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A kinetic model of trypanothione [T(SH)2] metabolism in Trypanoso-

ma cruzi was constructed based on enzyme kinetic parameters determined

under near-physiological conditions (including glutathione synthetase), and

the enzyme activities, metabolite concentrations and fluxes determined in

the parasite under control and oxidizing conditions. The pathway structure

is characterized by a T(SH)2 synthetic module of low flux and low catalytic

capacity, and another more catalytically efficient T(SH)2-dependent antioxi-

dant ⁄ regenerating module. The model allowed quantification of the contri-

bution of each enzyme to the control of T(SH)2 synthesis and

concentration (flux control and concentration control coefficients, respec-

tively). The main control of flux was exerted by c-glutamylcysteine synthe-

tase (cECS) and trypanothione synthetase (TryS) (control coefficients of

0.58–0.7 and 0.49–0.58, respectively), followed by spermidine transport

(0.24); negligible flux controls by trypantothione reductase (TryR) and the

T(SH)2-dependent antioxidant machinery were determined. The concentra-

tion of reduced T(SH)2 was controlled by TryR (0.98) and oxidative stress

()0.99); however, cECS and TryS also exerted control on the cellular level

of T(SH2) when they were inhibited by more than 70%. The model pre-

dicted that in order to diminish the T(SH)2 synthesis flux by 50%, it is nec-

essary to inhibit cECS or TryS by 58 or 63%, respectively, or both by

50%, whereas more than 98% inhibition was required for TryR. Hence,

simultaneous and moderate inhibition of cECS and TryS appears to be a

promising multi-target therapeutic strategy. In contrast, use of highly

potent and specific inhibitors for TryR and the antioxidant machinery is

necessary to affect the antioxidant capabilities of the parasites.
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Introduction

The trypanosomatid parasite Trypanosoma cruzi is the

causal agent of American trypanosomiasis (Chagas dis-

ease), which affects 15 million people in Latin Amer-

ica; 28 million people in the endemic countries are at

risk of being infected by the parasite [1]. In recent

years, Chagas disease has become a worldwide health

problem as a result of globalization, with > 300 000

infected people in the USA and > 80 000 in Europe

[2]. The current drugs used for treatment of this dis-

ease are nifurtimox and benznidazole [3]. However,

these compounds are highly toxic to the patient and

are effective in the acute phase but not for long-term

infections; the emergence of drug-resistant parasite

strains is also a problem [4,5]. Thus, there is an urgent

need for development of new drugs, and the search

and validation of drug targets continue.

In the trypanosomatid human parasites T. cruzi,

Trypanosoma brucei (which causes African trypanoso-

miasis) and different species of Leishmania (which

causes several forms of leishmaniasis), the thiol peptide

trypanothione (T(SH)2: N1,N8-bis-glutathionylspermi-

dine), together with the T(SH)2-dependent antioxidant

machinery (tryparedoxin, TXN; TXN-dependent per-

oxiredoxin, TXNPx; non-selenium glutathione peroxi-

dase A, nsGPxA) and trypanothione reductase (TryR)

replace the antioxidant functions performed by gluta-

thione (GSH), GSH-dependent antioxidant enzymes

and glutathione reductase in most cells. T(SH)2 metab-

olism in T. cruzi is outlined in Fig. 1, and has been

extensively reviewed elsewhere [6–9]. Because of the

remarkable differences in the antioxidant physiology of

these parasites, genetic strategies such as generation of

conditional knockouts, gene replacement or RNA

interference have been used in T. brucei and Leish-

mania to validate the suitability of T(SH)2 pathway

enzymes as drug targets (the evaluated enzymes are

indicated in Fig. 1). At 80–100% down-regulation,

most of the targeted enzymes were found to be essen-

tial for parasite survival, infectivity or oxidative stress

management [7–9]. Similar analyses have not been

reported for T. cruzi because genetic methodologies

are under development for this parasite [10].

A drawback in the use of genetic approaches to vali-

date drug targets in metabolic pathways is that, in gen-

eral, strong down-regulation of individual enzymes in

any metabolic pathway in the cell results in complete

arrest of the pathway flux or cellular function. There-

fore, similar phenotypic and metabolic results are

expected when almost any component of trypanosoma-

tid T(SH)2 metabolism is manipulated [9]. In order to

achieve similar levels of enzyme inhibition to those

attained by genetic methods in parasites by pharma-

cological methods, high doses of specific and potent

inhibitors are required, with a concomitant increase in

toxic side-effects. Accordingly, genetic strategies are

very useful in order to discriminate between essen-

tial ⁄non-essential genes, but this is not the only property

that determines the suitability of an enzyme as a drug

target [11]. Suitable drug targets should be enzymes for

which low pharmacological inhibition have a high

impact on pathway function. From a metabolic regula-

tion perspective, drug targets should be sought among

those enzymes that mainly control the pathway flux

and ⁄or the concentration of a particular metabolite.

In recent years, analysis of cellular networks has

been used for drug target identification instead of

focusing on single enzymes ⁄proteins [12–15]. Metabolic

control analysis (MCA) is a quantitative approach in

systems biology [16] that has demonstrated that con-

trol of a metabolic pathway is distributed to various

degrees among all the pathway components, making it

possible to establish hierarchies within the pathway

components: ‘leaders’ are those enzymes that mainly

control the pathway, whereas ‘follower’ enzymes are

those that have over-capacity for the pathway flux.

Common properties of the former are that they are

not abundant in cells, are not catalytically efficient,

and ⁄or are highly regulated (allosteric enzymes),

whereas the latter are generally non-allosteric, very

efficient, and highly abundant in cells [12,13,17,18].

MCA quantifies the degree of control that each

enzyme has over the pathway flux (flux control coeffi-

cient, CJ
ai) and over the pathway intermediary concen-

trations (concentration control coefficient, CX
ai), where

J is the pathway flux, X is an intermediary concentra-

tion, and a is the activity of pathway enzyme i in the

cell [17,18]. The control coefficients are systemic prop-

erties, i.e. they cannot be deduced by analysing the

kinetic properties of the single enzymes in isolation.

Several experimental strategies have therefore been

developed to determine the control coefficients of the

individual pathway components in order to determine

the control structure of a metabolic pathway [18]. One

approach is kinetic modelling, which integrates the

kinetic properties of the pathway enzymes determined

in vitro under near-physiological conditions and the

concentrations of pathway precursors and enzyme

activities determined in cells into an interactive

network that reproduces the pathway behaviour under

specific cellular metabolic steady states [19,20]. It is

worth emphasizing that the purpose of kinetic model-

ling is not just to replicate pathway behaviour, but to
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Fig. 1. T(SH)2 metabolism in T. cruzi. T(SH)2 is synthesized by trypanothione synthetase (TryS, EC 6.3.1.9) from two GSH molecules

and one spermidine (Spd) molecule. In turn, GSH is synthesized by the sequential action of c-glutamylcysteine synthetase (cECS,

EC 6.3.2.2), which binds glutamate (Glu) and cysteine (Cys) to produce c-glutamylcysteine (cEC), and glutathione synthetase (GS,

EC 6.3.2.3), which binds cEC and glycine (Gly) to produce GSH. Six ATP molecules are consumed per mole of T(SH)2 synthesized. Spd

can be de novo synthesized by spermidine synthase (SpdS, EC 2.5.1.16) from putrescine (Put) and decarboxylated-S-adenosyl methio-

nine (dAdoMet); SpdS has only been kinetically characterized in T. brucei [83], although the corresponding gene is found in the T. cruzi

genome. dAdoMet is synthesized from S-adenosylmethione (AdoMet) by S-adenosylmethionine decarboxylase (AdoMetDC, EC 4.1.1.50),

an enzyme that has been characterized in the three trypanosomatid species (T. cruzi, T. brucei and Leishmania) [70]. In T. brucei and

Leishmania, Put can be de novo synthesized by ornithine decarboxylase (ODC, EC 4.1.1.17) [70]; Leishmania can also take up Put from

the medium using diamine transporters [84]. T. cruzi lacks ODC activity, and therefore relies on transport of Put and Spd from the

extracellular environment by high affinity and catalytically efficient diamine ⁄ polyamine transporters [65–68]. For the antioxidant system,

T(SH)2 serves as the main electron donor for reduction of oxidized metabolites (dehydroascorbate, DHA; oxidized glutathione, GSSG)

and small dithiol proteins (glutaredoxins and tryparedoxin, TXN), which transfer electrons to a variety of antioxidant enzymes such as

ascorbate peroxidase (Apx, EC 1.11.1.11), 2-Cys peroxyredoxins (TXNPx, EC 1.11.1.15), non-selenium glutathione peroxidase-like

enzymes (nsGPxA and nsGPxB, EC 1.11.1.9) and trypanothione-glutathione thiol transferase (p52). Oxidized trypanothione (TS2) is regen-

erated by trypanothione reductase (TryR, EC 1.8.1.12), consuming NADPH. For reviews, see [6–9]. Asterisks indicate enzymes that

were genetically manipulated in T. brucei and Leishmania.
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identify and understand the underlying mechanisms

that determine why one enzyme or transporter exerts

significant or negligible pathway control [12,13,18–20].

A validated kinetic model of a metabolic pathway

may help in the search for suitable drug targets by iden-

tifying the steps that exert the greatest control; it can

also provide a platform to perform in silico experimen-

tation to provide answers to biological questions. Using

the kinetic model to assess the impact on fluxes and ⁄or
metabolite concentrations of gradual inhibition of each

individual pathway component (or simultaneous inhibi-

tion of several enzymes in various combinations) allows

identification of the step(s) whose inhibition has the

greatest negative effect on T(SH)2 pathway function.

Hence, network analysis facilitates prioritization among

genetically validated essential enzymes. Moreover,

kinetic modelling can also be a valuable tool for drug

target validation for parasites for which genetic strate-

gies are limited, such as T. cruzi.

Here, we describe construction of the first kinetic

model of the T(SH)2 metabolism in trypanosomatid

parasites using T. cruzi as a biological model. The

kinetic model allowed identification of the enzymes

and transporters that exert the greatest control on

T(SH)2 synthesis and concentration and allowed for

elucidation of their underlying controlling mechanisms.

Moreover, it provided quantitative predictions regard-

ing the degrees of inhibition required for each pathway

enzyme to affect antioxidant defence in the parasite.

Results

Due to the significant amount of detailed experimental

data required to build kinetic models, only a few

have been described, mostly for glycolysis in several

organisms (http://jjj.biochem.sun.ac.za; [19]). Although

T(SH)2 metabolism has been thoroughly studied in

several laboratories worldwide, the reported data are

not uniform: they have been generated using different

parasite species and strains, and under diverse experi-

mental conditions. Therefore, to build the kinetic

model of T(SH)2 metabolism in T. cruzi, we obtained

the majority of the experimental data under near-

physiological conditions in the same strain and stage

of this parasite species, and under defined metabolic

steady states.

In vitro kinetic characterization of the

recombinant pathway enzymes under

near-physiological experimental conditions

The genes encoding c-glutamylcysteine synthetase

(cECS), trypanothione synthetase (TryS), TryR, TXN,

nsGPxA and tryparedoxin peroxidase (TXNPx) of

T. cruzi Ninoa strain (MHOM ⁄MX ⁄ 1994 ⁄Ninoa) [21]

were cloned, and the proteins were over-expressed in

Escherichia coli and purified to a high degree (approxi-

mately 98%) (Fig. S1). The cECS and TryS recombi-

nant enzymes were highly unstable under various

storage conditions, but the presence of high concentra-

tions of trehalose improved their stabilities, with 50%

of the activity lost within 20 days (data not shown).

The intracellular pH of the infective trypomastigote

and epimastigote stages have been determined (7.35

and 7.2, respectively [22,23]), and the optimum culture

temperatures are 37 and 26 �C, respectively. Therefore,
the kinetic parameters of the recombinant enzymes

were all determined at pH 7.4 and 37 �C since these

conditions more closely resemble the mammalian infec-

tive stage.

As previously described, cECS, TryS and TryR dis-

played hyperbolic kinetics for their respective sub-

strates (data not shown), and the kinetic parameter

values (Table 1) were within the range reported for

several trypanosomatid parasites and other cell types.

The latter were mostly determined at 25–37 �C
and under optimal pH (7.5–8) (see Table S1 for data

comparisons).

Glutathione synthetase (GS) has not been character-

ized in any trypanosomatid species. Therefore, GS

genes were cloned from the T. cruzi Ninoa and

Querétaro strains (GenBank accessions HQ398240 and

HQ398239, respectively), and no differences were

found at the level of the amino acid translated

sequences. The GS gene was over-expressed in E. coli,

and the protein purified and kinetically characterized.

To improve its poor stability, the enzyme was also

stored in trehalose. The enzyme was a dimer (data not

shown) that displayed hyperbolic kinetics with its three

substrates (Fig. 2). The TcGS Vmax and Km values

(Table 1) were similar to those reported for GS

from Arabidopsis thaliana and Plasmodium falciparum

(Table S1). The enzyme was inhibited by GSH, non-

competitively against Gly and ATP and uncompetitiv-

ely against c-glutamylcysteine (cEC) (Fig. 3); however,
the three high Ki values (11–14 mM) (Table 1) may not

have physiological significance as the GSH concentra-

tion in these parasites is one order of magnitude lower

(Table 2).

Although the Vmax and affinity constants for sub-

strates of TcTryS in the Ninoa strain were essentially

the same as those of its homologue in the T. cruzi

Silvio strain (Table S1) [24], the enzyme did not show

substrate inhibition by GSH (Fig. S2), as previously

reported for the T. cruzi Silvio strain recombinant

enzyme [24], T. brucei [25] and Leishmania [26], in
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which inhibition at concentrations of 0.036–1.2 mM

was found (Table S1). To evaluate whether the lack of

GSH inhibition was an artifact of our recombinant

enzyme, TryS activity was determined in parasite cyto-

sol-enriched fractions, i.e. using the native enzyme.

Activity was only detected when 6–8 mM GSH was

used (10 times the Km value) (data not shown), sug-

gesting that this high GSH concentration is not

inhibitory for TcTryS from the Ninoa strain. Further-

more, as a control for our reaction assay, recombinant,

His-tagged Crithidia fasciculata TryS was partially

inhibited at 1 mM GSH. The reason for the lack of

TcTryS Ninoa inhibition by GSH remains to be eluci-

dated.

The affinity constants of TXN for T(SH)2, and those

of nsGPxA and TXNPx for TXN and cumene perox-

ide, were determined in a reconstituted system with

TryR under the same conditions of pH and tempera-

ture used above; the kinetic parameters are shown in

Table 1.

The purified enzymes with the lowest catalytic

potential (kcat ⁄Km,app) regarding the thiol substrate

were cECS and TryS; in contrast, efficiencies two to

four orders of magnitude higher were obtained for GS,

TryR, TXN, nsGPxA and TXNPx (Table 1), indicat-

ing that, under in vitro saturating concentrations of the

thiol substrates, the first two enzymes were less cataly-

tically efficient.

The effect of the products of the enzymatic reactions

and some intermediate metabolites of trypanothione

metabolism (not usually tested when working with

purified enzymes) were evaluated for all the enzymes at

concentrations close to those found in these parasites

to determine possible regulatory mechanisms when

working in the entire pathway (Table 1). cECS was

competitively inhibited by GSH and non-competitively

by cEC against Glu (Table 1 and Fig. S3). Trypanothi-

one disulfide (TS2) or T(SH)2 (0.005 and 1 mM, respec-

tively), glutathione disulfide (GSSG) (0.003 mM),

spermidine (Spd) and spermine (2 mM) did not show

0.0 0.1 0.2 0.3 0.4

0.0

0.5

1.0

1.5

2.0

2.5

G
S

 a
ct

iv
it

y 
(U

·m
g

–1
 p

ro
t)

G
S

 a
ct

iv
it

y 
(U

·m
g

–1
 p

ro
t)

G
S

 a
ct

iv
it

y 
(U

 m
g

–1
 p

ro
t)

0 2 4 6 8 10

0

1

2

3

4

5

Gly (mM)

0.0 0.4 0.8 1.2 1.6

0

1

2

3

4

5

6

ATP (mM)

C

E

D

A B

F

–40 –20 0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1/
v

–1.6 –1.2 –0.8 –0.4 0.0 0.4 0.8 1.2 1.6

0.0

0.2

0.4

0.6

1/
v

1/Gly

–40 –30 –20 –10 0 10 20 30 40

0.0

0.1

0.2

0.3

0.4

1/
v

1/ATP

EC (mM) 1/  EC 

Fig. 2. Kinetic characterization of recombi-

nant TcGS. (A,C,E) Titration curves for the

three substrates. The fitting of experimental

points to the Michaelis–Menten equation

was performed using ORIGIN-MICROCAL

version 5.0 software (OriginLab; Northamp-

ton, MA, USA). The enzyme exhibits hyper-

bolic kinetics with the three substrates, as

shown by the double reciprocal plots

(B,D,F).
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Fig. 3. TcGS inhibition by GSH. (A,C)

Non-linear curve fitting to the equation

for simple non-competitive inhibition

v ¼
�

Vmax= 1þ I=Kið Þ � S
�.�

Ks þ S
�

. (E)

Non-linear curve fitting to the equation for

simple uncompetitive inhibition v ¼�
Vmax= 1þ I=Kið Þ � S

�.�
Ks= 1þ I=Kið Þ þ S

�

using ORIGINPRO 7.5 software (OriginLab,

Northampton, MA, USA). (B,D,F) Hanes’

plots corresponding to (A), (C) and

(E), respectively. The inhibitor concentration

varied from 0 to 10 mM GSH.

Table 2. Metabolomics of the T(SH)2 pathway in parasites and metabolite concentrations predicted by trypanothione pathway modelling.

Simulation of the model setting �2.5, �5 and §20 lM H2O2. *The millimolar concentration was determined on the basis that 108 T. cruzi epim-

astigotes correspond to 3 lL [77]. Values are means ± SD. **Metabolites fixed in the model at the mean value of columns 2, 4 and 6.

***Fluxes (J ) are in nmol min)1 mg cell protein)1. NI, not included in the model. GSHtot indicates the concentration of reduced plus oxidized

glutathione.

Incubation (min) Basal (t = 0) Control (t = 10)

Stress (t = 10 + stress)

(50 lM H2O2)

Metabolite (mM)* In vivo Model� In vivo Model� In vivo Model§

Glu 8.3 ± 1.3 (3) ** 9 ± 1 (3) ** 7.7 ± 1 (3) **

Gly 13 ± 1.6 (3) ** 9 ± 1.7 (3) ** 12 ± 4 (3) **

Cys 0.3 ± 0.14 (3) ** 0.4 ± 0.1d (3) ** 0.3 ± 0.07d,e (3) **

cEC 0.15 ± 0.09 (3) 0.067 0.13 ± 0.08 (3) 0.082 0.1 ± 0.04 (3) 0.09

GSHtot 0.8 ± 0.26 (4) 0.68 0.77 ± 0.3 (3) 0.92 0.4 ± 0.05d,e (3) 0.5

T(SH)2 3.8 ± 1.6 (4) 6.7 5.9 ± 2.5 (4) 7.1 4.2 ± 1.8d (4) 1.7

TS2 0.5 ± 0.24 (3) 0.58 0.4 ± 0.22 (3) 0.47 0.6 ± 0.12 (4) 0.34

NADP+ 0.039 ± 0.02 (3) 0.026 0.026 ± 0.012f (3) 0.026 0.012 ± 0.004g,h (3) 0.025

NADPH 0.12a 0.08 0.084a 0.084 0.04a 0.085

Spdint 1.2 ± 0.06 (3) 0.8 0.2 ± 0.08c (3) 0.33 0.2 ± 0.13c (3) 0.35

Spdext 0.0011b ** 0.0011b ** 0.0011b **

ATP 4 ± 0.6 (3) NI 4.6 ± 0.9 (3) NI 3.4 ± 1.1 (3) NI

JTryS*** 0.88 1 (2) 0.7 1.9 (2) 0.5

JTryR ⁄ T(SH)2demand 252 248 246

a Recalculated using a NADP ⁄ NADPH ratio equal to 0.31 as reported for T. cruzi epimastigotes of CL Brener strain [76]. b Reported in [82].

Student’s t tests: c P < 0.01 versus t = 0; d P < 0.05 versus t = 0; e P < 0.05 versus t = 10; f P < 0.5 versus t = 0; g P < 0.2 versus t = 0;
h P < 0.2 versus t = 10.

V. Olin-Sandoval et al. Kinetic modelling of trypanothione metabolism

FEBS Journal 279 (2012) 1811–1833 ª 2012 The Authors Journal compilation ª 2012 FEBS 1817



an effect on any of the tested enzymes. No other mod-

ulator has been reported to affect any of the T(SH)2
metabolism enzymes at physiological concentrations.

The only allosteric regulatory mechanism that appears

to operate in the pathway is that of feedback competi-

tive inhibition by GSH on cECS.

Enzyme activities, metabolite concentrations,

and fluxes of T(SH)2 metabolism in parasites

In vivo pathway parameters were determined in T. cruzi

epimastigotes (insect stage) due to the experimental

requirement for large amounts of biological material for

reliable determination of enzyme activity or metabolite

concentration. This prevented us from performing the

analysis in the T. cruzi human stages trypomastigotes

and amastigotes, for which infection of human cultured

cells and further parasite purification are necessary,

steps that lead to extremely low parasite yields.

The enzyme activities, metabolite concentrations and

fluxes parameters described below were determined

under three conditions: in non-incubated parasites

(basal t = 0), and in parasites incubated for 10 min in

NaCl ⁄Pi supplemented with 20 mM glucose in the

absence (control t = 10) or presence of 50 lM H2O2

(t = 10+ stress). At longer incubation times or higher

peroxide concentrations (up to 100 lM), the thiol con-

tents were abruptly depleted, preventing use of such

conditions for in vivo steady-state experiments.

No simultaneous determination of T(SH)2 pathway

enzyme activities in parasites has been reported, and

the Vmax values within the cells (i.e. the content of bio-

logically active enzyme) are the most critical kinetic

parameters for building kinetic models, because the

affinity parameters (Km, KA and Ki) and rate equations

can be determined using purified enzymes. Due to the

high ATPase activity in the cell extract, determination

of the GS and TryS activities was performed using a

stepwise and end-point assay. For each enzyme, two

separate reactions were prepared, one containing the

three substrates and another lacking one of the specific

substrates; the latter reaction accounted for the spuri-

ous ADP generated by ATPase activities (see Experi-

mental procedures). The number of nmoles of ADP

attributable to GS and TryS activities in cytosolic par-

asite extracts was approximately 6–12% of the total

ATPase activity measured in the complete reaction.

Nevertheless, a linear dependency of the ADP pro-

duced by GS and TryS activities on the amount of

protein extract used was observed (Table S2); in con-

trast, the number of nmoles of ADP produced by

ATPase background activity increased by only 25–33%

when the amount of protein added was doubled. These

differences clearly show that only GS and TryS specific

activities (but not ATPase activity) can be reliably

determined under initial velocity conditions (linearity

on the amount of protein used and saturating concen-

trations of the substrates). Moreover, the GS activities

shown in Table 1 and Table S3 are well within the

range reported for cell extracts from various organisms

such as the parasites Plasmodium berghei (7.6 mUÆmg

protein)1 [27]) and Setaria cervi (11 mUÆmg protein)1

[28]), the rat cell lines M22 and OC ⁄CDE22 (3.9–

7.8 mUÆmg protein)1) and rat kidney (39 mUÆmg pro-

tein)1) [29] using different experimental procedures.

However, cECS activity could not be determined, most

probably due to its scarcity in T. cruzi and other bio-

logical systems; indeed, cECS activities as low as

< 2 mUÆmg protein)1 for plants [30] and 0.8–

4 mUÆmg protein)1 for human and rat cells [29] have

been reported.

On the other hand, TryR activity in cytosolic para-

site extracts was determined with high reliability due

to the natural high abundance of the enzyme and the

high specificity of the spectrophotometric assay

(Table 1). TXN and combined TXN-dependent peroxi-

dase activities (TXNPx and nsGPxA activities) were

also abundant in the parasites (Table 1). Moreover, no

significant differences in the activities of GS, TryS and

TryR were found between stressed and unstressed par-

asites and between 0 and 10 min of incubation

(Table S3), indicating that a steady-state metabolic

condition with no changes in enzyme activities had

been attained in our experimental setting, a require-

ment for MCA experiments.

The Vmax values in the parasites indicated that GS

and TryS activities (and probably cECS) were two

orders of magnitude lower than those of TryR and the

TXN-dependent antioxidant machinery (Table 1).

However, a more appropriate comparison among

enzymes involves consideration of the catalytic effi-

ciency (Vmax ⁄Km,thiol). TryS and cECS showed the low-

est efficiencies, suggesting that these enzymes may limit

the flux under in vivo conditions (Table 1). Although

the Spd concentration under control conditions was

close to the TryS Km,Spd, it decreased after the para-

sites were stressed (Table 2); thus TryS activity may be

limited by two of its substrates.

The metabolite concentrations were determined

under the three experimental conditions (Table 2). It is

worth noting that some stress is generated just by sub-

jecting the parasites to incubation, accounting for the

observed changes in the T(SH)2 and Spd concentra-

tions (Table 2, columns 2 and 4). In this regard, Spd

has been found to be oxidized under many types of

stresses, including oxidative stress [31,32]. To diminish
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this basal stress, other incubation media were tested,

but similar patterns of response were obtained (data

not shown). Despite this, significant additional oxida-

tive stress was induced by adding peroxide, as indi-

cated by the significantly diminished total GSH

content as well as the decreased T(SH)2 ⁄TS2 ratios

(from 15 to 7 after 10 min of incubation; Table 2, col-

umns 4 and 6). Excretion of GSSG under oxidative

stress conditions resulting in a loss of total GSH con-

tent has been reported previously for antimony-sensi-

tive Leishmania [33], Neurospora crassa [34] and

erythrocytes [35]. However, due to limitations in thiol

measurement protocols, these oxidized compounds

were not detected in the incubation medium of the

epimastigotes.

The thiol compound contents in trypanosomatids

are highly variable and depend on the strains and cul-

ture media used; however, our data for GSH and

T(SH)2 fall within the range reported for trypanoso-

matids [7], other T. cruzi strains, and for the strain

used here cultured in two different media (Table S4).

The Glu, Gly, cEC and ATP concentrations remained

constant and saturating for the enzymes under the

three conditions. The NADP+ concentration did not

change significantly (Table 2).

T(SH)2 synthesis flux under the control condition

was low, and increased two-fold in T. cruzi epimasti-

gotes subjected to oxidative stress (Table 2, columns 4

and 6). The low flux to T(SH)2 synthesis is related to

the low activities and catalytic efficiencies in the syn-

thetic pathway module (Table 1).

Kinetic model properties

The kinetic model for T(SH)2 metabolism in T. cruzi

was constructed using the metabolic simulator

GEPASI ⁄COPASI [36,37] (http://www.copasi.org)

using the affinity constants for ligands of the recombi-

nant pathway enzymes determined here under near-

physiological conditions of pH and temperature

(Table 1), and the Vmax activities and precursor meta-

bolite concentrations determined in the parasites under

steady-state conditions (Tables 1 and 2). The reactions

included in the model are shown in Fig. 4, and the

model main features are described below. Details on its

construction and rate-equation descriptions for each

reaction are given in Experimental procedures and in

Tables S5–S7.

All the reactions (except for the Spd, GSH and TS2
leaks, which function as sinks) were considered revers-

ible, including cECS, GS and TryS. The high Keq

values for the latter three were included in their rate

equations to meet the thermodynamic constraints

imposed by ATP hydrolysis on reaction reversibility.

The reversibility of the reaction steps is a necessary

condition to attain a stable steady state during kinetic

model predictions; it allows the transfer of information

throughout all the pathway components [38]. In addi-

tion, Spd was considered to be supplied only from the

extracellular environment through the polyamine trans-

porter(s), while its synthesis from S-adenosylmethione

and putrescine (Put) (Fig. 1) was not included, because

the contribution of the latter route to the Spd pool has

been not studied. The supply of NADPH (derived

from the oxidative section of the pentose phosphate

pathway or by transhydrogenation) was also included

to maintain the balance in the pyridine nucleotide con-

centration. In addition, H2O2 was included as a sub-

strate of the T(SH)2 demand reactions and GSH leak

reactions in order to simulate stress and non-stress

oxidizing conditions.

It has been previously demonstrated by MCA that

the reactions that consume a pathway end-product

(demand) significantly contribute to the control of flux

and intermediary concentrations; for example, ATP

demand for glycolysis in Lactococcus lactis and

Escherichia coli [18] and GSH demand for GSH synthe-

sis [39] (for details on supply ⁄demand theory in MCA,

see [40]). On the other hand, it has been observed that

the peroxide detoxification system is abundant in

Fig. 4. Kinetic reactions of the model of T. cruzi T(SH)2 metabo-

lism. The model included enzymes for the synthesis of GSH and

Spd transport (SpdT), the synthesis of T(SH)2, the T(SH)2 demand

(oxidative stress plus the TXN-dependent peroxide detoxification

system), the GSH, Spd and TS2 leaks, the regenerating system

(TryR) and the NADPH supply. As indicated, the reactions were

considered reversible except for the GSH, Spd and TS2 leaks; feed-

back inhibition of cECS by GSH was also included.
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trypanosomatids [7–9]; TXN accounts for up to 3%

(0.3–0.5 mM) of the total soluble protein content in

T. cruzi, and TryR reaches 1.25 lM [41,42]; furthermore,

6% of the soluble protein in C. fasciculata corresponds

to 2-Cys-Prx (TXNPx). The TXN-dependent peroxidase

activities (corresponding to nsGPxA and TXNPx in

Fig. 1) and TXN level determined in the epimastigotes

used in this work were high (Table 1). These data indi-

cate that the peroxide detoxification system has catalytic

over-capacity compared with the T(SH)2 synthetic path-

way module; therefore, T(SH)2-demanding processes,

i.e. oxidative stress and the antioxidant machinery

(TXN, TXNPx and nsGPxA), were combined into a

single reversible reaction (T(SH)2 demand).

Due to the decrease of the total contents of Spd,

GSH and T(SH)2 under oxidative stress conditions (the

latter two most probably in oxidized form; Table 2), it

was necessary to include reactions representing leaks

for those metabolites; in their absence, the model did

not accurately predict the intermediary concentrations

found under oxidative stress conditions. The cellular

mechanisms involved in these phenomena are highly

interesting but beyond the scope of this study.

Using the model, three conditions were analyzed: (a)

basal non-incubated parasites, (b) parasites incubated

in the absence of H2O2, or (c) parasites incubated in

the presence of 20 lM H2O2. The model predictions

displayed hyperbolic patterns, indicating that under all

tested conditions a stable steady state was reached.

Validity and robustness of the kinetic model

Construction and validation of kinetic models are per-

formed using different datasets. For construction,

datasets for the individual enzymes were used (affinity

constants for ligands and Vmax in cells), and, for vali-

dation, datasets obtained from the complete system

(i.e. intermediary concentrations and pathway fluxes

measured in vivo) were compared with model-predicted

datasets. Hence, a validated kinetic model is one that

can accurately predict pathway behaviour within the

biological variability of the in vivo parameters

[19,20,43].

Under the three modelled conditions, the concentra-

tions of the thiol molecules Spd and NADP+ were

within 0.36–1.85 times the average concentrations

determined in vivo (Table 2; columns 3, 5 and 7). The

predicted flux agreed with that measured in vivo under

control conditions; however, the predicted flux under

stress was 0.3 times the experimental value (Table 2).

This variation was due to inclusion of the highly H2O2

concentration-sensitive GSH leak reaction; however, in

its absence, a fourfold higher GSH concentration was

predicted compared to the experimental value. To fur-

ther explore these interactions, the T(SH)2 synthesis

flux and thiol concentrations were modelled at differ-

ent rates of GSH and T(SH)2 leaks (Fig. S4). A higher

dependency on the GSH leak rate was observed, corre-

lating with the observed diminution in GSH levels in

the parasites in the presence of the oxidant (Table 2).

For the basal condition, the rate constant (k) values

for T(SH)2 demand and the GSH and Spd leaks were

modified to obtain the higher Spd concentration

observed in the in silico experiment; these changes

avoided GSH and T(SH)2 accumulation. Overall, the

kinetic model closely predicted the metabolite steady-

state concentrations and fluxes in the parasites under

each experimental condition.

The kinetic model also showed high robustness

(Table S8); it permitted decreases or increases in the val-

ues of the affinity constants and Vmax values of the

enzymes without significantly altering the pathway con-

trol distribution, i.e. the steps that exerted the greatest

control remained the same. Flux control was redistrib-

uted between cECS and TryS when their Vmax values or

the Km,Cys for cECS and the Km,Spd for TryS (Table S8)

were varied by 50%. Only when the Vmax values were

decreased was the flux significantly decreased. As

expected, variation of the TryR Vmax only modified the

T(SH)2 concentration (< 50%) and the T(SH)2 ⁄TS2
ratio, but not the TS2 concentration, because the latter

is controlled by oxidative stress (Table S8). Remark-

ably, decrease of cECS and TryS activities by 50%

resulted in a decreased TS2 concentration. The model

was not sufficiently robust to accurately predict the

pathway behaviour at > 20 lM H2O2, because, at this

concentration, the T(SH)2 demand reaction completely

depleted the T(SH)2 concentration. However, at 10 lM

H2O2, the model predicted highly similar metabolite

concentrations and fluxes to those experimentally deter-

mined in parasites incubated with 50 lM H2O2, suggest-

ing that, in vivo, the parasites were perhaps exposed to

10 lM H2O2, and that the rest of the added H2O2

reacted with the incubation medium.

Control structure of T(SH)2 metabolism in T. cruzi

Flux control distribution

The kinetic model provided the flux control coefficients

for each reaction step under the three experimentally

evaluated conditions (Table 3). Under basal conditions

(which reflect the culture conditions as the parasites

were analysed shortly after harvest), the main flux con-

trol step was cECS, with a low but significant contri-

bution of TryS. The rest of the pathway steps did not

contribute to flux control.
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Under unstressed control conditions, a 31% decrease

in CJ
cECS was observed whereas TryS flux control signif-

icantly increased, in parallel with increased flux control

by Spd supply and the Spd and GSH leaks (Table 3).

The augmented flux control by TryS is a consequence of

the sixfold decrease in Spd content seen under control

and stress conditions (Table 2), such that it becomes

non-saturating for the enzyme; in addition, the decrease

in Spd also resulted in increased control by its supply

and demand reactions. The model predicted a similar

flux control distribution in the stressed parasites

(Table 3); the increased flux control by cECS and TryS

was proportional to the increase in flux control by the

GSH leak, which accounted for the large decrease in

GSH concentration under these conditions (Table 2).

TryR did not exhibit significant control of T(SH)2 syn-

thesis flux under any of the three modelled conditions.

Unexpectedly, the T(SH)2 demand also exhibited low

control of the T(SH)2 synthesis flux.

Remarkably, the model-predicted T(SH)2 synthesis

fluxes of 0.5–0.9 nmolÆmin)1Æmg protein)1 contrasted

with the high fluxes through the TryR ⁄T(SH)2
demand ⁄NADPH supply pathway module of approxi-

mately 248 nmolÆmin)1Æmg protein)1 (Table 2). Hence,

kinetic modelling indicated a bi-functional modular

organization of T(SH)2 metabolism in the parasite.

Why do cECS and TryS control the synthesis of

T(SH)2?

The elasticity coefficients of the pathway enzymes and

transporters help to establish the molecular mechanisms

that explain why an enzyme controls, or does not con-

trol, the pathway flux. The elasticity coefficient (eaiX)
represents the change in the rate or activity (a) of a

pathway enzyme ⁄ transporter (i) relative to the change

in the concentrations of its ligands X (substrates, prod-

ucts or modulators). The elasticity coefficients are

intrinsic properties of the enzymes (in contrast to flux

and concentration control coefficients, which are sys-

temic properties), and are only determined by the par-

ticular kinetic features of each enzyme [17,18].

Moreover, the elasticity coefficients are inversely

related to their flux control coefficient: the rate of an

enzyme with low elasticity (eaiX approaching to 0) can-

not increase at increasing substrate concentrations,

representing a constraint in the pathway flux [17,18].

cECS is competitively inhibited by GSH versus Glu,

and has the lowest elasticity coefficient for the thiol

molecule amongst the pathway enzymes (Table S9). To

determine whether the cECS high flux control was due

to low enzyme activity in the parasites or to GSH

feedback inhibition at physiological concentrations of

its ligands (Glu and cEC), the pathway was modelled

under a wide range of Ki,GSH values (0.1–10 times the

experimentally determined value), resulting in no

changes in the control distribution (data not shown).

As the Glu and GSH intracellular concentrations are

5.6- and 0.5 times the Km and Ki values, respectively,

the contribution of GSH feedback inhibition to the

high cECS flux control appears to be negligible. TryS

showed high elasticity for its substrates (Table S9);

thus, its high control can only be explained by its low

activity in the cells. Within this T(SH)2 synthesis mod-

ule, GS exhibited the highest elasticity towards the

thiol ligand, such that this enzyme exerted the lowest

control (Table S9). TryR had a low elasticity coeffi-

cient for TS2, but the presence of high activity in the

cell resulted in negligible flux control. In conclusion,

the high flux control of the T(SH)2 synthesis enzymes

is mainly derived from their low activities in these par-

asites.

Concentration control distribution

In contrast to control of the pathway flux, control of

T(SH)2 concentration was exerted by its demand and

TryR under the three modelled conditions (Table 4).

To visualize whether the synthetic pathway contributes

to T(SH)2 concentration control, a model was con-

structed from which TryR was not included (data not

shown). Using this truncated model, the values for the

control coefficients of the T(SH)2 concentration were

similar to the flux control coefficients for cECS, TryS,
spermidine transport (SpdT) and the Spd leak

Table 3. Control coefficients of the T(SH)2 synthesis enzymes. The

pathway flux was considered to be through the TryS reaction. The

negative sign for the flux control coefficients for some steps indi-

cates that their activities do not favour T(SH)2 synthesis flux

because they either consume precursors for its synthesis or regene-

rate the metabolite.

Condition Basal Control Stress

Enzyme ⁄ process (ai ) C J
ai

cECS 0.84 0.58 0.7

GS 0.0011 6.5 · 10)4 9.8 · 10)4

TryS 0.14 0.49 0.58

SpdT 0.016 0.24 0.22

TryR )0.0029 )0.012 )0.0095

T(SH)2 demand 0.003 0.012 0.0095

NADPH supply )3 · 10)5 )1.6 · 10)4 )5.5 · 10)5

Spd leak )1.5 · 10)4 )0.17 )0.17

GSH leak )8.2 · 10)5 )0.14 )0.35

TS2 leak 1.5 · 10)4 7.7 · 10)4 6.9 · 10)4
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(Table 3), except for T(SH)2 demand, whose control

coefficient value remained )0.99.

Kinetic modelling for drug target identification in

the T(SH)2 metabolism of parasites

According to the fundamental principles of MCA, in

order to inhibit the flux of a hypothetical linear path-

way by 50%, an equal percentage inhibition must be

attained for a pathway enzyme that has a flux control

coefficient equal to 1 (a true rate-limiting step) [17,18].

Due to the branched nature of metabolic pathways

and the shared control of metabolic fluxes, higher per-

centage inhibition is usually necessary for enzymes

with lower control coefficients, and almost complete

inhibition is necessary for enzymes with insignificant

control.

The kinetic model described above predicted that, to

inhibit the flux of T(SH)2 synthesis by 50%, it is neces-

sary to inhibit the individual activities of cECS, TryS
and SpdT by 58, 63 and 73%, respectively (Fig. 5A).

Furthermore, combined 50% inhibition of the first two

enzymes or 40% inhibition of the three proteins resulted

in the same decrease in flux. In marked contrast, 99%

inhibition of TryR did not affect the synthesis of

T(SH)2 (Fig. 5A), as expected from its low flux control

coefficient. On the other hand, due to the high TryR

control coefficient on the concentration of reduced

T(SH)2, the kinetic model predicted that TryR inhibi-

tion causes a linear decrease in the metabolite level

(Fig. 5B). However, the T(SH)2 concentration is also

remarkably affected by the activities of cECS, TryS or

SpdT when they are inhibited by > 70% (Fig. 5B).

The model also predicted that, to decrease the

T(SH)2 reductive capacity of the parasites by 50%,

60% increased oxidative stress (T(SH)2 demand) com-

bined with a 25% decrease in TryR activity was

required (Fig. 5C). With no TryR inhibition, a more

than twofold increase in T(SH)2 demand (Fig. 5C), or

alternatively 50–75% inhibition of cECS (Fig. 5D),

was necessary to achieve a similar decrease in T(SH)2
reductive capacity. On the other hand, the decrease in

T(SH)2 synthesis flux brought about by inhibiting

cECS and TryS was not further potentiated by increas-

ing oxidative stress (Fig. 5E,F).

Discussion

Characteristics of T(SH)2 metabolism pathway

enzymes, metabolite concentrations and fluxes

The kinetic constants of the recombinant purified path-

way enzymes were determined under near-physiological

conditions of temperature and intracellular pH. The

kinetic properties of GS from T. cruzi are reported for

the first time for a trypanosomatid species, thus com-

pleting characterization of the GSH synthetic pathway

in these parasites. The kinetic parameters of the

recombinant enzymes were similar to those previously

reported in the literature (Table S1), except for the

lack of GSH inhibition of recombinant and native

TryS. Notably, the affinity of TryS from T. cruzi

strains for GSH is one order of magnitude lower than

that for the enzymes from T. brucei and Leishmania

(Table S1).

The Vmax of most of the pathway enzymes was

determined here in T. cruzi epimastigotes, except for

cECS. These values are critical for construction of the

kinetic model as they reflect the amount of active

enzyme inside living cells. Estimation of the in vivo

Vmax from the content of protein determined by

western blot was avoided because, in our experience,

there is no linear correlation between the content of

protein and the amount of active enzyme [44–46],

resulting in miscalculated control coefficients.

Comparison of the catalytic efficiencies Vmax ⁄Km of

the pathway enzymes suggested that cECS ‡ TryS

>>> GS, in the precursor supply module, limit

T(SH)2 de novo synthesis in the parasites. In contrast,

TryR and the TXN-dependent antioxidant machinery

(TXN, TXNPx and GPXA), in the T(SH)2-consuming

module, have over-capacity (high catalytic efficiency

in vitro and in vivo, and saturation for the substrates).

The low catalytic efficiencies of the enzymes of the

T(SH)2 supply module correlated with the low path-

way fluxes determined in vivo (Table 2). Therefore, the

most probable reason why TryR and the TXN-depen-

dent peroxide detoxification system are abundant in

Table 4. Control coefficients on the T(SH)2 concentration of the

pathway enzymes. Negative coefficients indicate that these reac-

tions either consume T(SH)2 or consume a precursors.

Condition Basal Control Stress

Enzyme ⁄ process (ai ) C [T(SH)2]
ai

cECS 0.04 0.038 0.053

GS 5.7 · 10)5 4.2 · 10)5 7.25 · 10)5

TryS 0.007 0.03 0.04

SpdT 8.8 · 10)4 0.015 0.016

TryR 0.98 0.97 0.99

T(SH)2 demand )0.99 )0.99 )0.99

NADPH supply 0.01 0.013 0.0058

Spd leak )7.9 · 10)6 )0.01 )0.013

GSH leak )4.4 · 10)6 )0.009 )0.026

TS2 leak )0.05 )0.062 )0.072
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A B

C D

E F

Fig. 5. Predictions using the kinetic model under control conditions. (A) Effect of decreasing the activity of cECS, TryS, SpdT, TryR, and

combinations thereof on the flux through TryS. Inhibition of the three steps that exert the greatest control affects the flux almost linearly,

whereas TryR has no effect. (B) Effect of decreased cECS, TryS, SpdT and TryR activity on T(SH)2 concentration. TryR inhibition affects the

metabolite concentration linearly, whereas cECS, TryS and SpdT have to be inhibited by > 70% to decrease the metabolite concentration.

(C) Effect of increasing the T(SH)2 demand rate at various TryR activities. Simultaneous inhibition of TryR and increasing the demand module

lead to synergistic T(SH)2 depletion. (D) Effect of increasing the T(SH)2 demand module at various concentrations of cECS. Due to the low

control that cECS exerts on the T(SH)2 concentration, the synergistic effect is important until cECS is inhibited by > 75%. (E,F) Increasing

the rate of T(SH)2 demand has no synergistic inhibitory effect on the T(SH)2 concentration when combined with inhibition of cECS and TryS.

For (C–F), the activities indicated on the right were modulated at 100, 75, 50, 25 and 1% of their original Vmax values. Note that 100% activ-

ity is different for each enzyme, being two orders of magnitude higher for TryR. Thus, the potency and specificity of the inhibitors must be

higher for TryR than for cECS and TryS.
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the parasites is to provide an efficient system to imme-

diately deal with external perturbations that decrease

the T(SH)2 ⁄TS2 ratio, before activation of the much

slower de novo T(SH)2 synthesis pathway under pro-

longed periods of oxidative stress.

Kinetic modelling of T(SH)2 metabolism

Kinetic models of metabolic pathways in human

parasites have been described only for glycolysis in

T. brucei [47] and Entamoeba histolytica [48,49] and

the glyoxalase system in Leishmania infantum [50]. The

first kinetic model of T(SH)2 metabolism in a trypano-

somatid reported here facilitates understanding of the

controlling mechanisms of this important pathway in

these parasites.

The kinetic model predicted that T(SH)2 synthesis

was mainly controlled (50–70%) by cECS and TryS

(Table 1), as a result of their relatively low cellular

active contents and non-saturating thiol and polyamine

substrates (Table S9). The negligible contribution of

feedback inhibition by GSH to the high flux control

coefficient of cECS was a consequence of the high

[Glu] ⁄Km,Glu ratio of 59–69 and low [GSH] ⁄Ki,GSH

ratio of 0.25–0.5: the competing substrate predomi-

nantly binds the enzyme and blocks inhibitor binding.

These results emphasize the need to abandon the dog-

matic concepts of a ‘rate-limiting step’ or an ‘allosteric

or feedback-inhibited enzyme’ as the only criteria to

describe the controlling steps of metabolic pathways

[13,17,18,46]. In contrast, an integral and dynamic net-

work analysis of the pathway can allow precise and

quantitative predictions regarding the relevance of a

particular enzyme for control of the metabolic path-

way, and may unveil unknown interactions among

enzymes and metabolites.

The enzymes ⁄processes that control the concentration
of T(SH)2 were mainly its demand (oxidative stress) and

TryR. However, cECS and TryS also exert control

when they are strongly inhibited or when TryR is absent

or inhibited. An explanation for this behaviour is that

TryR serves as a buffer enzyme to maintain a constant

T(SH)2 ⁄ TS2 ratio; however, the total T(SH)2 concentra-

tion in the cell will only depend on the flux through the

synthetic module. Thus, cECS and TryS may potentially

exert significant control on the total T(SH)2 concentra-

tion in these parasites. In various drug-resistant Leish-

mania strains, an increased content of the enzymes of

the T(SH)2 synthesis and antioxidant machinery was

determined by microarrays and western blot analyses

[51–54]. This indicates that enhancement of T(SH)2
synthetic enzymes is also required to potentiate the

antioxidant capabilities of the parasites.

Metabolic modelling also allows the identification of

emergent properties of the network that cannot be

identified by studying its elements in isolation or as

separate pathways [15]. In this regard, the kinetic

model identified T(SH)2 metabolism as comprising a

catalytically slow and less efficient synthetic module

(cECS, GS, TryS and SpdT) and a fast and highly effi-

cient module (the antioxidant enzymatic machinery

and TryR), connected through the common metabolite

T(SH)2. Moreover, it indicated that excretion of oxi-

dized thiols under oxidative stress may also have a sig-

nificant effect on the antioxidant capabilities of the

parasites as a result of loss of essential GSSG and TS2
(oxidized) moieties. These pathway emergent properties

were only recognized by studying the enzymes and

transporters in the network.

It is worth emphasizing that the present T. cruzi

epimastigotes-based kinetic model may be used as a

core model to which the particular variations of the

pathway between parasite stages or different trypano-

somatid species can be added once metabolomic and

enzymatic (kinetomic) data become available. For

example, the polyamine synthetic pathway lead by

S-adenosyl methionine decarboxylase and ornithine

decarboxylase in T. brucei and Leishmania, Spd enzy-

matic synthesis in T. cruzi (Fig. 1), and the oxidative

section of the pentose phosphate pathway, which pro-

vides NADPH for the antioxidant machinery, are

pathways that are directly connected to the reactions

considered in the present kinetic model. Another useful

application of kinetic ⁄mathematical models is the

readiness to predict possible pathway scenarios under

different physiological conditions. As discussed above,

the most critical parameter for kinetic modelling is the

Vmax value determined in cells; obtaining this para-

meter for the steps identified here as exerting the great-

est control, and measurements of relevant metabolites

(GSH, T(SH)2 and Spd) and pathway fluxes in the

human stages of T. cruzi, may extend the benefits of

the present kinetic model. Moreover, the robustness of

the model and pathway permits the hypothesis that the

steps that exert the greatest control will probably

be the enzymes with the lowest activities in cells of

T. cruzi trypomastigotes and amastigotes.

Utility of kinetic modelling for drug target

validation

Kinetic modelling is a useful systems biology approach

that facilitates the identification of drug targets with

the highest therapeutic potential. Thus, drug design

focusing on the steps that exert the greatest control in

the network for multi-target inhibition emerges as a
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substantiated sound and novel strategy that contrasts

with the traditional approach of attempting to fully

inhibit non-controlling steps or the ‘rate-limiting’ steps

reported in biochemistry textbooks [13]. Many meta-

bolic enzymes from parasites display substantial differ-

ences regarding their allosteric modulation compared

to their human counterparts [47–49,55,56], and these

differences may be exploited for species-specific tar-

geted therapy. For these reasons, it is worthwhile to

embark on a complete kinetic description of parasite

enzymes and study them using network-based analysis

for validation as drug targets.

Based on the model predictions (Fig. 5), we propose

that simultaneous inhibition of the flux-controlling

enzyme cECS and TryS will have more striking effects

on T(SH)2 metabolism than separate inhibition. Thus,

use of combination therapies, or design of multi-target

drugs for these enzymes, are interesting starting points

for alternative chemotherapy against T. cruzi and pos-

sibly other trypanosomatids. However, the possible

presence of GSH transporters in T. cruzi, as suggested

for T. brucei and Leishmania [57,58], may diminish the

flux control of cECS and increase those of TryS and

SpdT. Therefore, more studies are required on GSH

transport in these parasites for a complete understand-

ing of pathway control mechanisms.

With regard to multi-target therapy, it was previ-

ously reported that the parasiticidal effects of nifurti-

mox and benznidazole were increased by co-treatment

with buthionine sulfoximine [59,60], an irreversible

inhibitor of cECS that also appears to inhibit GSH

transport in T. brucei [57]. By inhibiting de novo

T(SH)2 synthesis using buthionine sulfoximine and

increasing oxidative stress using commercial drugs, a

stronger inhibitory effect on trypanothione metabolism

(and growth) was achieved, suggesting that pharmaco-

logical intervention on several reactions at lower doses,

rather than inhibiting individual enzymes at higher

doses, is a more efficient approach to affect the path-

way.

Because TryS is not present in the host and has a

high flux control coefficient in the pathway, it appears

to be the most relevant drug target in T(SH)2 metabo-

lism. Recently, potent non-competitive inhibitors (in

the nanomolar range) against purified TryS from

T. brucei were identified by high-throughput screening

of a chemical compound library; however, their effects

on growth and thiol contents were achieved in the

micromolar range [61], indicating how cellular com-

plexity can make successful drug discovery difficult

[62].

On the other hand, TryR inhibition, together with

oxidative stress, may favour an oxidized cellular state

only when the T(SH)2 synthesis pathway is not acti-

vated. Inhibition of TryR or the antioxidant machinery

enzymes for therapeutic purposes will be a very chal-

lenging task because their high activity in the cell will

require the design of highly specific and potent inhibi-

tors or use of high concentrations, with probable

severe side-effects for patients. Therefore, inhibition of

already limiting enzymes such as cECS and TryS is

therapeutically more promising than inhibition of

abundant enzymes such as TryR or the peroxide

detoxification machinery.

Correlations of the kinetic model predictions

with experimental genetic results in other

trypanosomatids

The results yielded by kinetic modelling indicated that

cECS and TryS were the main controlling steps of

T(SH)2 synthesis flux, and probably also of the total

T(SH)2 concentration under prolonged stress condi-

tions. Decreased expression (50–80%) of cECS
induced by genetic means in T. brucei and Leishmania

resulted in almost 50% decreased content of GSH and

T(SH)2 [57,58]. Moreover, treatment of T. cruzi with

buthionine sulfoximine decreased the intracellular thiol

content by 70–80% [59,60]. These results are in agree-

ment with predictions by the present kinetic model

regarding the high control that this enzyme exerts on

the pathway.

TryS down-regulation in T. brucei (85%) promotes

fourfold accumulation of GSH and a 10% increase in

the amount of Spd, respectively, in addition to an

86% decrease in T(SH)2 levels [63,64] versus control

parasites, in agreement with the predictions of the

model (Fig. 5B). Although TryS down-regulation also

induced an increase in cECS and TryR activities

in vivo, most probably to compensate for T(SH)2
depletion, parasite resistance to oxidative stress was

impaired and cellular viability was compromised.

SpdT, as the main supply of Spd, showed lower con-

trol of T(SH)2 synthesis compared to cECS and TryS,

due to its higher catalytic efficiency (Vmax = 5.8 nmolÆ
min)1Æmg cell protein)1; Km,Spd = 0.81 lM) [65]. The

molecular identity and kinetic characterization of an

Spd transporter in T. cruzi has been reported (Vmax

3.6 pmolÆmin)1 per 107 cells, i.e. approximately

156 pmolÆmin)1Æmg cell protein)1; Km 0.014 mM) [66].

By using these other kinetic parameters, full control by

SpdT was achieved because of the extremely low

catalytic efficiency (data not shown). Thus, further

studies on Spd uptake kinetics are necessary. On

the other hand, fast high-affinity transporters for

Put ⁄ cadaverine have been well characterized in T. cruzi
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epimastigotes [65–68]. Unfortunately, there is limited

information regarding the rate of Spd synthesis from

Put (Fig. 1), although it appears to be fast [69];

spermidine synthase (SpdS) from T. cruzi has not been

characterized. This additional internal source of

Spd may further decrease the control exerted by

SpdT. Furthermore, de novo Spd synthesis from orni-

thine is possible in T. brucei and Leishmania [9,70];

hence, redistribution of the control coefficients is

expected in these trypanosomatids.

TryR showed negligible control on the synthesis of

T(SH)2. In agreement with its predicted control prop-

erties, knocking down TryR in both T. brucei (< 10%

remaining activity) and Leishmania did not modify the

total thiol content [71,72].

Using the present kinetic model to reproduce longer

oxidative stress conditions under which enzyme activi-

ties change will require re-determination of fewer

experimental parameters than determined in this work,

i.e. Vmax, thiol contents, and fluxes under the new

steady state.

Concluding remarks

From the perspective of the organization of intermedi-

ary metabolism, all constituent enzymes and transport-

ers are essential for proper pathway function, because

deleting any of them creates a gap in the pathway flux.

However, from the perspective of the control of metabo-

lism, not all of the pathway components have therapeu-

tic potential, only those that exert significant pathway

control. Genetic strategies can determine whether a

pathway component is essential for cell function.

Kinetic modelling predicts how essential each pathway

component is by determining their control coefficients.

Hence, kinetic modelling of T(SH)2 metabolism in para-

sites assists in validation of drug targets with the highest

therapeutic potential by identifying the enzymes with

the highest control on the pathway flux and T(SH)2 con-

centration (i.e. cECS ‡ TryS � SpdT).

Experimental procedures

Reagents

ATP, cEC, trifluoroacetic acid, 5,5¢-dithio-bis(2-nitrobenzo-
ic acid), haemin, imidazole, sodium borohydride (NaBH4),

MES, potassium phosphate monobasic, trehalose, catalase,

GSH, MgCl2, EDTA, dansyl chloride, methanol, diethyl-

enetriamine pentaacetic acid, N-ethylmaleimide and NADH

were purchased from Sigma (St Louis, MO, USA); glycine,

MOPS, dithiothreitol and Hepes were purchased from

Research Organics (Cleveland, OH, USA); acetonitrile and

NaCl were purchased from Caledon (Georgetown, Ontario,

Canada); triethanolamine, perchloric acid, sodium phos-

phate dibasic and glucose were purchased from JT Baker

(Phillipsburg, NJ, USA); phosphoenolpyruvate and

b-mercaptoethanol were purchased from ICN Biomedicals

(Aurora, OH, USA); H2O2 was purchased from Laborato-

rios American (Mexico City, Mexico); isopropyl-b-D-thiog-
alactoside was purchased from Amresco (Solon, OH,

USA); Tris was purchased from IBI Scientific (Peosta, IA,

USA).

Culture conditions

Epimastigotes of T. cruzi Querétaro strain (TBAR ⁄MX ⁄
0000 ⁄Querétaro) [21] were cultured in RPMI-1640 medium

(Sigma) supplemented with 10% fetal bovine serum (PAA

Laboratories, Pasching, Austria). The cultures were incu-

bated at 26 �C as described previously [73]. Parasite cul-

tures were started in 20 mL medium and scaled up, always

maintaining a density of 2 · 106 parasites per mL, to reach

500 mL after 6 days, then harvested. For TXN and TXN-

dependent peroxidase activities, the parasites were cultured

in liver infusion tryptose medium (DIFCO, Detroit, MI,

USA), supplemented with 10% fetal bovine serum and

25 lgÆmL)1 haemin, and maintained at 26 �C. In this case,

parasite cultures were initiated at a density of 4 · 106 para-

sites per mL and harvested after 5 days, reaching a density

of approximately 25 · 106 parasites per mL.

Gene amplification

Genomic DNA from the T. cruzi Ninoa strain was isolated

as previously described [74]. cECS, GS, TryS, TryR, TXN,

nsGPxA and TXNPx genes were amplified by PCR using

genomic DNA from this strain. The nucleotide sequences

of the primers used for each gene are: cECS (sense 5¢-CGT

ACCATGGGTCTCTTGACAACG-3¢, antisense 5¢-TAG

CCTCGAGCTCACGGGATCTTTTTGG-3¢); GS (sense

5¢-CGTACATATGGAACTCTTGGGGGAC-3¢, antisense

5¢-TAGCGTCGACTTAAACAAGCGCCAGTGA-3¢); TryS
(sense 5¢-CGTACCATGGGCTCTTTGGCGGTACCA-3¢,
antisense 5¢-TAGCAAGCTTCGTTTTCAAGCCACC-3¢);
TryR (sense 5¢-CGTACATATGATGTCAAAGATTTT

TG-3¢, antisense 5¢-TAGCAAGCTTTTACAGAGATGCTT

CTGA-3¢); TXN (sense 5¢-CGTACATATGTCTGGTTTG

GCGAAGTAC-3¢, antisense 5¢-GCTAAGCTTTTAGTCG

GACCAGGGGAAG-3¢); nsGPxA (sense 5¢-GCACATAT

GTTTCGTTTCGGTCAATTGCTTAG-3¢, antisense 5¢-GC

TAAGCTTTCAAATCCTAGCACCACCAAG-3¢); TXNPx

(sense 5¢-CGTACATATGTCCTGCGGAGACGC-3¢, anti-

sense 5¢-CGATAAGCTTCTACGCGACAGCACC-3¢). All

sequences contain NdeI and HindIII restriction sites. The

PCR products were cloned in the pGEM�-T Easy vector

(Promega, Madison, WI, USA), and their identity was con-

firmed by nucleotide sequencing.
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Over-expression and protein purification

The genes were cloned into the NdeI and HindIII restriction

sites of the pET28 plasmid (Novagen, Darmstadt,

Germany), which was used to transform Escherichia coli

BL21(DE3) cells in order to over-express the proteins fused

to a histidine tail. The cells were grown at 37 �C in Luria–

Bertani medium to an attenuance at 600 nm of 0.6; then

protein expression was induced by adding 0.4 mM isopro-

pyl-b-D-thiogalactoside, and the cells were further cultured

overnight at 25 �C. The cells were harvested and resus-

pended in 20 mL buffer containing 100 mM triethanol-

amine, pH 7.4, 300 mM NaCl and 2 mM imidazole, and

lysed in a French press (AMINCO SLM, Rochester, NY,

USA) by passing the cellular suspension three times at

20 000 psi (137.9 MPa) for TryS and TryR, four times at

20 000 psi for cECS, and four times at 16 000 psi (110.3

MPa) for GS. The protocol was optimized for each enzyme

because they were highly susceptible to inactivation by soni-

cation, high pressures and the number of passages. For

analyses of TXN, GPxA and TXNPx, bacteria were lysed

by sonication using a Branson Sonifier 450 (Emerson, Dan-

bury, CT, USA) with one cycle of 30 s at 20% output, one

cycle of 1 min at 10–15% output, and one cycle of 30 s at

20% output. Each cycle was followed by a 1 min incuba-

tion on ice. The bacterial lysates were centrifuged at 7818 g

for 15 min at 4 �C. The enzymes were purified from the

supernatant at room temperature by Co2+-affinity chroma-

tography using Talon resin (Clontech, Mountain View, CA,

USA) as previously described [56]. The enzymes were con-

centrated at 0.5–2 mgÆmL)1 for cECS and TryS, 5 mgÆmL)1

for GS, 7–9 mgÆmL)1 for TryR, 19.3 mgÆmL)1 for TXN,

12.2 mgÆmL)1 for nsGPxA and 6 mgÆmL)1 for TXNPx.

The enzymes were stored at )20 �C in the presence of 50%

glycerol for TXN, nsGPxA, TXNPx and TryR. cECS, GS

and TryS recombinant enzymes were relatively unstable

under any storage conditions, such as 50% glycerol at

)20 �C or 3.2 M ammonium sulfate at 4 �C; only the

presence of 0.5 M trehalose for cECS and TryS and 1 M

trehalose for GS and storage at 4 �C improved their

stabilities.

Kinetic characterization

All the reactions and kinetic parameters were determined at

37 �C. The activities of recombinant cECS, GS and TryS

were determined by coupling the ADP production to

pyruvate kinase ⁄ lactate dehydrogenase (Roche, Mannheim,

Germany) and following the NADH oxidation at 340 nm.

The standard reaction mixture contained 40 mM

Hepes ⁄NaOH, pH 7.4, 5 mM MgCl2, 1 mM EDTA, 1 mM

phosphoenolpyruvate, 0.2 mM NADH, 2–2.8 units (micromol/

min) pyruvate kinase ⁄ lactate dehydrogenase in ammonium

sulfate, and 2–5 lg enzyme plus specific substrates: for

cECS, 1.3 mM Glu and 0.6 mM ATP, plus 2.1 mM Cys to

start the reaction; for GS, 8 mM Gly and 0.9 mM ATP, plus

0.4 mM cEC to start the reaction; for TryS, 11 mM Spd

and 0.7 mM ATP, plus 7.6 mM GSH to start the reaction.

The Km for each substrate was determined using saturating

concentrations of the two co-substrates (as in the standard

reactions). The concentrations of the substrates were varied

as follow: for cECS, 0–2 mM Cys, 0–2 mM Glu and 0–

1 mM ATP; for GS, 0–0.4 mM cEC, 0–10 mM Gly and 0–

1.5 mM ATP; for TryS, 0–5 mM GSH, 0–11 mM Spd and

0–1 mM ATP. TryS purified from bacteria disrupted by

sonication showed hysteresis; however, by starting the reac-

tion with Spd or by disrupting bacteria using the French

press, this phenomenon was not observed (data not shown).

TryR activity was determined spectrophotometrically fol-

lowing NADPH oxidation at 340 nm. The standard reac-

tion mixture contained 40 mM Hepes, pH 7.4, 1 mM

EDTA, 0.07–0.09 lg TryR, 0.24 mM TS2 (Bachem, Tor-

rance, CA, USA) and 0.2 mM NADPH. For Km determina-

tions, the NADPH concentration was varied from 0 to

0.2 mM (saturating with 0.24 mM TS2) and the TS2 concen-

tration was varied from 0 to 0.4 mM (saturating with

0.2 mM NADPH).

For GS Ki,GSH determination, saturation curves for each

substrate were determined as described above (for the Km

determination) in the presence of varying GSH concentra-

tions (0–10 mM). For cECS, Ki,GSH and Ki,cEC saturation

curves for Glu were determined in the presence of 0–3 mM

cEC or 0–5 mM GSH.

The effect of TS2, GSSG and T(SH)2 on the three

enzymes was determined using saturating concentrations of

their substrates. The concentrations tested were within the

physiological range of concentrations.

The TXN, nsGPxA and TXNPx activities were deter-

mined by reconstituting the antioxidant pathway in the

presence of TS2 and TryR, and spectrophotometrically

monitoring NADPH oxidation at 340 nm. In all cases, it

was ensured that all added TS2 was reduced by TryR

before addition of the enzyme of interest. The 0.5 mL stan-

dard reaction mixture contained 40 mM Hepes, pH 7.4,

1 mM EDTA, 0.16 mM NADPH, 0.4 mM TS2, and the fol-

lowing proteins and substrates: for TXN (0.12–0.16 lM),

0.5 lM TryR, 20 lM TXNPx and 0.52 mM tert-butylhydr-

operoxide (t-butOOH); for nsGPxA (0.03–0.076 lM),

0.5 lM TryR, 22 lM TXN and 1 mM cumene hydroperox-

ide (CumOOH); for TXNPx (1 lM), 0.045 mM TS2, 10 nM

TryR, 1 lM TXN and 120 lM t-butOOH. The reactions

were started by addition of the enzyme of interest at the

indicated concentrations. The Km for each substrate was

determined by varying one of the substrates and using satu-

rating concentrations of the co-substrate. The substrates

were varied as follows: for TXN, 0–0.4 mM TS2; for

nsGPxA, 0–22 lM TXN and 0–1 mM CumOOH; for

TXNPx, 0–20 lM TXN and 0–800 lM CumOOH or 0–

700 lM t-butOOH. In these assays, the spurious reaction

between the formed T(SH)2 and the hydroperoxides was
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monitored before the reaction was started, and subtracted

when calculating the activity.

The thiol substrates were routinely calibrated using 5,5¢-
dithio-bis(2-nitrobenzoic acid), whereas ATP was calibrated

using hexokinase and glucose-6-phosphate dehydrogenase.

The experimental and coupling enzymes concentrations

were varied to ensure that measurements were obtained under

initial velocity conditions, except for TXNPx, which was

measured under non-saturating conditions because of its

instability under dilution.

Determination of enzyme activities in parasites

under control and oxidant conditions

Forty million epimastigotes from the Querétaro strain [21]

suspended in 1 mL of NaCl ⁄Pi (137 mM NaCl, 2.7 mM

KCl, 10 mM Na2HPO4 and 2 mM KH2PO4, pH 7.4) supple-

mented with 20 mM followed by glucose were incubated at

room temperature (25–30 �C) in the absence or presence of

50 lM H2O2. After 10 min, catalase (10 units) was added

and further incubated for 2 min, and cytosolic extracts were

obtained.

The cells were harvested, resuspended in 0.1 mL lysis

buffer (20 mM Hepes, pH 7.4, 1 mM EDTA, 0.15 mM KCl,

1 mM dithiothreitol and 1 mM phenylmethanesulfonyl fluo-

ride), and lysed by freezing in liquid nitrogen and thawing

at 37 �C three times. The cellular extract was centrifuged at

20 817 g for 10 min, and the supernatant was immediately

used for enzyme activity measurements. In the case of TXN

and peroxidase activity, no pre-incubation in H2O2 was per-

formed, i.e. the cells were harvested, washed in NaCl ⁄Pi

buffer, and lysed as described above.

cECS, GS and TryS activities in clarified cytosolic para-

site extracts were determined by following ADP production

in an end-point kinetic assay. Briefly, the reaction mixture

contained 40 mM Hepes, pH 7.4, 10 mM MgCl2, 0.1–0.5 mg

cytosolic extract, and 1.3 mM Glu, 2.1 mM Cys and 2 mM

ATP for cECS, 0.4 mM cEC, 8 mM Gly and 2 mM ATP for

GS, and 8 mM GSH, 11 mM Spd, and 2 mM ATP for TryS.

Parallel reactions were set up that lacked one of the

co-substrates. After 30 min of incubation at 37 �C, the

reaction was stopped by perchloric acid extraction (3%

final concentration), the samples were centrifuged at

20 817 g for 10 min at 4 �C to eliminate the precipitated

protein, and the supernatant was neutralized with 3 M

KOH ⁄ 0.1 M Tris. The ADP concentration was determined

spectrophotometrically using a pyruvate kinase ⁄ lactate
dehydrogenase-coupled assay as described previously [48].

The spurious ADP produced by ATPase activity in the clar-

ified extracts in control reactions was always subtracted

(Table S2). We ensured that the enzyme activity was line-

arly dependent on the amount of extract (Table S2). Longer

incubation times decreased the enzyme activity. TryR activ-

ity was determined spectrophotometrically by following

NADPH oxidation at 340 nm. The reaction mixture con-

tained 40 mM Hepes, pH 7.4, approximately 50 lg extract,

0.24 mM TS2 and 0.2 mM NADPH. The TXN and peroxi-

dase activities in the cytosolic parasite extracts were deter-

mined by reconstituting the antioxidant pathway in the

same way as for the recombinant enzyme activities. The

standard reaction mixture contained 40 mM Hepes, 1 mM

EDTA, 0.16 mM NADPH, 0.5 lM TryR, 0.45 mM T(SH)2
and 25–35 lg of parasite extract; subsequent additions were

for TXN 0.1 mM CumOOH, and the reaction was started

by adding 20 lM nsGPxA; for the TXN-dependent peroxi-

dase activities were 6 lM CumOOH and the reaction was

started by adding 20 lM TXN.

Determination of metabolites

For determination of thiol content, two protocols were

used, either direct parasite mixing with perchloric acid or

by preparing cytosolic extracts as described above, followed

by incubation for 10 min on ice with an excess of NaBH4,

and further precipitation with 3% perchloric acid (final

concentration). There were no differences in the results

obtained using each protocol. The acid extracts were centri-

fuged at 20 817 g for 5 min at 4 �C. Twenty microlitres of

the supernatant were separated by an HPLC system

(Waters, Milford, MA, USA) coupled to a reversed-phase

C18 column (3.5 lm particle size; Symmetry, Milford, MA,

USA) previously equilibrated with a 99% trifluoroacetic

acid solution (0.1% v ⁄ v in water) plus 1% acetonitrile.

Thiol molecules were separated by elution with the same

buffer for 10 min at a rate of 1 mLÆmin)1; the eluates were

mixed with 5,5¢-dithio-bis(2-nitrobenzoic acid) and the

absorbance was detected at 412 nm. The identity of each

peak was determined using commercial compounds either

run in parallel or mixed with the samples.

For TS2 determination, approximately 1 · 109 parasites

were incubated for 10 min in the absence or presence of

H2O2; the parasites were then harvested and resuspended in

0.025 mL buffer containing 40 mM Hepes, pH 8.0, 4 mM

diethylenetriaminepentacetate and 6 mM N-ethylmaleimide.

Alkylation of free thiols was performed at 70 �C for 3 min.

An equal volume of 20% trichloroacetic acid in 10 mM HCl

was added to the sample, which was further incubated for

30 min at 4 �C, followed by centrifugation at 20 817 g for

10 min at 4 �C. The unbound N-ethylmaleimide was

extracted 10 times using water-saturated ethyl acetate, and

the sample was bubbled with N2. The acid extracts were neu-

tralized using 3 M KOH ⁄ 0.1 M Tris. The amount of TS2 was

determined in the neutralized extracts in a 1 mL reaction

containing 40 mM Hepes, pH 7.4, 1 units TryR and 0.16 mM

NADPH. Alternatively, alkylation of free thiols using vinyl-

pyridine was performed. Briefly, the same amount of para-

sites was deproteinized with 5% sulfosalicylic acid; then

2 lL 100% vinylpyridine were added, and the pH was

adjusted to 6–7 by adding triethanolamine. The alkylation

was performed at room temperature over 60 min, and TS2
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in the sample was quantified as described above. Both proto-

cols yielded comparable results.

For determination of free amino acids, parasite extracts

were obtained by three cycles of freezing and thawing, and

perchloric acid was added for protein precipitation. The

lysates were centrifuged at 20 817 g for 5 min at 4 �C, the
supernatant was neutralized with 3 M KOH ⁄ 0.1 M Tris, and

the samples were derivatized with two volumes of an ortho-

phtalaldehyde solution (7.4 mM ortho-phtalaldehyde, 5%

ethanol, 5% b-mercaptoethanol and 9 mL 0.4 M boric acid,

pH 10.4), and incubated for 3 min at room temperature.

Fifty microlitres of the reaction were injected into an

HPLC device coupled to a reversed-phase C18 column

(Waters Spherisorb; 5 lm particle size; 4.6 · 250 mm

column size) previously equilibrated with a mixture of 90%

solution A (40 mM sodium phosphate buffer, pH 7.8) plus

10% solution B (45% methanol, 45% acetonitrile, 10%

water). A 30 min gradient of solution B (10–90%) was

used. The amino acids were detected by fluorescence

(340 nm excitation, 460 nm emission).

For polyamine determination, the deproteinized cytosolic

extracts were neutralized using NaHCO3 powder, and the

samples were evaporated at 70 �C. The desiccated samples

were resuspended in a mix containing 0.080 mL 0.05 N HCl,

0.4 mL 0.1 M NaHCO3, pH 9.15, and 0.8 mL 4 mM dansyl

chloride, and incubated at 70 �C for 15 min; then 1 mL

methanol was added for each 0.65 mL of sample, and the

sample was filtered. Twenty microlitres were injected into an

HPLC device coupled to a reversed-phase C18 column

(Waters; 5 lm diameter Spherisorb; 4.6 · 250 mm column

size) previously equilibrated with a mixture of 60% metha-

nol and 40% water. A 23 min gradient from 60 to 95%

methanol was used to separate the samples, and the polyam-

ines were detected by fluorescence (365 nm excitation,

510 nm emission).

For ATP determination, deproteinized and neutralized

cytosolic extracts were obtained as for amino acid content

analysis from 2.4 · 108 epimastigotes. ATP was determined

as previously described [48]. NADP+ determination was

performed by spectrofluorometry as described previously

[75] from 2–3 · 109 parasites. The NADPH concentration

was calculated on the basis that the NADP ⁄NADPH ratio

in T. cruzi epimastigotes is 0.31 [76].

The metabolite concentrations were calculated by assum-

ing that 1 · 108 parasites correspond to 3 lL as described

previously [77].

Flux determination

Aliquots of 4 · 107 parasites resuspended in 1 mL NaCl ⁄Pi

supplemented with 20 mM glucose were incubated at room

temperature in the absence or presence of the peroxide; the

cells were harvested at various times (0, 5 and 10 min), dis-

rupted, and the T(SH)2 content was determined by HPLC

as described above. Flux was calculated considering that

1 · 108 T. cruzi epimastigotes correspond to 0.23 ±

0.06 mg soluble protein (n = 5), value determined in the

present study.

Rate equations used in the model

As the ATP concentration is high and constant under stress

and non-stress conditions (Table 2), and is saturating

(approximately 80-fold) for the three synthetic enzymes

cECS, GS and TryS (Table 1), their rate equations were

simplified by not including the ATP concentration. The Kp

values used were the Ki values for the thiol product

(Table 1). The Keq values of 5597 used for the cECS, GS

and TryS equations were calculated as described previously

[39], in which DG�’ (standard free energy change) was the

difference between that of peptide bond formation

(+2.2 kcalÆmol)1) and that of ATP hydrolysis ()7.3 kcalÆ
mol)1).

For cECS, a random bi-reactant rate equation with com-

petitive inhibition by GSH versus Glu was used [78]:

v ¼
Vmax

aKmAKmB
A � Bð Þ � P

Keq

� �� �

1þ A
KmA

� �
þ B

KmB

� �
þ A�B

aKmAKmB

� �
þ In

Ki

� �
þ P

KmP

� �
þ A�In

bKiKmA

� �� �

where A = Cys, B = Glu, In = GSH and P is cEC. The
a and b values were adjusted to reach metabolite concentra-

tions present in the parasite (Tables S6 and S7). The a
value is the factor by which binding of one substrate

changes the affinity of the enzyme for the co-substrates.

For cECS, the a value was 1, as previously reported [79].

The b value represents the factor by which the Km for Cys

is modified when GSH, which is an inhibitor, is bound to

the free enzyme, competing for Glu. To our knowledge, no

information on this value has been reported, thus it was

adjusted to obtain the cEC concentrations in the parasite.

For GS, a random bi-reactant mechanism equation [78]

was used:

v ¼
Vmax

aKmAKmB
A � Bð Þ � P

Keq

� �� �

1þ A
KmA

� �
þ B

KmB

� �
þ P

KmP

� �
þ A�B

aKmAKmB

� �� �

where A = cEC, B = Gly and P = GSH. An a value of

12 was used based on those obtained for A. thaliana GS

[80].

TcTryS is able to use GSH and free glutathionyl spermi-

dine as substrates to synthesize T(SH)2, but only the overall

reaction was considered. For this enzyme, a random tri-uni

mechanism equation was used [78]:

Vmax

aKmAKmAKmB
A � A � Bð Þ � P

Keq

� �

1þ2 � A
KmA
þ B

KmB
þ A�A

aKmAKmA

� �
þ2� A�B

aKmAKmB

� �
þ A�A�B

aKmAKmAKmB

� �
þ P

KmP

where A = GSH, B = Spd and P = T(SH)2. As already

mentioned, the Km,GSH of T. cruzi TryS is 10 times higher
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than the Km reported for the T. brucei and Leishmania

enzymes (Table S1). Thus, only when the a value was

adjusted to a value of 0.1 (which increases the affinity for

GSH by 10-fold) could the pathway kinetic model simulate

the GSH concentration found in the parasites. This suggests

the presence of an unknown TryS activator in T. cruzi.

The kinetic mechanism of TryR has not been described,

but putative bi-bi-ping-pong kinetics have been suggested,

similar to glutathione reductase [81]. To avoid adjustment

of all the constants affecting the kinetic parameters for such

a complex equation, its rate equation was simplified to

ordered bi-bi kinetics [78]:

v ¼
Vmax

KmAKmB
A � Bð Þ � P�Q

Keq

� �� �

1þ A
KmA

� �
þ B

KmB

� �
þ A�B

KmAKmB

� �
þ P

KmP

� �
þ Q

KmQ

� �
þ P�Q

KmPKmQ

� �� �

where A = NADPH, B = TS2, P = NADP+ and Q =

T(SH)2.

For SpdT, a monosubstrate Haldane’s equation [78] was

used:

v ¼
Vmax

KmS
� S� P

Keq

� �� �

1þ S
KmS

� �
þ P

KmP

� �

where S = Spdext and P = Spdint. The Kp and Keq values

were adjusted given that the Spdint is low in the parasites

and a high Keq favours the forward reaction.

For the T(SH)2 demand reaction, a reversible mass action

equation was used:

v ¼ k1

Y
i

Si � k2

Y
j

Pj

For the reactions of the Spd, T(SH)2 and GSH leaks,

irreversible mass action equations were used:

v ¼ k �
Y

Si
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