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ARTICLE INFO ABSTRACT

Background: The principal oxidative-stress defense in the human parasite Trypanosoma cruzi is the tryparedoxin-
dependent peroxide detoxification pathway, constituted by trypanothione reductase (TryR), tryparedoxin
(TXN), tryparedoxin peroxidase (TXNPx) and tryparedoxin-dependent glutathione peroxidase A (GPxA). Here,
Metabolic Control Analysis (MCA) was applied to quantitatively prioritize drug target(s) within the pathway
by identifying its flux-controlling enzymes.

Methods: The recombinant enzymes were kinetically characterized at physiological pH/temperature. Further, the
pathway was in vitro reconstituted using enzyme activity ratios and fluxes similar to those observed in the par-
asites; then, enzyme and substrate titrations were performed to determine their degree of control on flux. Also,
kinetic characterization of the whole pathway was performed.

Results: Analyses of the kinetic properties indicated that TXN is the less efficient pathway enzyme derived from
its high Kmgp, for trypanothione and low Vmax values within the cell. MCA established that the TXN-TXNPx and
TXN-GPxA redox pairs controlled by 90-100% the pathway flux, whereas 10% control was attained by TryR. The
Kmygyp values of the complete pathway for substrates suggested that the pathway flux was determined by the per-
oxide availability, whereas at high peroxide concentrations, flux may be limited by NADPH.

Conclusion: These quantitative kinetic and metabolic analyses pointed out to TXN as a convenient drug target due
to its low catalytic efficiency, high control on the flux of peroxide detoxification and role as provider of reducing
equivalents to the two main peroxidases in the parasite.

General Significance: MCA studies provide rational and quantitative criteria to select enzymes for drug-target
development.
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1. Introduction differ or are absent in the host have been investigated for therapeutic in-
tervention. In this regard, the enzymes of the trypanothione-dependent
antioxidant system in trypanosomatids [3-7] and in T. cruzi [8-10] have

been proposed and studied for drug development.

Trypanosoma cruzi is the causal agent of Chagas disease, which is en-
demic of Latin America, but it is now disseminated to non-endemic areas

due to human emigration. The currently used drugs to treat this sickness
are not commercially available and highly toxic. Then, more effective,
less toxic and low cost alternative drugs are required [1,2]. This situation
has prompted the quest for new therapeutic targets. The metabolic path-
ways that are unique and essential in the parasite and that significantly
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In trypanosomatids, trypanothione (T(SH),) replaces glutathione
(GSH) as the main antioxidant molecule. T(SH), is a conjugate of two
GSH molecules bound by a polyamine (usually spermidine), and it is
synthesized by trypanothione synthetase (TryS). T(SH), is the main re-
ducing equivalents donor to the tryparedoxin-dependent hydroperox-
ide detoxification enzymatic machinery (Fig. 1). T(SH), transfers
electrons to the cytosolic dithiol protein tryparedoxin (TXN), which in
turn deliver them to the tryparedoxin-dependent peroxiredoxin
(TXNPx), the main peroxide detoxifying enzyme in the cytosol, or to
other peroxidases such as the cytosolic non-selenium GSH-peroxidase-
like tryparedoxin peroxidase (GPxA) [5-7]). Another membrane-
embedded TXN isoform has been recently reported [11] whereas two
isoforms of the peroxidases have also been found in mitochondria and
endoplasmic reticulum of the parasite [4]. Further, TXNPx and GPxA
from Trypanosoma brucei can reduce hydrogen peroxide, as well as
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Fig. 1. Simplified scheme of the tryparedoxin-dependent hydroperoxide detoxification pathway in T. cruzi. For a complete description and discussion of this pathway see [4,6,8].

short-chain and alkyl/aryl peroxides with different affinities [12]; how-
ever, it is not known whether the enzymes from other trypanosomatids
have the same characteristics. Finally, the oxidized trypanothione (TS;)
is reduced by trypanothione reductase (TryR) at the expense of NADPH
oxidation.

By using knock-out or knock-down strategies performed mainly in
T. brucei (since genetic engineering approaches are still under develop-
ment in T. cruzi), it has been demonstrated that all enzymes of the TXN-
dependent peroxide detoxification pathway, i.e. TryR, TXN and the
peroxidases, are essential for parasite survival and oxidative stress
management [13-15]. Therefore, all of these enzymes have been
proposed as therapeutic targets for T. brucei and extrapolated to other
trypanosomatids. However, it is now considered that besides genetic
essentiality, subsequent levels of regulation/complexity such as enzyme
activity (kinetome), pathway flux rates (fluxome) and metabolite
concentrations (metabolome) should be included as criteria to select
and prioritize drug targets in the trypanosomatid antioxidant system
[6,16,17] and in general, in metabolic pathways of parasitic or
pathogenic cells [18-20], to reach greater success treatment rates.

The fundamentals of Metabolic Control Analysis (MCA) [20-22]
were here applied to identify the enzymes that mainly control the
TXN-dependent hydroperoxide detoxification pathway in T. cruzi
epimastigotes. This approach is used in the elucidation of the principal
mechanisms of control and regulation of metabolic pathways. MCA al-
lows the quantitative determination of the degree of control that a par-
ticular enzyme/transporter has on the pathway flux, namely flux
control coefficient (C;), where J is flux and ai is the activity of any path-
way enzyme/transporter. An enzyme/transporter with a Cy; value equal
to the unity means that such step totally controls the pathway flux (a
true traditional rate-limiting step). However, MCA experimental studies
of different metabolic pathways have clearly established that the con-
trol of flux is generally shared in different degrees among several path-
way steps, and therefore the existence of a unique rate-limiting step has
been ruled out [20-22]. From the different experimental strategies that
have been designed to determine the distribution of control of metabol-
ic pathways (reviewed in [20]), enzyme titration in the in vitro
reconstituted pathway was used in the present work to determine the
individual flux control coefficients of the TXN-dependent peroxide de-
toxification pathway enzymes. Based on this quantitative analysis, the
results indicated that the TXN-TXNPx and TXN-GPxA redox pairs
exerted the major control of the pathway flux, with significantly lower
control by TryR. Therefore, TXN could be the most convenient drug-
target as it is located at the cross-road of the enzymatic detoxification
machinery.

2. Methods
2.1. Parasite culture

Epimastigotes of T. cruzi Queretaro strain (DTU I) [23] were grown in
liver infusion tryptose (LIT) medium [24] (DIFCO; Detroit, MI, USA),

supplemented with 10% fetal bovine serum (PAA Laboratories; Pasching,
Austria) and 25 ug ml~ ! hemin and maintained at 26 °C. The cultures
were initiated at a density of 4 x 10° parasites/ml and every 48 h they
were diluted twofold with fresh LIT medium. Once the culture reached
the late logarithmic phase (cellular density of ~25 x 10° parasites/ml),
the parasites were collected for use.

2.2. Kinetic characterization of recombinant enzymes

Gene cloning, protein over-expression, purification and partial ki-
netic characterization of T. cruzi TryR, TXN, TXNPx and GPXA were pre-
viously described [25]. TryR activity was determined by monitoring the
NADPH-dependent reduction of oxidized trypanothione (TS;) as previ-
ously described [25]; T(SH), was enzymatically prepared and purified
as described elsewhere [26]. Product inhibition of TryR was determined
by using 0.16 mM NADPH and 230 uM TS, (substrate) in the absence or
presence of distinct concentrations of T(SH), (product).

Enzymatic assays to determine the activities for TXN, TXNPx and
GPxA were determined spectrophotometrically by monitoring the
NADPH oxidation at 340 nm as described before [25], which were mod-
ified protocols from those originally described [27]. The assays were
performed at pH 7.4 and 37 °C in a coupled system using oxidized
trypanothione (TS;) (previously reduced by TryR) and different hydro-
peroxides. Variations in the published protocols [25] are described
below.

Kinetic parameters of GPxA with H,0- and tert-butyl hydroperoxide
(t-butOOH) were determined in assay buffer (40 mM Hepes pH 7.4,
1 mM EDTA) that contained 0.16 mM NADPH, 0.45 mM TS, or T(SH),,
0.5 uM TryR, 22 uM TXN, and the peroxides (0-1 mM H,0, or 0-
1 mM t-butOOH); after 3 min baseline stabilization, the reaction was
started by adding 0.054-0.182 pM of GPXA.

TXNPx at concentrations lower than 1 pg/ml in the enzymatic assay
was inactivated, as described before [28]. Therefore, to determine the
Kmygp,, values, the assay was carried out using a high TXNPx concentra-
tion and sub-saturating coupling enzymes and T(SH), as reported be-
fore [29], with the inconvenience that the Vmax, and therefore, kcat
values were underestimated. The reaction mixture contained assay
buffer, 0.16 mM NADPH, 0.045 mM TS; or T(SH),, 0.01 uM TryR, 1 pM
TXN, and 1 uM TXNPx (24 pg/ml), and the reaction was started by the
addition of 0-400 uM H,0,. To determine the actual Vmax value of the
recombinant enzyme (a mandatory requisite for the pathway reconsti-
tution assays), TXNPx activity was assayed in the presence of 10% DMSO
(to stabilize the enzyme), 0.16 mM NADPH, 0.45 mM TS,/T(SH),, 0.5 uM
TryR, 20 uM TXN, and 0.1 mM CumOOH and the reaction was started by
adding 0.2-3.5 pg TXNPx.

For all activity assays, T(SH), was previously calibrated by complete
oxidation with H,0, and further reduction with TryR and NADPH. To
calibrate the peroxides, the tryparedoxin-dependent system coupled
to NADPH oxidation was also used. Spurious activities in the absence
of the specific enzyme or substrate were always subtracted. It was
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ensured that the activity was linear with the amount of protein used
(except for TXNPx in the absence of DMSO).

2.3. Enzyme activities in T. cruzi epimastigotes

Epimastigotes were cultured to the late logarithmic phase, and then
harvested and washed, from which soluble cytosolic-enriched fractions
were prepared as previously described [25]. Briefly, 500 million
epimastigotes were harvested at 4500 g and washed twice with Phos-
phate Buffer-Saline (PBS; 137 mM Nacl, 2.7 mM KCl, 10 mM Na,HPO,,
2 mM KH,POy4, pH 7.4). The pellet was resuspended in 0.1 ml lysis buffer
(20 mM Hepes pH 7.4, 1 mM EDTA, 0.15 mM KCl, 1 mM dithiothreitol,
1 mM phenylmethanesulphonyl fluoride) and lysed by three cycles of
freezing/thawing. The cell lysate was centrifuged at 20,817 g, and the
soluble fraction was collected for use. That this fraction was an enriched
fraction of cytosol was demonstrated by determining the activity of py-
ruvate kinase, a marker of cytosol (Table S1 in supplementary material).

All the enzyme activities (i.e., Vmax) were determined using saturat-
ing concentrations of the specific substrates and coupling enzymes.
Strict controls were used to ensure that each particular enzyme activity
was specifically determined: (i) the activity was initiated with the spe-
cific substrates (TS, for TryR) or ROOH (for TXN and the peroxidases),
and the unspecific baseline activity previous to their addition was al-
ways subtracted; (ii) the activity was assayed only in the linear range
of protein dependency; contaminating activities usually do not display
this behavior (they do not show saturation); (iii) the order of addition
of the components did not change the rate; (iv) no specific activity
was attained in the absence of one enzyme (coupling or specific) com-
ponent. Representative traces for each enzymatic assay are shown in
supplementary material (Figs. S1, S2, and S3).

TryR activity in the cytosolic-enriched fractions was determined as
previously described [25]. TXN activity was measured as described
[25] with the following modification: the mixture containing assay buff-
er, 0.16 mM NADPH, 0.45 mM T(SH),, 0.5 uM TryR, 20 uM TXNPx and
0.1 mM CumOOH was pre-incubated for 3 min to monitor the spurious
reaction of the peroxide with the assay components; then, the reaction
was initiated by adding 0.1-0.6 mg/ml protein of parasite soluble cell
fraction. TXNPx activity was determined in a saturating TryR/T(SH),/
TXN assay containing assay buffer, 0.16 mM NADPH, 0.45 mM T(SH),,
0.5 M TryR, 22 uM TXN and 0.1 mM CumOOH or t-butOOH and the re-
action was initiated by the addition of 0.2-0.8 mg/ml protein of soluble
cell fraction.

Table 1
Kinetic parameters of recombinant purified and soluble cell extract pathway enzymes.

It was here determined that recombinant TXNPx and GPxA can use
the same peroxides (Table 1). In the cytosolic-enriched fraction, GPxA
activity was distinguished from that of TXNPx by using the GSH and glu-
tathione reductase (GR) coupling system. The assay contained assay
buffer, 0.16 mM NADPH, 10 mM GSH, 0.025 pM GR, 0.1 mM CumOOH
and after 1 min baseline stabilization, the reaction was initiated by
adding 0.4 mg protein soluble fraction/ml. Sub-saturating concentra-
tions of GSH (10 mM) and CumOOH (0.1 mM; GPXA Kmgpp csu =
5 mM [30] and 0.1 mM CumOOH; Table 1) were used because GR is
inhibited at high GSH concentration and higher peroxide concentration
reacts non-enzymatically with GSH. To correct for these limitations, the
recombinant GPxA activity was in parallel evaluated with both, the
TryR/T(SH),/TXN and GSH/GR assays showing in the latter only 10% of
the activity displayed with the former coupling system. Therefore, it
was assumed that the GPxA activity in the cell determined with the
GSH/GR assay was 10-fold underestimated (Table 1).

24. Hydroperoxide reduction flux in parasite soluble
cytosolic-enriched fraction

The assay was carried out in assay buffer in the presence of 0.16 mM
NADPH, 0.45 mM T(SH), and 0.1 mM CumOOH (to saturate but not to
inhibit TXNPx); the reaction was initiated by adding 0-2.5 mg of soluble
cell protein and the NADPH oxidation due to TS, reduction was deter-
mined. The reduction rate of 30-100 uM H,0, was also determined
using the same assay. The unspecific NADPH oxidation in the absence
of cell protein was always subtracted, whereas it was negligible in the
absence of T(SH)s.

2.5. Flux control coefficients

The reference reconstituted TXNPx pathway contained assay buffer
to complete 0.5 ml, 0.16 mM NADPH, 0.45 mM T(SH),, 0.1 mM
CumOOH and the following enzyme milliunits (nmol/min): 264 mU
TryR, 88 mU TXN and 177 mU TXNPx, which are the enzyme activities
determined in 1 mg of cytosolic-enriched fraction (Table 1). Higher
T(SH), concentrations in the physiological interval (up to 2 mM) were
not used due to the high non-enzymatic rate of peroxide reduction
(4 nmol/min with 1 mM T(SH), and 80 pM CumOOH in the absence
of enzymes; data not shown). When each enzyme was individually ti-
trated, while keeping constant all the other variables in the system
(partner enzymes and saturating substrates), the following activity in-
tervals were screened: 0-1000 mU for TryR, 0-704 mU for TXN and

Recombinant enzymes

Enzymes in parasites

Enzyme  Substrate = Km Inhibitor Vmax Kcat kecat/Km Vmax Km Inhibitor VmaxnKm
TryR TS, 23 + 67 T(SH)> 531 + 137° 9837 4.3 x 107 0.264 + 0.15% 11.5%
NADPH 9457 ICso = 2000 =+ 300 f 0.195 + 0.06 293
TXN T(SH), 92 + 20*° 97 + 20° 30+£6 33+ 05x10° 0.088 + 0.014 0.95
TXNPx TXN 0.6 £+ 0.2 1.7 £ 05 7+£2 13 +£ 0.7 x 107 295
20 + 5¢ 90 +4°¢ 15 x 10%¢
CumOOH 11 + 4° Ki = 888 + 310 1.8 £ 05 7+2 6.5+ 05x10° 0.179 + 0.042 <8 (2)? Ki > 400 (2) 16 22¢
8.1 x 105¢
t-butOOH 8 + 3 Ki = 1446 + 719 1.1 +£02 4+1 56 +23x10° 0177 £0.009° <30(2)¢ Ki>1000(2) 22 6¢
H,0, 38 +£29 Ki > 400 3.0+ 29 123 4+ 11.8 65 + 9.2 x 10° 47
GPx TXN 23 +£09° 154+ 0.8 55+ 03 2.6 + 1.0 x 10° 0.007 (2) 0.07¢ 3 30°
CumOOH 106 + 16  Ki > 1000 31+9 11+£3 1.1+ 05 x 10° 0.066 0.66°
t-butOOH 442 + 20  Ki > 800 22+ 10 8+4 1.9 £+ 09 x 10* 0.015 0.15°
H,0, 313 (2) Ki > 1000 29 (2) 11(2) 3.3 x 10*(2) 0.022 0.22¢

Km and Ki values in uM; Vmax in pmol/min* mg protein; kcat ins~'; kcat/Km inM~" s~'; Vmax/Km in ml/min* myg cell protein. For Km determination of recombinant enzymes, the rates
were determined at saturating concentrations of co-substrates and coupling enzymes, except for TXNPx without DMSO (see Section 2) therefore, for this enzyme the Km and Vmax values
indicated are apparent except for those indicated with €. The Vmax values in soluble cytosolic-enriched fractions were determined at saturating concentrations of all substrates and cou-
pling enzymes. ? Values reported in [25]. ® see Fig. S5 for kinetic behavior. ¢ values obtained in the TXNPx assay stabilized with 10% DMSO and using saturating TXN and CumOOH concen-
trations. ¢ Values obtained using the Km determined in the cell fraction. ¢ Value recalculated assuming that the GPxA Vmax was underestimated by 10 fold in the GSH/GR assay. { see kinetic
behavior in Fig. S4. # Minimum values in which changes in activity were observed. Values are means + SD of individual fittings made with at least three independent protein purifications

or biological samples, except where indicated.
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0-1400 mU TXNPx; the pathway flux (NADPH oxidation) was in paral-
lel determined. Just before each titration experiment, the activities of all
the enzymes were verified to adjust for variations in the activity of the
purified protein batches. The pathway was also reconstituted using
70 mU GPxA instead of TXNPx in the reference reconstituted pathway.
The variations of activities were 0-528 mU for TryR, 0-176 mU for
TXN and 0-140 mU for GPxA. To explore the effect of molecular
crowding, the reference reconstituted pathway assay was performed
in the presence of up to 50% PEG 8000 and 30% DMSO.

2.6. Affinities of the reconstituted pathway to substrates

Using the reference reconstituted system with TXNPx, the affinities
of the whole pathway for the three substrates were determined. Ranges
of variation were 0-0.19 mM for NADPH, 0-0.6 mM for T(SH),, and 0-
0.3 mM for CumOOH or 0-0.4 mM for H,0,. When one substrate was
varied, the other two were kept constant at the following concentra-
tions: 0.16 mM NADPH, 0.45 mM T(SH); and 0.1 mM CumOOH.

3. Results

3.1. Kinetic characterization of the enzymes involved in the TXN-dependent
hydroperoxide reduction

Kinetic parameters of TryR, TXN, TXNPx and GPxA were here extend-
ed from those partially reported by our group [25]. The parameters were
all determined in the same assay buffer at pH 7.4 and 37 °C, which resem-
bled the physiological conditions of cytosolic pH [31] and temperature of
the host for the T. cruzi bloodstream trypomastigotes, the medically im-
portant infective form. Thus, the determination of the kinetic parameters
of the recombinant enzymes (Table 1) provided the background informa-
tion required for pathway reconstitution at physiological pH and temper-
ature. This allowed establishing appropriate and physiologically
meaningful kinetic comparisons, which is not possible when the kinetic
parameters are determined under different physicochemical conditions
(i.e. the optimal assay conditions for each enzyme are not equal).

The Vmax and Km of recombinant and native TryR were similar to
values reported by other groups [32]. The activity of recombinant TryR
was evaluated in the presence of its product T(SH), (Fig. S4). At concen-
trations lower than 0.7 mM the activity was not affected whereas at a
higher concentration it was inhibited, reaching 50% inhibition at
2.0 4 0.3 mM of T(SH),. Substrate-product competition or alteration
of the reaction equilibrium by the high product concentrations used
may be involved in this effect, although further studies are necessary
to elucidate the inhibition mechanism. As the intracellular T(SH), con-
centrations for several parasite stages are 0.3-2.2 mM [5,6,8,25], TryR
activity may be partially inhibited depending on the T(SH), concentra-
tion and type of inhibition.

TXN displayed a hyperbolic behavior with T(SH), (Fig. S5) and,
among the four enzymes, also showed the highest Km value for its
substrate and the lowest catalytic potential (kcat/Km) for the thiol
metabolite (Table 1).

TXNPx and GPxA showed hyperbolic kinetics with TXN (Fig. 2A and
E) and their Kmy,, and Km values, respectively, were similar to those re-
ported earlier, which were determined at pH 7.6 and 8.0, respectively
[29,33]. TXNPx exhibited lower Kmgp, values for the evaluated

peroxides (Fig. 2B-D) than GPxA (Fig. 2F-H) (Table 1), because the lat-
ter probably prefers long-chain fatty acid hydroperoxides, as has been
reported for the T. brucei enzymes [12]. Although the Vmax of recombi-
nant TXNPx was underestimated, and so its kcat/Kmg,, value, TXNPx
was nevertheless more efficient than GPxA in detoxifying H,0,, a phys-
iologically important peroxide. Under saturated assay conditions,
TXNPx is one order of magnitude more efficient than GPxA.

A previous report [ 28] described that TXNPx was inhibited by hydro-
peroxides, although no information about the conditions used or the de-
gree of inhibition was disclosed. This enzyme was indeed inhibited by
the short-chain hydroperoxides but not by H,0, (Fig. 2B-D) with Ki
values in the mM interval (Table 1). It was found that CumOOH
inactivated whereas t-butOOH inhibited the enzyme: TXNPx pre-
incubated for 2 min with 800 pM CumOOH at 37 °Clost 50% activity (de-
termined by diluting and measuring the activity with 80 pM CumOOH);
such inactivation was not observed by pre-incubating with t-butOOH
(data not shown). In contrast, GPxA was not inhibited by any of the test-
ed peroxides (Fig. 2F-H).

It was previously reported that GPXA was not able to reduce H,0,
when using the GSH/GR coupling system [30]. However, by changing to
the TryR/T(SH),/TXN coupling system, GPxA could readily reduce H,0,,
although with higher Km and lower catalytic potential than TXNPx
(Fig. 2D-H; Table 1). A comparison of the GPxA activity in the two cou-
pling assays was done using CumOOH. GPxA activity coupled to the
GSH/GR system showed only 5-10% of the Vmax value (1.5 U/mg) and
30 times higher Km (3.1 mM) (Fig. S6) compared to the values attained
with the TryR/T(SH),/TXN coupling system (Fig. 2F; Table 1). Therefore,
the GSH/GR system is less efficient for GPxA activity determination.

Due to TXNPx instability induced by dilution in the enzymatic assay,
its kinetic characterization (Table 1) was carried out at high TXNPx con-
centration and non-saturating concentrations of co-substrates and cou-
pling enzymes, in which a stable linear initial-rate for at least 10 min
was obtained. However, in the saturating assay with low TXNPx concen-
tration plus the presence of 10% DMSO, the enzyme stability was im-
proved for a short period of at least 10 s in which an initial-rate was
reliably determined; in the presence of DMSO, the TXNPx activity
showed a linear-dependency on the amount of enzyme used and a
Vmax value of 20 £ 5 U/mg protein was obtained (Table 1).

3.2. Kinetic characterization of the enzymes in parasite soluble
cytosolic-enriched fractions

To determine physiologically meaningful Cy; values by in vitro re-
constitution of a cellular metabolic pathway, a similar ratio of the en-
zyme activities found in the parasites should be used; hence the Vmax
values in the epimastigotes were thoroughly examined (Table 1). A sol-
uble cell fraction was chosen as representative of a cytosol-enriched cell
fraction since the main activity of the T(SH), pathway enzymes is pri-
marily located in the cytosol [8,33,34]. The presence of anti-oxidant en-
zyme isoforms proceeding from organelles is expected to be low
because most of the cellular protein resides in the cytosol (>50%),
with <5% derived from glycosomes in T. brucei [35]. Furthermore, strict
controls in the kinetic assays were applied (see Section 2 for details) to
ensure the determination of specific activities (see also Figs. S1, S2 and
S3). Samples from trypomastigotes could not be used due to the large
number of parasites necessary to obtain sufficient protein for enzymatic

Fig. 2. Kinetic characterization of recombinant TXNPx (A-D) and GPxA (E-H) at physiological pH and temperature. Representative plots of the kinetic characterization of both peroxidases
with different substrates. The insets show the global fitting for titrations made with different independent protein batches (n = 2-4), which are indicated with different symbols; the Km
values derived from these global fittings were similar to those shown in Table 1, which were calculated from each individual experiment and averaged. The data were fitted to the
Michaelis-Menten equation using the Origin 8 software, except for B and C which were adjusted to the MM + substrate inhibition equation:

Vmax = S

v:(l(m+5)*<1+%)
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determinations.

In the parasites, TryR was the enzyme with the highest Vmax in the
TXN-dependent peroxide detoxification system (Table 1). Regarding
TXN, we previously reported a high TXN activity (0.688 pmol/min*mg
protein) using GPxA as redox partner [25]. However, we were unable
to reproduce this previous result; when mixing the cytosolic-enriched
fraction with recombinant GPxA, the assay mix precipitated. Neverthe-
less, GPxA replacement with TXNPx allowed consistent determination
of the TXN activity, showing lower activity and therefore the lowest cat-
alytic efficiency (Vmax/Km) in the parasites. To further ensure that the
Vmax value of TXN was not underestimated, an assay was performed
using increasing NADPH, TryR, T(SH),, TXNPx and CumOOH
(Fig. S2B); the resulting TXN activity remained unchanged. Moreover,
there was no activity displayed if any of the system components were
omitted (Fig. S2A).

TXNPx and GPxA kinetics in soluble cell fraction were determined
using the coupling systems TryR/T(SH),/TXN or GSH/GR, respectively,
and CumOOH or t-butOOH (Fig. S7; Table 1). The peroxidase activity
that was detected in the soluble fraction of the parasites using the
TryR/T(SH),/TXN coupling system mainly corresponded to that of
TXNPx because: (a) in the enzymatic assay, the hydroperoxide reduc-
tion activity was inactivated at high dilution of the cell sample (concen-
tration <0.1 mg protein/ml) in a similar fashion to the behavior
displayed by TXNPx recombinant enzyme (data not shown). Therefore,
the TXNPx Vmax in the parasite reported in Table 1 was always deter-
mined at a cellular protein concentration greater than 0.2 mg/ml.
(b) The peroxidase activity in the soluble fraction was inhibited at
>100 pM CumOOH or t-butOOH like that of the recombinant enzyme;
no other components that increased activity at higher peroxide concen-
trations (which could indicate GPXA activity) were observed (Fig. S7).
And (c) a saturating behavior was observed at 100 pM of the peroxides
(Fig. S7), which corresponded to 10-fold the Kmgp,, CumOOH (or Kmgpp
t-butOOH) of recombinant TXNPx, but only onefold (or less) the Km of
GPxA (Table 1).

The Km and Ki values of TXNPx present in the parasite soluble frac-
tion were also determined (Table 1). These values were similar to
those of the recombinant enzyme which further supported that the
main peroxidase activity in the parasite corresponded to TXNPx.

To search for GPxA activity in the cell soluble fraction, the GSH/GR
coupling system was used since TXNPX is not able to interact with this
other coupling system. A low activity was determined (Table 1); the
value was recalculated assuming that in this coupling assay the recom-
binant GPxA displayed only 10% of its full activity. The GPxA value in the
cells resulted to be 2.5 lower than that of TXNPx (Table 1).

3.3. Properties of the in vitro pathway reconstitution

Kinetic characterization of the recombinant enzymes allowed
distinguishing the activity of each enzyme in the cell in order to recon-
stitute the pathway at physiological pH and temperature. The propor-
tion of enzyme activities determined in the soluble cytosolic-enriched
fraction of the parasites is shown in Table 2. For pathway reconstitution
with the recombinant enzymes two TXN-dependent systems were

Table 2

Flux control coefficients obtained by pathway reconstitution.
Enzyme In vivo ratio i

with TXNPx with GPxA

TryR 3 0.2 + 0.04 (3) 0.2 (2)
TXN 1 1+£01(3) 1.1(2)
TXNPx 2 14+£01(3)
GPx 0.8 0.9 (2)

Values are mean + SD. Numbers in parenthesis indicate the number of independent ex-
periments assayed.

separately analyzed: one constituted by TryR/T(SH),/TXN/TXNPx and
another in which TXNPx is replaced by GPxA. It should be noted that a
reconstituted system with the two peroxidase activities included
would be disadvantageous for GPxA, as only short-chain hydroperox-
ides were used in these experiments and TXNPx has much lower
Kmygy,, for these substrates.

The appropriate range of enzyme activity (always maintaining the
same ratio) to attain experimentally reliable changes in flux was first
determined, considering the incubation time and spectrophotometer
sensitivity. It turned out that 264 mU TryR: 88 mU TXN: 177 mU
TXNPx were the most reliable and reproducible ratio activities for path-
way reconstitution, which were similar to the activities determined in
1 mg of parasite cellular protein (Table 1). It is noted that 177 mU
TXNPx corresponds to 14-18 g protein/ml in the reconstitution exper-
iments; this high concentration prevented its inactivation by dilution.
Moreover, at the lowest percentage titrated value of TXNPx activity
(25%, ~4 g protein/ml), the enzyme was not yet inactivated.

To further explore the physiological validity of this in vitro
reconstituted pathway with the recombinant enzymes, the flux of
peroxide reduction attained with the native enzymes present in the
parasite cytosolic-enriched fraction was determined. A linear depen-
dency of reduction of H0, and CumOOH on the amount of protein
was obtained, with values of 4.2 +£ 0.8 (n =3)and 3.0 + 1.3 (n =
3) nmol/min* mg protein, respectively (Fig. 3). In the reference
reconstituted pathway, which contains the same units of recombi-
nant enzyme activities than those found in the cytosolic-enriched
fractions, the CumOOH reduction flux was 4.9 + 2.4 nmol/min
(n = 5). This indicated that the reference reconstituted pathway
was able to reproduce the flux attained by the enzymes present in
the fraction of the parasites.

Molecular crowding seemed not to affect the pathway behavior. In
the reference reconstituted pathway with the recombinant enzymes
the total protein concentration was ~0.02 mg/ml, and the flux obtained
was almost the same than that achieved with the cellular cytosolic frac-
tion, where the maximum total protein amount reached in the assay
was 5 mg/ml (Fig. 3). Furthermore, pathway reconstitution was carried
out in the presence of various PEG 8000 and DMSO concentrations.
Pathway flux rates were unaffected by 5-10% PEG 8000, whereas higher
concentrations of both crowding agents were detrimental for the path-
way flux (Table S2).

3.4. Flux control distribution

The C,; of an enzyme/process belonging to a metabolic pathway is
determined from the dependence of the pathway flux on variation in
the activity of a single enzyme or group of enzymes [20,21]. Thus, the
activity of TryR, TXN, TXNPx or GPXA was varied one at a time. The ac-
tivity of each enzyme was varied above and below the point of interest
(100% activity), which for the in vitro reconstituted system was the en-
zyme activity present in 1 mg protein of the parasite soluble fraction.
The C,; values were determined from the derivative at the point of in-
terest (100% activity) from the curve of the global non-linear fitting of
the experimental data (Fig. 4).

A requisite for proper MCA application is that the reconstituted
pathway be under steady-state conditions regarding pathway flux and
intermediary concentrations (i.e. the rate of pathway flux and the path-
way metabolite concentrations have to be constant). A pseudo steady-
state (because of net substrate consumption) pathway flux was obtain-
ed for at least two minutes after initiating the reaction with the peroxide
(Fig. S8). During this time-period the T(SH), concentration was main-
tained nearly constant, at ~90% of the initial value (Fig. S8). These re-
sults suggested that the reconstituted pathway was under steady-
state which made it appropriate for C,; determination

For the reconstituted pathway with TXNPX, titrations with TXN and
TXNPx yielded a near-linear response in the flux to variations in their
activities (Fig. 4B and C) each one rendered a C,; close to 1 (Table 2).
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Fig. 3. Determination of the pathway flux in the parasite soluble cytosolic-enriched fraction. The fluxes of reduction of 0.1 mM CumOOH (A) and 30-100 uM H,0, (B) were determined at
saturating concentrations of NADPH and T(SH), and different amounts of parasite protein obtained from different culture batches (indicated with different symbols). The flux rate

corresponded to the slope of the linear fitting (solid lines).

In contrast, TryR showed a C; of 0.2 (Fig. 4A), indicating that this en-
zyme exerted a control of only 10% on the hydroperoxide reduction
flux. The sum of the C,; was near two, not one as occurs for linear met-
abolic pathways [20,21]. It has been demonstrated that in metabolic
pathways in which there is transfer of groups (electrons or phosphates)
such as in the mitochondrial respiratory chain, the sum of the control
coefficient is higher than one [36-38].

For the reconstituted pathway with GPxA, again, variations in TXN
and GPxA produced a linear response on the hydroperoxide reduction
flux (Fig. 4 and F) and C,; = 1 for each one (Table 2). This reference
reconstituted pathway was performed using 10 fold GPXA because its
activity was underestimated in the GSH/GR coupling assay. Despite
these shortcomings, the Cy; did not change in the whole interval of titra-
tion. TryR activity was also in excess for this system and therefore
showed a low C,; (Fig. 4D; Table 2).

3.5. Apparent affinities of the tryparedoxin-dependent hydroperoxide
detoxification pathway for different metabolites

For the above-described results, the reference reconstituted path-
way with TXNPx used saturating concentrations of NADPH, T(SH),
and CumOOH (according to the Km values of the individual enzymes);
however, the Kmgp, values of the complete pathway may be different
to those of the individual enzymes since new kinetic properties emerge
when the complete pathway is analyzed [19]. Therefore, the kinetic be-
havior of the whole pathway to variation in the substrate concentration
was determined (Fig. 5). These pathway Kmp,, values are described in
Table 3.

The Kmypp cumoon of the whole system did not vary in comparison to
the Kmg,,p, values of TXNPx for several peroxides (Table 1); substrate in-
hibition was also observed in the reconstituted system (Fig. 5). Howev-
er, the whole system showed higher Kmgp, than TryR for NADPH and
lower Kmgp,, than TXN for T(SH),. For the first observation, it is possible
that TS, generated by the system does not saturate TryR leading to
higher Km values for co-substrates; an explanation for the second obser-
vation may be that a higher degree of enzyme coupling in the
reconstituted system leads to lower Km values for substrates. This sug-
gests that other controlling/regulatory interactions in the pathway are
taking place when the enzymes are working together in the whole path-
way; thus, the enzyme rates will depend on the interactions with the
other components of the system. By comparing the degrees of pathway
saturation with some reported concentrations of NADPH and T(SH); in
the parasites, the system seemed partially limited by NADPH in compar-
ison to T(SH),, which is in excess.

4. Discussion

The uniqueness of the TXN-dependent peroxide reduction pathway
in T. cruzi has prompted the notion that drugs that may target its en-
zymes would be an adequate alternative strategy for therapy [7]. Gene
essentiality has been applied for drug-target validation within this path-
way [13-15] reviewed in [5,6,8]. However, when gene essentiality is ex-
perimentally analyzed, usually very high degrees of enzyme inhibition
are required to be reached within the cell by chemical or genetic near-
knockout. Under such conditions, it can be expected that any pathway
enzyme indeed affects the pathway flux. On the other hand, comparison
of the kinetic properties determined with pure enzymes is another
qualitative criterion to make predictions about rate limitation in meta-
bolic pathways and drug targeting. This type of analysis has the short-
coming that kinetic characterizations are usually performed under
optimal conditions of enzyme activity, which generally do not consider
physiological parameters such as enzyme activity or metabolite concen-
trations in the cell.

It is thus recognized that additional criteria are necessary for drug tar-
get validation [6,7,16,17]. Hence, it is here proposed to apply the criterion
of metabolic relevance to drug-target prioritization in the TXN-
dependent peroxide detoxification pathway. MCA provides a quantitative
analysis on the degree of control of the enzymes over the pathway
flux. This biochemical framework considers the enzymes/trans-
porters as functional parts of a whole interacting system and not
just as the sum of the properties of the individual entities [20-22].
That is the power of making systemic analysis of whole metabolic
pathways to establish mechanisms of control. Computational model-
ing and MCA was recently applied to the T(SH), synthesis pathway
and identified y-glutamylcysteine synthetase and TryS as the most
controlling enzymes [25]. In the present study, MCA was applied to
the TXN-dependent peroxide detoxification system.

4.1. Analysis of the kinetic properties of the enzymes in isolation
and within the cell

It was previously suggested that the electron transfer from T(SH), to
TXN was the rate-limiting step of the pathway due to its low catalytic
potential; however, the kcat/Kmgy, ratios were determined at optimal
pH (8.0) and 25 °C [33]. The kinetic properties of T. cruzi TryR, TXN,
TXNPx and GPxA were all here re-evaluated ([25] and present study)
under the same enzymatic assay conditions, which resembled the phys-
iological intracellular pH and temperature at which the human infective
stage of the parasite lives. Comparison of the kcat/Kmgy, ratio values
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Fig. 4. Determination of the C; of the trypanothione-dependent detoxifying enzymes in an in vitro reconstituted pathway. Reconstituted pathway with TryR, TXN and either TXNPx
(panels A, B, C) or GPXA (panels D, E, F). Each enzyme was independently varied above and below their activities determined in the soluble cytosolic fractions, which were 264 mU
TryR, 88 mU TXN and 177 mU TXNPx or 70 mU GPxA. While varying one enzyme, the other enzymes were kept at the reference activity; saturating concentrations of NADPH
(0.16 mM), T(SH), (0.45 mM) and CumOOH (0.1 mM) were used. Each symbol represents a titration performed with a different enzyme batch. The solid lines represent global fittings
to a hyperbola (without a mechanistic meaning), which was done using the Origin 8 software. The C,,; were determined from the derivative at the reference point of 100% activity and flux.

obtained under these conditions indeed showed that TXN reduction ex-
hibited the lowest value (Table 1). However, a low kcat/Kmyy, ratio of
the isolated recombinant enzyme could be in vivo compensated by a
high content of active enzyme in the cell.

In this regard, it has been determined that TXN accounts for up to
3% of the total protein content in T. cruzi epimastigotes, as calculated
from the purification yield, and kcat and Vmax values [33]. In con-
trast, when using the TXN kcat and Vmax determined in the present
work (Table 1) and the equation Vmax = kcat x [total active en-
zyme], the TXN content in T. cruzi epimastigotes accounted for only

0.1% of the total protein. As Wilkinson et al. [33] kinetic charac-
terization of the enzyme was carried out with sub-saturating
concentrations of substrates and coupling enzymes (20 uM T(SH)
2 = 0.5-fold Kmgpp; 2 uM TcGPXA = 1-fold Kmgpp; 0.5 uM TryR =
0.5 fold vs. TXN protein content; 20 pM CumOOH = 1-fold Kmg,
for GPxA), the resulting underestimated in vitro Vmax and kcat
values very likely led to overestimation of the percentage of protein
in the cell. Our results indicated that in the cell, TXN has low Vmax
and high Km for T(SH),, which imposes a rate limitation in the path-
way flux.
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Fig. 5. Kinetics of the reconstituted TXN-dependent detoxification pathway using TXNPx. When one substrate was varied, the co-substrate concentrations were kept constant at the sat-
urating values of 0.16 mM NADPH, 0.45 mM T(SH), and 0.1 mM CumOOH. In (A) and (B) the pathway flux was normalized to the flux attained at the physiological concentration of
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The present kinetic analysis identifies TXN as the less efficient path-
way enzyme on the basis of its apparent low catalytic efficiency within
the cell. However, the degree of saturation of the enzymes by the phys-
iological concentrations of metabolites and the degree of coupling
among the system components also affect the pathway flux and there-
fore require consideration as well. The in vivo flux of the entire metabol-
ic pathway, and therefore of the partial rate of each pathway enzyme,
will depend on the kinetic parameters, substrate concentrations and
regulatory mechanisms of the four enzymes in the system [20-22]. It
is worth recalling that under steady-state conditions, the rates of the in-
dividual steps of a metabolic pathway are the same and equal to the
pathway flux, with the condition that the pathway is linear and there
are no changes in metabolite stoichiometry [20,21]. Therefore, an inte-
gral analysis which includes all these parameters was accomplished
by in vitro reconstitution of the pathway.

Table 3
Kinetic parameters of the complete reconstituted system.
Metabolite [Metabolite |physiologicat  KMapp (M) [metabolite]physiological/ KMapp
(M) ratio
NADPH 84* 37 +£15(3) 23
T(SH), 300° 27 +£04(4) 111
H,0, 0.01-10 09 + 04 (3) 0.01-11.1
CumOOH ' 16 £ 6(5)  0.0006-0.6

Reported physiological metabolite concentration 2 [25], ® [39].

4.2. Flux control distribution of the TXN-dependent peroxide
detoxification system

In vitro reconstitution of metabolic pathways is a MCA strategy that
has been previously applied to determine the C,; for some sections of
glycolysis in mammalian cells [40,41] and the human parasite Entamoe-
ba histolytica [42]. The controlling steps identified by this strategy have
been in agreement with metabolic modeling of glycolysis in normal
cells [43,44], tumor cells [45] and E. histolytica [46]. Therefore, MCA of
the peroxide detoxification pathway can provide insight into the mech-
anisms of control of the pathway.

The flux rates of the reconstituted TXN-dependent hydroperox-
ide detoxification pathway with the recombinant enzymes were
similar to those attained by the fraction of the parasites, validating
the in vitro system used. The prevalent T(SH), pathway in the para-
site is cytosolic [8,33,34]; therefore, it was considered that the en-
zyme kinetic and controlling behavior would be representative of
that of the pathway in the cytosol. Thus, the in vitro simplification
of a section of the complex antioxidant machinery in T. cruzi can be
used to identify the main controlling pathway reactions. The direct
quantitative determination of the flux control distribution in intact
cells certainly provides a more rigorous approach, than in vitro path-
way reconstitution, for the identification of suitable drug targets.
However, the specificity of peroxide reduction by the TXN-
dependent pathway using living cells may not be ensured because
of the background caused by unspecific reactions of the peroxides
with the incubation medium, the high content of intracellular
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antioxidants such as GSH and T(SH), and the activity of other perox-
idases not dependent on TXN. Moreover, quantitative strategies to
determine dynamic intracellular ROS concentrations are currently
limited because of the irreversible oxidation of the fluorescent dyes
used for such experiments [47].

Our results indicated that the TXN-TXNPx and TXN-GPxA redox
pairs have total control on the hydroperoxide reduction system
with remarkably low control by TryR. The sum of the C,; was higher
than 2, apparently contradicting the summation theorem of MCA
which states that the sum of the positive and negatives d,iof the en-
zymes of a metabolic pathway should be 1 [20-22]. This issue has
been theoretically analyzed for group-transfer pathways in which
the sum of C¢; = 2 has been found [36,37,48]. It has also been exper-
imentally tested for the flux control distribution of the mitochondrial
respiratory electron transfer chain [38], and activation/deactivation
in signaling pathways by phosphorylation/dephosphorylation [49].
The mechanistic explanation is that, contrary to what occurs in typ-
ical metabolic pathways where the substrates and products of the
enzymes are released to the medium, in group-transfer pathways
the enzymes transfer the groups hand-to-hand; hence, each enzyme
is involved simultaneously in two reactions (e.g. oxidation and re-
duction; phosphorylation and dephosphorylation), and the pathway
is organized in channeling. That is the reason why the sum of the C;
is two when enzyme titration is the method to determine the flux
control distribution [37].

The degree of coupling between TXN and the peroxidases due to the
internal organization of the metabolic pathway indicated that interrup-
tion of one of the electron transfer components, TXN, and TXNPx or
GPxA, will completely halt the pathway flux. In fact, the in vivo TXN in-
teractome has suggested that there could be structural interaction be-
tween TXN and TXNPx [50].

Therefore, based on this metabolic quantitative analysis it is pro-
posed that the most convenient drug target in the TXN-dependent
hydroperoxide reduction pathway is TXN. This dithiol protein has
high control on the flux and its inhibition will affect the two peroxide
detoxification branches. In this regard, inhibitors have been identi-
fied by high-throughput screening that target T. brucei TXN [51]. In
contrast, decreasing the peroxide reduction capacity by inhibiting
TryR appears to be a more challenging task due to its low control
on the flux of peroxide reduction (present study) and T(SH), synthe-
sis [25]. TryR can have important homeostatic control on the T(SH),/
TS, concentration ratio (in a similar way to that of adenylate kinase
in maintaining the balance of the adenine nucleotides in the cells).
However, since parasite cells seem to have a high concentration of
the T(SH), moiety, the high activity and catalytic efficiency of TryR
provide overcapacity in recycling the T(SH), for the peroxide reduc-
tion system flux. Therefore, much higher levels of TryR inhibition
(i.e. chemical or genetic knockout), than that of TXN, appear manda-
tory to be able to affect the hydroperoxide reduction capabilities of
the parasites.

4.3. Reductive power may limit the peroxide reduction flux under high
oxidative stress

The difference in the kinetic parameters of the whole system in com-
parison to those of the isolated enzymes indicated that additional regu-
latory factors emerge when the enzymes work together in the whole
system, that ultimately determine the pathway flux. The analysis sug-
gested that at low concentrations, peroxide supply will determine the
pathway flux whereas at high concentrations, the physiological
NADPH supply may be limiting. In turn, the T(SH), concentration used
here corresponds to one of the lowest reported values [39]; however,
other concentrations have been determined (0.06-7 mM) which de-
pend on the parasite stage, phase of growth as well as the degree of ox-
idative stress [8,25].

5. Conclusion

MCA applied to the TXN-dependent hydroperoxide detoxification
system in T. cruzi was able to quantitatively prioritize drug-targets in
the pathway. The redox-pairs TXN-peroxidases were identified as the
most flux-controlling pathway enzymes. Since TXN is at the cross-
road of the two main peroxide detoxification mechanisms in the cell,
it is herewith proposed that TXN is a more suitable candidate for drug
targeting. Although the approach used here has the inconvenience of
being an in vitro experimental model, the pathway organization in the
cell might be similar to the one attained in vitro.

Due to the organizational similarities of the TXN-dependent hydro-
peroxide detoxification pathway in the main three trypanosomatid spe-
cies, similar flux control distribution of the TXN redox pairs can be
expected. Hence, the results found here using the in vivo parameters de-
termined in the epimastigote stage of T. cruzi, should lead to focus drug
therapy research of trypanosomiasis on using TXN as target in the
T. cruzi trypomastigotes and in other trypanosomatids.
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