another metabolite
reported to be present in E. histolytica is trypanothione [N',N8-bis-
(gluthationyl)-spermidine] [8,11,17], a thiol compound that in trypa-
nosomatids is involved in the detoxification of reactive oxygen
species, and alternatively can transfer reduction equivalents to TRX
as well [18].

It is of relevance to further characterize the EA'TRXR/TRX system,
especially with respect to the identification of all of its components, its
cellular localization, kinetic properties, and the identification of
different associated metabolites. This in-depth study is a prerequisite
to a better understanding of the functionality of the redox system
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when the parasite is challenged under oxidative stress conditions.
We present herein the cellular localization of EA”TRXR and ERTRX41
in E. histolytica trophozoites, together with a kinetic study of
Eh2CysPrx. In addition, we identify TRX8 as another component
that is able to work together with TRXR, after having properties
similar to those of TRX41. We also characterize the NADPH-
dependent activity of the system associated with the reduction of
low molecular weight disulfides, metabolites that are thought to be
critical for maintaining a reduced intracellular redox potential
[15,16]. The present study reinforces the view that the EAiTRXR/TRX
system is a key molecular target for the design of new therapeutic
drugs for amoebiasis.

Materials and methods
Materials

Bacteriological media components were from Britania Laboratories
(Rosario, Argentina). All other reagents and chemicals were of the
highest quality commercially available.

E. histolytica cultivation

Trophozoites of E. histolytica strain HM1:IMSS were axenically
cultured at 36.5 °C in TYI-S-33 medium supplemented with 12% heat-
inactivated adult bovine serum and 2% Diamond's vitamin [19].

Molecular cloning of trx8 from E. histolytica

The gene was amplified by PCR using E. histolytica genomic
DNA as a template and primers designed after spliced sequences
reported in the Wellcome Trust, Sanger Institute, Pathogen Sequen-
cing Unit: http://www.genedb.org/. The specific primers were
TRX8Fow, 5'-GGATCCATGGCTGTACTTCATATTAAC-3’; and TRX8Rev,
5'-AAGCTTTTATGCTGTTTCAACCATTTG-3'. The PCR was performed
under the following conditions: 94 °C for 10 min; 30 cycles of 94 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min, and then 72 °C for
10 min. The PCR product was subsequently purified and ligated into
the pGEM-T Easy vector (Promega) to facilitate further work. The
fidelity and correctness of the gene were confirmed on both strands
by complete sequencing. The construct and the pRSET-A vector
(Invitrogen) were digested with BamHI and HindIll. Ligation to the
PRSET-A vector of the insert was performed using T4 DNA ligase for
16 h at 16 °C. Preparation of plasmid DNA and subsequent BamHI/
HindIII restriction treatment were performed to check the correct-
ness of the different constructs.

Expression and purification

EhTRXR, EhTRX8, EhTRX41, and Eh2CysPrx were expressed in
Escherichia coli as His-tag (N-terminal) recombinant proteins, and
chromatographically purified as previously described [12]. Briefly,
single colonies of E. coli BL21(DE3) transformed with the respective
recombinant plasmid were selected. Overnight cultures were diluted
1/100 in fresh media (LB broth supplemented with 100 pg/ml
ampicillin) and grew under identical conditions to the exponential
phase, ODggp of 0.6. The expression of the recombinant proteins was
induced with 0.5 mM IPTG, followed by incubation at 28 °C. After 16 h
the cells were harvested and stored at -20 °C. Purification was
performed using a Co?*-IDA-agarose resin (Invitrogen). Desalting was
performed on Bio-Gel P chromatography columns (Bio-Rad).

Protein methods

Protein content was measured after Bradford [20], utilizing BSA as
a standard.

Cell-free extracts and purified proteins were analyzed electro-
phoretically by SDS-PAGE according to [21]. Coomassie brilliant blue
was used to stain protein bands. Western blotting was performed after
standard techniques [22]. Proteins in the gel were blotted onto PVDF
membranes using a Mini-Proteanll (Bio-Rad) apparatus. The mem-
brane was blocked overnight at 4 °C, subsequently incubated with
primary antibody at room temperature for 1 h, and then incubated
with a HRP-conjugated anti-rabbit secondary antibody for 1 h.
Detection was carried out with 3,3’-diaminobenzidine and hydrogen
peroxide (Sigma) in 50 mM Tris-HCI, pH 8.0, 150 mM NaCl.

Reduction of disulfides by the ERTRXR/TRX system

Disulfide reduction was followed by means of a coupled assay
system where, in the first reaction, EhiTRX8 or EhN'TRX41 is reduced by
ERTRXR and NADPH. After the enzymatic reaction has run to
completion, the disulfide (RSSR) is reduced by the respective TRX.
Thus, disulfide reductase activity was determined by monitoring, at
30°C, the oxidation of NADPH at 340 nm in a reaction mixture (final
volume of 250 ul) containing 50 mM potassium phosphate, pH 7.0,
2 mM EDTA, 300 uM NADPH, 1 uM EhTRXR, 0-10 uM EhTRX8 or
EhTRX41, and the different RSSR: 0-350 uM bovine insulin, 0-2000 pM
oxidized glutathione (GSSG), 0-2000 uM cystine, or 0-200 uM
oxidized trypanothione (TS,).

Eh2CysPrx assay and kinetic analysis

Eh2CysPrx activity was measured by monitoring the NADPH
oxidation at 340 nm and 30 °C. The standard assay mixture contained
(in a final volume of 250 pl) 50 mM potassium phosphate, pH 7.0,
2 mM EDTA, 300 uM NADPH, 2 uM EhTRXR, 20 uM EhTRX8 or
EhTRX41, 1 uM Eh2CysPrx, and 500 uM t-bOOH. For kinetic analysis,
the assay was performed using 0-500 uM t-bOOH and 0-30 uM
EhTRX8 or ERTRX41.

The kinetic data were plotted as initial velocity (uM min!) versus
substrate concentration. The kinetic parameters were acquired by
fitting the data with a nonlinear least-squares formula and the
Michaelis-Menten equation using the program Origin. Kinetic con-
stants are the mean of at least three independent sets of data, and they
are reproducible within +10%.

Determination of redox potential of TRXs

Redox potential for TRXs was determined by following changes in
the absorbance at 340 nm and 30°C. EhNTRX8 or EhTRX41 (5-30 uM)
was mixed with 36 uM NADPH in a total volume of 250 pl of 50 mM
potassium phosphate, pH 7.0, 2 mM EDTA, followed by the addition
first of 1 uM ERTRXR and then an excess of NADP* (1.2 mM) as
described previously [23]. Redox potentials were calculated according
to the Nernst equation, based in the reactants concentration in the
equilibrium. A value of -320 mV was used as redox potential of
NADPH.

Confocal laser scanning microscopy

Cells culture were chilled for 15 min to detach trophozoites,
harvested by centrifugation at 500 g at room temperature for 10 min,
and washed twice with phosphate-buffered saline, PBS (8 g/L NaCl,
0.2 g/L KCl, 1.44 g/L Na,HPO,4, 0.24 g/L KH,PO4, pH 7.4), to remove
residual medium components. The cells were fixed with 4% paraf-
ormaldehyde and permeabilized for 1 h at room temperature in PBS,
0.05% Triton X-100, and 3% BSA. The cells were then incubated for 1 h
at 37 °C with rabbit polyclonal antibodies against EATRXR or EhTRX41
diluted 1:100 in PBS, 0.01% Triton X-100, and 1% BSA, followed by goat
anti-rabbit secondary antibody labeled with fluorescein isothiocya-
nate (FITC) (final dilution of 1:1000; ICN Biomedicals) for 1 h at 37 °C.
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Fig. 1. (A) Electrophoretic analysis of the purified recombinant proteins. The proteins
were defined by 15% (w/v) SDS-PAGE and stained with Coomassie blue. Lane 1,
EhTRX41; lane 2, EhTRX8. (B) Western blotting. Lane 1, recombinant EA'TRX41; lane 2,
recombinant EA'TRXS; the latter two were revealed with rabbit polyclonal anti-ERTRX41.

Confocal images were collected using a Zeiss LSM5 Pascal laser-
scanning confocal microscope equipped with an argon/helium/neon
laser and a 100x (numerical aperture=1.4) oil immersion objective
(Zeiss Plan-Apochromat). Twenty to thirty-five confocal sections of
0.5 um were taken parallel to the coverslip (z sections). Images were
acquired using a Zeiss charge-coupled device camera and processed
with LSM and Image ] software. Three-dimensional deconvolution was
performed with Autodeblur v9.3 software. Maximum intensities of
5 to 7 z sections were projected into images that depict 3-4 um of
the total Z-stack. Primary antibodies were prepared as described
previously [12].

Results
Molecular cloning and expression of the ehtrx8 gene

The redox metabolism that is operative in E. histolytica has been
recently revisited, after coming across the occurrence and function-
ality of EA'TRXR and one TRX (EhTRX41) [12]. To further advance the
characterization of molecular components able to interact with the
reductase in vivo, we performed the molecular cloning of a gene
putatively coding for another TRX (ERTRX8) that is found (CDS 8.
mO00422) in the spliced nucleotide sequence of the parasite genome.
The strategy for cloning and expression was similar to that previously
employed for Eh'TRX41. The full-length DNA fragment of the ehtrx8
gene was amplified by PCR and inserted onto cloning (pGEM-T Easy)
and expression (pRSET-A) vectors, as described under Materials and
methods. The correctness of the amplified gene was verified by
complete sequencing. The gene encodes for a 103-amino acid protein
having a calculated pl of 5.3 and 11.6-kDa molecular mass.

After cloning of the gene onto the pRSET-A vector and transforma-
tion of E. coli BL21(DE3) cells, the recombinant Eh'TRX8 protein could
be expressed in a soluble form and conveniently purified by a single
Co?*-affinity chromatography step (Fig. 1). As shown, the EhTRX8
recombinant protein visualized as a major protein band in SDS-PAGE
(Fig. 1A) could also be revealed by using polyclonal antibodies raised
against EhTRX41 in Western blot experiments (Fig. 1B). This
immunological cross-reactivity between both TRXs is coherent with
the identity of 46.2% evidenced after the amino acid alignment of the

Table 1
Kinetic parameters of E'TRXR and Eh2CysPrx for the reduction/oxidation of EnTRXs

Enzyme Substrate K (WM) ke (Min™")  keae Kt (M7 571)

ERTRXR EhTRX8 2.8 85.7 5.10-10°
EhTRX41 3.6 130.0 6.00-10°

Eh2CysPrx  ERTRXS 3.8 46.5 2.04-10°
t-bOOH (+ERTRX8)* 346 465 2.22:10%
EhTRX41 3.1 57.7 3.10-10°
t-bOOH (+EhTRX41)* 35.6 57.7 2.70-10%

Experimental conditions are detailed under Materials and methods.
* Specify the cosubstrates utilized for t-bOOH reduction.

proteins (see Fig. 1 in supplemental data). EA”TRX8 was also very
similar to EhTRX41 with respect to its kinetic behavior. Indeed,
EhTRXR quite similarly catalyzed the NADPH-dependent reduction of
EhTRX8 as determined by the insulin assay and by the method coupled
to Eh2CysPrx to detoxify hydroperoxides [12] (see kinetic data in
Table 1). Thus, results suggest that the redox system recently de-
scribed in E. histolytica [12] could be operative with either of the TRXSs,
with EhNTRX8 being a component alternative to Eh'TRX41 to function
together with EhTRXR.

Redox capacity of the ERTRXR/TRX system

To better evaluate the capacity of the redox system present in
E. histolytica involving TRXR, we determined the redox potential of
EhTRX8 and EhTRX41 following the approach recently utilized by
Cheng et al. [23] for a similar system from Drosophila melanogaster. As
shown in Fig. 2, the reaction between oxidized EA'TRX and NADPH,
catalyzed by EhTRXR, was found reversible:

NADPH + H* + TRX — S, <=5 NADP* + TRX — (SH),. (1)

By performing the reaction with variable amounts of EhR'TRX8 or
EhTRX41, we measured different concentrations of reactants and
products at equilibrium. With these data, and utilizing the Nernst
equation:

o _pe_R-T . [NADP|[TRX - (SH)] o
TRX = = NADPH — 1 F " INADPH][TRX — S5]

E°'values of -286 and -283 mV were calculated for EhTRX8 and
EhTRXA41, respectively (see Table 1 in supplemental data). These values
are similar to those reported for TRX from different organisms [18,24].
Also, the potential found for the proteins from E. histolytica suggests
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Fig. 2. Determination of redox potential of EA'TRXs. Reduction of disulfide in 15 uM
B EhTRX41 or @ EhTRX8 was started by addition of 1 uM ERTRXR. When the reaction
had stopped, NADP was added to a final concentration of 1.2 mM. The formation of
NADP and NADPH was followed by spectrophotometry at 340 nm.
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Fig. 3. Kinetic analysis of Eh2CysPrx. The reactions were performed in 50 mM buffer
phosphate, pH 7.0, 2 mM EDTA, 300 uM NADPH, 2 uM ERTRXR, 1 uM Eh2CysPrx, 0-
500 pM t-bOOH, and different concentrations of EATRX8 (A) or EATRX41 (B): ® 5; @ 10
and A 20 uM.

that either of these TRXs could be playing a key role in the redox
metabolism of the parasite, being involved in the interchange of
reducing equivalents with different metabolites. In this way, the
EhTRXR/TRX system could be operative not only working together with
Eh2CysPrx to detoxify hydroperoxides, as previously reported [12], but
also has the appropriate redox potential to interact with other low
molecular weight thiol compounds.

Peroxidase activity of Eh2CysPrx coupled to ERTRX

Eh2CysPrx was tested for hydroperoxide reducing activity coupled
to the ERTRXR/TRX system [12]. In these assays, the EhTRXR was
added in excess to assure that the different amounts of EhTRXS8
or EhTRX41 were reduced to serve as the substrate affording re-
ducing equivalents to Eh2CysPrx. The amoebic peroxidase exhibited
Michaelis-Menten saturation kinetics regarding the different sub-
strates, t-bOOH, ERTRX8, and EhTRX41. Double reciprocal plots for
initial velocities with variable concentrations of EA'TRX8 (Fig. 3A) or
EhTRX41 (Fig. 3B) at different fixed values of t-bOOH yielding parallel
lines indicate that the enzyme follows a ping-pong mechanism, in
agreement with the kinetic pattern found for other peroxiredoxins
[25-29]. The kinetic parameters for the recombinant Eh2CysPrx
(obtained at saturating substrates concentration), summarized in
Table 1, indicate that the enzyme displayed higher catalytic efficiency
with respect to either TRXs than to t-bOOH, after the higher affinity it
exhibited toward the former substrate.

Disulfides reduction assays

The EhTRXR/TRX system was also analyzed in its ability to reduce
disulfide compounds such as insulin, GSSG, cystine, and TS,. Fig. 4
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Fig. 4. Disulfide reduction by EhTRXs enzymatically reduced. The reactions were
performed in 50 mM buffer phosphate, pH 7.0, 2 mM EDTA, 300 uM NADPH, 1 uM
EhTRXR, 5 uM ERTRX8 (A) or 5 uM EhTRX41 (B) and different disulfides: W, cystine; @,
glutathione; A, trypanothione; and Vv, insulin.

shows that the couple EhTRXR/TRX transferred reducing equivalents
from NADPH to the different disulfide compounds. The system
operates with the reduction of Eh'TRX8 (Fig. 4A) or EhTRX41 (Fig. 4B)
catalyzed by EhTRXR (as shown in Eq. (1)), followed by the chemical
redox interchange between the TRX and the respective disulfide:

TRX — (SH), + RSSR ¢3TRX — S, + 2RSH. (3)

The rate of this spontaneous reaction is then established by the
equation:

v =ky - [TRX — (SH),] - [RSSR). (4)

As expected, in our hands the reaction was dependent on the
concentration of the respective disulfide compound and also on levels
of reduced EhTRXs (Fig. 4). In the absence of TRX the different
disulfides were not reduced by TRXR (see Figs. 2-5 in supplemental
data). Second-order rate constants (k,) summarized in Table 2 indicate

Table 2
Rate constants for the reduction of different disulfides by EhTRXs
Disulfide k(M!1sh

EhTRX8 EhTRX41
Insulin 2435 2059
Cystine 124.7 110.7
GSSG 55.2 236
TS, 118.6 143.0

The reaction mixtures contained 50 mM buffer phosphate, pH 7.0, 2 mM EDTA, 300 uM
NADPH, 1 uM EhTRXR, 0-350 pM insulin or 0-2000 uM cystine or 0-2000 uM
glutathione or 0-200 uM trypanothione and different concentrations of EhRTRXs
0-10 uM at 30 °C.
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Fig. 5. Confocal laser scanning microscopy (CLSM) of Entamoeba cells using rabbit polyclonal anti-EhRTRXR (A-D) and anti-EhTRX41 (E-H). CLSM pictures of the cellular localization of
EhTRXR and EhTRX41 in E. histolytica (strain HM1-IMSS) trophozoites show intense labeling of the plasma membranes (arrows) at different optical section plains from the surface.
EhTRXR: (A) 0-4 um, (B) 4-8 um, (C) 8-12 um, and (D) 12-16 pm. EnTRX41: (E) 0-3 pum, (F) 3-6 um, (G) 6-9 um, and (H) 9-12 um. Negative control using the conjugate alone revealed
no staining (not shown).
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Fig. 6. Schematic description of the thioredoxin-linked hydroperoxide detoxification pathway in E. histolytica. ROOH (alkylhydroperoxide) and H,O, (hydrogen peroxide).

that reduced EhTRX8 or EhTRX41 exhibited the highest capacity to
reduce insulin (reaction performed as a control), and the lowest for
GSSG, with two order of magnitude difference. The kinetic values for
TS, and cystine were intermediate and differing 10-fold with respect
to the formers.

Cellular localization of the EnTRXR/TRX system

The occurrence of ERTRXR and EhTRX41 in E. histolytica was
already confirmed by Western blotting utilizing specific polyclonal
antibodies, as recently reported by Arias et al. [12]. The antibodies
were also useful to swot up the cellular localization of the proteins by
immunofluorescence, with results illustrated in Fig. 5. Despite the fact
that the nucleotide sequences of TRX41 and TRXR include no coding
regions for any signal peptide or transmembrane hydrophobic
domain, they seem to localize underlying the plasma membrane. As
revealed by images in Fig. 5, a punctuated fluorescence was observed
at the superior (Fig. 5A) or inferior (Fig. 5D) scrutiny of the cell. This
pattern became fluorescent rings, adjacent to the cell periphery
(Figs. 5B and C), when views were taken at different depths of the cell
structure. The lack of signal displayed inside the cell (Figs. 5B and C)
speaks in favor of a unique and particular localization of TRXR in the
surrounding of the plasma membrane. Identical localization can be
attributed to TRX 41 (and eventually to TRX 8), after similar
immunofluorescence images were obtained by confocal microscopy
using anti-TRX41 serum (Figs. 5E-H).

Discussion

E. histolytica, associated with poverty, ignorance, conditions of
poor sanitation, and malnutrition, is the aetiological agent of a major
public health problem worldwide. The increase in reports dealing with
drug-resistant cases during amoebiasis treatment [4,5] reveals the
value of in-depth characterization of metabolic pathways for rational
design of new therapeutic agents. We have recently demonstrated the
occurrence in E. histolytica of TRX and a reductase linked to its
metabolic involvement [12]. This finding afforded a new under-
standing of the redox metabolism in the parasite, and the complete
characterization of the molecules involved is a matter of interest.
Results in the present work further advance in the knowledge of the
redox metabolic scenario operating in E. histolytica, reaching the view
depicted in Fig. 6. This scenario includes the involvement of E'TRXR
and EhTRX41 (now also ERTRXS8, as an alternative) in a system
functioning with Eh2CysPrx to detoxify hydroperoxides as well as
reducing low molecular weight disulfides to maintain a redox balance
in the parasite cytosol.

We previously purified recombinant EATRXR and EhTRX41 to in
vitro reconstitute a system probed to be functional working together
with Eh2CysPrx in detoxifying hydroperoxides [12]. To reach a closer
insight on the in vivo occurrence of the system, we utilized polyclonal
antibodies raised against EhTRXR and EhTRX41 to localize both
proteins at the cellular level. The TRXR/TRX system appears to prevail

underlying the plasma membrane of E. histolytica, as it was illustrated
by confocal laser scanning microscopy studies performed in the
present work. This cellular localization reinforces the potential in vivo
functionality of the ROS detoxification system, specially considering
that Eh2CysPrx was previously identified also as an enzyme with a
ectoplasmic accumulation [30], which can appear at the surface as
protein associated to an N-acetylgalactosamine lectin [30,31]. Under
conditions of oxidative stress, the lectin may recruit the peroxiredoxin
for antioxidant protection [31]. The presence of TRXR and TRX41
(might be also TRX8) together with the Eh2CysPrx can be associated
with the antioxidant system functionality as illustrated in Fig. 6.

Eh2CysPrx had being originally named Ehp29 [32] and identified
as a member of the peroxiredoxin family of proteins [33]. In a recent
work, the outstanding role of Eh2CysPrx, both in trophozoites survival
under oxidative stress conditions as well as in pathogenesis of
amoebiasis, has been established [31]. This probed metabolic
relevance makes necessary a more detailed study of the kinetic
characteristics of the system. In the present work we determined that
the reduction of hydorperoxides by Eh2CysPrx, associated with
EhTRXR and EhTRX, exhibited hyperbolic saturation kinetics for both
of the substrates, reduced EhRTRXs and t-bOOH. The enzyme reaction
follows a ping-pong mechanism, a pattern that together with the
kinetic parameters determined for both substrates is in good
agreement with data reported for peroxiredoxin from other organisms
[29,31,33,34]. To the best of our knowledge, this is the first time that
Eh2CysPrx is kinetically characterized in E. histolytica as a component
of a redox cascade.

Redox potentials for E'TRX8 and EhTRX41 were calculated to be
-286 and -283 mV, respectively, which are in good agreement with
those values found for this kind of protein from other sources [18,24].
The potential of either TRX is considerably more negative than those
corresponding to low molecular weight disulfides reported as key
redox metabolites. As expected, reduction equivalents from NADPH,
primarily transferred to EnTRXs by catalysis of ER'TRXR, could then be
chemically driven to the reduction of cystine, TS,, or GSSG. This result
has a physiological significance after the possible role of the low
molecular weight thiols generated in the described reaction. First, in
E. histolytica cysteine was accounted as an important component of
the antioxidant defense [15,16,35], and as the main intracellular thiol
that can be synthesized de novo from sulfate [35,36]. Three nucleotide
sequences encoding putative cysteine synthases can be found in the
E. histolytica genome project (http://www.genedb.org; 3.m99156, 93.
mO00149, and 328.m00057). Interestingly, no evidence for the
occurrence of a cystine reductase was found for this parasite, which
gives additional value to the redox capacity of the EhRTRXR/TRX
system.

Secondly, TS, initially described in trypanosomatids [37-40], is
another disulfide that could be physiologically available in
E. histolytica [8,11,14]. Besides that the occurrence of trypanothione
in the parasite was critically questioned [14], no gene is found in the
genome project for a reductase of the disulfide. Thus, if trypanothione
actually is present in E. histolytica, its reduction should be associated
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with TRX8 or TRX41. Additionally, glutathione is a necessary substrate
in the synthesis of trypanothione and was found to occur at low
concentrations in the parasite [14]. The absence of a glutathione
reductase in E. histolytica [31] suggests that Eh'TRXs could be func-
tionally involved in the maintenance of glutathione at its reduced
state in the parasite.

Concluding remarks

This work improves the knowledge about the reactions that, in
E. histolytica, are managing the redox equivalents flux, which
constitute a critical metabolic mechanism for the parasite survival
and virulence. As schematized in Fig. 6, the EhTRXR/TRX system
appears as an important tool not only for hydroperoxide detoxification
but also for maintaining in a reduced form other redox compounds.
This more versatile functioning supports a view where the TRX-
dependent system plays a relevant role in the parasite defense against
oxygen toxicity during the oxidizing extraintestinal phase of the
amoebic infection.

The relevance of the TRXR/TRX system in E. histolytica has been
recently supported by a work showing how metronidazole, a drug
usually used in the treatment of amoebiasis, can bind to TRXR and TRX
(between other protein thiols) to form inactive adducts [41]. Thus, the
lack of an active TRXR decreases levels of reduced TRX and conse-
quently of the peroxiredoxin, making the cells more sensitive to
oxygen in the presence of metronidazole due to a reduced capability of
the cells to detoxify ROS [41]. Outstandingly, in the scenario depicted
in Fig. 6, an increase in oxygen levels (as expected during the exposure
of the parasite in the blood stream phase) triggers the NADPH oxidase
activity of the TRXR [12], which generates H,0,. This toxic compound
can be further metabolized by peroxiredoxin associated with the
EhTRXR/TRX system. Thus, any impairment caused on the EhTRXR/
TRX system (as in the case of metronidazole [41]) should dramatically
affect the parasite survival. In this framework, the E'TRXR can be
considered as a key target for the development of new chemother-
apeutic agents. This view is reinforced by data detailed in Fig. 6 of the
supplemental data, illustrating a high dissimilarity in structure be-
tween the enzyme from Entamoeba and those reductases found in
humans.
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