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RESUMEN

El tripanotion [T(SH);] es un analogo del glutation (GSH) presente
principalmente en tripanosoméatidos. El T(SH), junto con la tripanotion reductasa
(TryR) y las enzimas desintoxicantes de peroxidos que dependen de este metabolito
reemplazan las funciones que lleva a cabo el sistema GSH/glutation reductasa/GSH
peroxidasas en células humanas. Debido a esto, se han propuesto a las enzimas del
metabolismo del T(SH), como sitios de intervencion terapéutica. En Trypanosoma
cruzi no se han validado blancos terapéuticos por ninguna estrategia; sin embargo,
diversos estudios en Trypanosoma brucei y Leishmania en los cuales se disminuy? el
50-90% la actividad de las enzimas de esta via por métodos genéticos demostraron
que todas las enzimas son esenciales para la sobrevivencia y manejo del estrés
oxidante de los parésitos por lo que se concluyé que todas las enzimas de la via son
blancos terapéuticos validados. Desde el punto de vista metabdlico, que todas las
enzimas hayan resultado esenciales por este método de validacion genética no son
resultados inesperados, ya que la inhibicion en altos grados de cualquier enzima de
cualquier via metabdlica tendra el mismo efecto de disminuir el funcionamiento de la
via y por lo tanto afectara la funcion celular del parasito. Es por ello que
consideramos que se tienen que aplicar criterios adicionales a los de esencialidad
validada genéticamente para poder identificar a las enzimas con un mayor potencial
terapéutico, es decir, se tienen que identificar a las enzimas cuya inhibicion
farmacoldgica sea moderada pero que tenga un efecto negativo importante sobre la
funcién de la via metabdlica. Esta estrategia de inhibir a las enzimas que controlan
de manera principal a la via metabdlica puede ayudar a disminuir las dosis de los
farmacos a utilizar, disminuyendo los efectos colaterales adversos por el uso de altas
concentraciones de inhibidores que tienen como blancos enzimas que tienen poco

control sobre la via.

Tomando en consideracién los fundamentos basicos de la regulacion del
metabolismo celular, en esta tesis se propone que las enzimas con mayor potencial
terapéutico deben ser aquella(s) que ademas de ser esenciales controlan de manera

prioritaria el flujo o la concentracion de intermediarios de la via. En este contexto, el



analisis del control metabdlico (MCA) ha demostrado que el control de una via
metabdlica esta distribuido en diferentes grados entre todas las enzimas que la
componen y por lo tanto descarta la existencia de un unico paso limitante (“rate-
limiting step”) como se describe en los libros de texto de bioquimico. Mediante
estrategias experimentales definidas a través del MCA se puede cuantificar el grado
de control que cada enzima tiene sobre la via metabdlica. Por lo tanto, el objetivo de
esta tesis fue determinar el grado de control que tiene cada una de las enzimas
sobre la sintesis y la concentracion de T(SH), en el parasito T.cruzi, mediante la
construccion de un modelo cinético de la via metabdlica. Para construir el modelo se
requirié determinar los siguiente pardmetros experimentales: i) produccion de las
enzimas recombinantes y-glutamilcisteina sintetasa (YECS), glutation sintetasa (GS),
tripanotion sintetasa (TryS) y TryR y su caracterizacion cinética en condiciones
cercanas a las fisioldgicas; ii) las actividades enziméticas, concentracion de
intermediarios y flujos de la via metabdlica en los parasitos en condiciones basales y
de estrés oxidante. Los datos cinéticos se utilizaron para construir el modelo
empleando para ello el programa de modelado metabdlico COPASI (Complex
Pathway Simulator) y los datos de concentraciones de intermediarios y flujos
metabdlicos en los parasitos se utilizaron para validar el modelo comparando sus
predicciones con el comportamiento de la via in vivo. Después de un proceso
iterativo de experimentacion-modelado-experimentacion, el modelo refinado al que
se lleg6 pudo predecir de manera cercana el comportamiento de la via observada in
vivo. Las predicciones del modelo indican que la YECS, la TryS y el transporte de
espermidina (SpdT) ejercen el principal control sobre el flujo de sintesis de T(SH)..
Por otro lado, la concentracién de T(SH), esta controlada esencialmente por la
demanda de este metabolito (estrés oxidante) y por la TryR; sin embargo, la yECS y
la TryS también participan en el control de la concentracién de T(SH), cuando éstas
se inhiben mas del 70%. El modelo también permitié predecir el comportamiento de
la via al disminuir las actividades de cada una de las enzimas (individual o en grupos)
de una manera analoga a la disminucién de la expresion proteica por métodos
genéticos. Asi por ejemplo, para inhibir en un 50% el flujo de la via seria necesario

inhibir ala yECS y a la TryS en un 58% y 63% respectivamente o simultaneamente



en un 50% lo cual sugiere el uso de una terapia multisitio. La conclusion de esta tesis
es que de las 11 reacciones que componen la via metabdlica, la yECS, la TryS y el
SpdT pueden ser las enzimas con mayor potencial terapéutico debido a que ademas
de que son esenciales, son las que controlan la homeostasis del sistema antioxidante

del parasito al determinar los flujos de sintesis y la concentracion del T(SH)..
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ABSTRACT

Trypanothione [T(SH),] is a glutathione (GSH) analogue present in
trypanosomatids. T(SH), together with trypanothione reductase (TryR) and the
peroxide detoxifying enzymes that depend on this metabolite, replaces all the
functions that the GSH/glutathione reductase/glutathione peroxidases system carry
out in human cells. Thus, the participating enzymes of the T(SH), metabolism have
been proposed as targets for therapeutic intervention. Despite no drug target
validation studies have been reported for Trypanosoma cruzi, in Trypanosoma brucei
and Leishmania, in which the enzymes of this pathway were inhibited by genetic
strategies in a 50-90% have demonstrated that they are essential for survival and for
oxidative stress management and therefore, they have been proposed as validated
drug targets. From a metabolic regulation point of view, the fact that all the enzymes
that were genetically validated resulted in essential steps of the pathway are not
unexpected results. This is because inhibiting any enzyme of a pathway in those high
degrees, will affect in the same way in all cases, and the cellular function of the
parasite will be compromised. Thus, we consider that additional criteria to the genetic
validation has to be applied for identifying the enzymes with the highest therapeutic
potential i.e. it is necessary to identify those enzymes in which a moderate
pharmacological inhibition has an important negative effect on the pathway functions.
The strategy of inhibiting the enzymes that mainly control a metabolic pathway can
help in decreasing the drug doses that have to be used, reducing the adverse side
effects produced by using high concentrations of inhibitors that target enzymes with

low control in the pathway.

Considering the basics of the regulation of cellular metabolism, this thesis
proposes that the enzymes with the highest therapeutic potential are those that
besides being essential, they mainly control the pathway flux or their intermediary
concentrations. In this regard, Metabolic Control Analysis (MCA) has demonstrated
that the control of a pathway is distributed to different degrees amongst all the
participating enzymes and rules out the presence of a single “rate- limiting step” as it

has been described in the biochemistry text books. Through its experimental
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approaches, the MCA allows to quantitatively determine the degree of control that
each enzyme has on the metabolic pathway. Thus, the aim of this thesis was to
determine the degree of control that each enzyme exerts on the synthesis and
concentration of T(SH), in the parasite Trypanosoma cruzi by constructing a kinetic
model of the pathway. For this purpose, it was required to determine the following
experimental parameters: i) production of the recombinant enzymes y-
glutamylcysteine synthetase (YECS), glutathione synthetase (GS), trypanothione
synthetase (TryS) and trypanothione reductase (TryR) and carry out their kinetic
characterization under near physiological conditions and; ii) the enzyme activities,
intermediary concentrations and fluxes of the metabolic pathway in the parasites
subjected to basal and oxidative stress conditions. These kinetic data were used to
construct the model using the metabolic simulator COPASI (Complex Pathway
Simulator) and the in vivo data were used to validate the predictions of the model.
After an iterative experimental- modeling- experimental process, the refined model
can closely predict the pathway behavior in the parasite. The main predictions of the
model indicated that yECS, TryS and the spermidine transporter (SpdT) exerted
primary control on the T(SH), synthesis flux . The T(SH), concentration was
controlled by the reactions that consume it (oxidative stress) and by TryR. However,
YECS and TryS also exerted control on the T(SH), concentration when they were
inhibited more than 70%. The model also allowed the prediction of the pathway
behavior by decreasing the enzyme activity (alone or by groups) in a similar way to
the diminution of the protein expression by genetic methods. For example, in order to
decrease by 50% the T(SH), synthesis flux it was necessary to inhibit yECS and TryS
at 58% and 63% of their original levels, respectively or simultaneously by 50%,
highlighting the importance of a therapeutic multi-target strategy. The conclusion of
this thesis was that from the 11 reactions composing the pathway, YECS, TryS and
SpdT might be the enzymes with the highest therapeutic potential due to the fact that,
besides being essential, they control the homeostasis of the antioxidant system by

determing the T(SH), synthesis flux and concentration.
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1. INTRODUCCION

1.1  Trypanosoma cruzi

Trypanosoma cruzi es el agente causal de la enfermedad de Chagas o
tripanosomiasis americana. Este organismo es un protista unicelular perteneciente al
phylum Euglenozoa, orden Kinetoplastida, familia Trypanosomatidae (Flisser y
Pérez-Tamayo, 2006). En este grupo también se encuentran los tripanosomatidos
de importancia médica Trypanosoma brucei que causa la enfermedad del suefio o
tripanosomiasis africana y especies de Leishmania las cuales causan diferentes

formas de leishmaniasis.

Los organismos pertenecientes al orden Kinetoplastida se caracterizan por
tener una sola mitocondria que ocupa la mayor parte del volumen celular. En la
matriz mitocondrial, cerca de la parte adyacente del flagelo, se encuentra el DNA
mitocondrial el cual forma una estructura llamada cinetoplasto (k-DNA). Este esta
formado por 20-30 mil mini circulos de DNA (con un tamafio de 0.45 um cada uno)
los cuales estan estrechamente unidos por varias docenas de maxi circulos con un
didmetro de 10 um que son analogos del DNA mitocondrial de eucariontes superiores
(De Souza, 2002; De Souza, 2009).El k-DNA codifica para proteinas tales como la
topoisomerasa tipo Il, DNA polimerasa 3, la proteina de unién al origen del
minicirculo, proteinas de condensacion y union al k-DNA asi como las proteinas de
resistencia a estrés por calor (HSP) mitocondriales. En el caso de epimastigotes de
T. cruzi, el k-DNA representa el 20- 25% del DNA total de la célula (De Souza, 2002).

Trypanosoma cruzi tiene tres estadios de desarrollo (Fig. 1) distribuidos en
hospederos invertebrados (Orden Hemiptera; Familia Reduviidae; Subfamilia
Triatominae) y vertebrados (humanos, armadillos, perros, roedores). Algunos de los
estadios son replicativos y pueden identificarse dependiendo de la ubicacién del
cinetoplasto con respecto al nucleo (De Souza, 2002) y por diferentes aspectos

morfologicos (Salazar, 2011). Los estadios de desarrollo son:

a. Epimastigotes: esta forma es replicativa y se encuentra presente en los

hospederos insectos de los géneros Triatoma, Paratriatoma, Rhodnius,
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Dipetalogaster, Eratyrus y Panstrongylus. Este estadio tiene una estructura en forma
de huso con un tamafo de 16-18 um de largo. El cinetoplasto se encuentra ubicado
sobre el nucleo o en la parte anterior a éste (Fig. 1A). En los medios de cultivo son
moviles y forman estructuras tipos rosetas.

b. Tripomastigotes: este estadio es infectivo pero no es proliferativo y se
presenta en tejidos y en la sangre del hospedero vertebrado (tripomastigote
sanguineo) y en la parte posterior del intestino, heces y orina del hospedero
invertebrado (tripomastigote metaciclico). Esta forma tiene un tamafio de 18-21 um
de largo y 1-4 um de ancho, es alargado, con forma de “S” o “C”, el flagelo se
extiende por toda la célula ademas que el cinetoplasto se encuentra en la parte
posterior al nacleo (Fig. 1B). En medios de cultivo son méviles debido a su flagelo.

C. Amastigotes: este estadio es la forma replicativa e intracelular en el
hospedero vertebrado. Tienen una estructura esférica de 2-4 um de diametro y son
organismos aflagelados aunque ya se ha reportado la presencia de un pequefio
flagelo (Fig 1C).

A. Epimastigote B. Tripomastigote C. Amastigote

Fig 1. Estadios de desarrollo de Trypanosoma cruzi. La identificacién de los estadios
de desarrollo se basa en la morfologia del parasito asi como en la ubicacion del
cinetoplasto con respecto al nicleo. La figura muestra parasitos tefiidos con giemsa
(tincién de nucleos y cinetoplasto). Modificado de De Souza, 2002
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1.2  Ciclo de vida de Trypanosoma cruzi

El ciclo de vida de ese parasito (Fig. 2) inicia cuando el insecto vector se
alimenta de la sangre del hospedero vertebrado infectado con tripomastigotes
sanguineos (fase infectiva). Al llegar al estbmago del insecto se transforman en
epimastigotes, y en el intestino se duplican por fisién binaria y se pueden adherir a
las células intestinales. Los epimastigotes que llegan al recto del insecto se
transforman en tripomastigotes metaciclicos los cuales se depositan junto con las
heces durante una segunda alimentacion de sangre. Los tripomastigotes
metaciclicos ingresan al hospedero a través de mucosas o de una herida en la piel.
Una vez en el hospedero vertebrado, los tripomastigotes interactian con células del
sistema fagocitico mononuclear transformandose en amastigotes los cuales se
dividen por fisién binaria y se transforman en tripomastigotes sanguineos que son
liberados al torrente sanguineo. Los tripomastigotes sanguineos invaden células del
tejido liso, estriado y fibroblastos repitiendo el ciclo tripomastigote-amastigote (De

Souza, 2002; Salazar-Schettino y Marin y Lopez, 2006).

Las interacciones hospedero-parasito se llevan a cabo mediante proteinas
expuestas en la superficie celular del parasito y el hospedero como las trans-
sialidasas; las glicoproteinas de membrana tales como gp30, gp63, gp82, gp90;
proteasas como la cruzipaina, asi como con azucares tales como la galactosa,
manosa y N-acetilglucosamina (De Souza, 2002; Epting et al, 2010). Posteriormente,
existen dos mecanismos a través de los cuales los tripomastigotes se internalizan en
las células del hospedero vertebrado. Una es mediada por vias de sefializacion
activadas por calcio, en donde se promueve el reclutamiento de lisosomas del
hospedero en el sitio de entrada del tripomastigote fusionandose gradualmente con
la membrana plasmética y formando un compartimento vacuolar (vacuola
parasitéfora); el otro mecanismo es mediante la invaginacion de la membrana
plasmatica que genera una vacuola la cual posteriormente se fusiona con lisosomas.
La liberacion de los parasitos hacia el citoplasma depende de los lisosomas y del pH,
de tal manera que al acidificarse esta vacuola, los parasitos secretan moléculas

conocidas como Tc-Tox y LYT1, las cuales promueven la lisis de la membrana
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facilitando la salida del parasito de la vacuola. Una vez que se encuentran en el
citoplasma, el tripomastigote se transforma en amastigote y prolifera hasta alcanzar
una alta densidad y se transforma en tripomastigote sanguineo. Estas formas del
parasito al encontrarse en gran niumero en la célula hospedera promueven su
rompimiento por mecanismos no bien descritos liberando los tripomastigotes a la
sangre. Puede existir un ciclo intracelular alternativo en donde los amastigotes, los
cuales también son infectivos, son liberados e invaden otras células de la misma
manera (Andrade y Andrews, 2005; Epting et al, 2010). Al estar en el torrente
sanguineo del hospedero vertebrado, los parasitos pueden ser ingeridos por otro

insecto, cerrandose asi el ciclo de vida de este organismo (De Souza, 2002).

JEE

)il -
Fig. 2. Ciclo de vida de Trypanosoma cruzi.l. El triatbmino ingiere tripomastigotes
sanguineos. 2. En el estbmago, los tripomastigotes se transforman en epimastigotes.
3. En el intestino los epimastigotes se duplican.4. Los epimastigotes que llegan al
recto del triatbmino se transforman en tripomastigotes metaciclicos los cuales salen
junto con las heces del insecto. 5. Los tripomastigotes metaciclicos entran al
hospedero mamifero por mucosas y heridas en la piel. 6. En el mamifero, los
tripomastigotes se introducen en las células transformandose en amastigotes los
cuales se multiplican por fision binaria y se transforman en tripomastigotes
sanguineos. 7. Estos ultimos son liberados al torrente sanguineo en donde podran
diseminarse e infectar otras células, o bien, ser ingeridos por otro insecto vector.
Modificado de www.who.int/tdrold/diseases/chagas/lifecycle.htm
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1.3 Enfermedad de Chagas

La enfermedad de Chagas afecta a millones de personas principalmente en
Latinoamérica. En 2006 se reporto que existian 12 500 muertes anuales causadas
por esta enfermedad, 15 millones de casos de individuos infectados y 28 millones de
personas en riesgo de contraer la enfermedad en regiones distribuidas en 21 paises
(WHO, 2007). A pesar de que esta enfermedad es endémica de Latinoamérica, en
los dltimos afos se han reportado casos en zonas no endémicas como son Estados
Unidos, Europa y Africa, como consecuencia de los patrones migratorios de la
poblacién humana, al trasplante de 6rganos, donacién de sangre asi como al
transporte de los vectores triatdminos en el equipaje (Clayton, 2010).

En el caso de México, las dos terceras partes del territorio son consideradas
areas endémicas. Se han reportado casos de infeccion en toda la Republica
Mexicana, encontrdndose una seroprevalencia de 1.6%. Los estados con la mayor
prevalencia son Hidalgo, San Luis Potosi, Veracruz y Tamaulipas (Guzman-Bracho,
2001).

Los principales mecanismos de transmision de esta enfermedad son:

a) Transmision por vector. Esta es la forma mas importante de
transmision. Como ya se menciond anteriormente, el vector de esta enfermedad son
los insectos de la subfamilia Triatominae, la cual es conocida como chinche
besucona o vinchuca, aunque el nombre depende en gran parte de la region en la
que se encuentren estos insectos. En México, las principales especies que resaltan
por su capacidad de transmision vectorial de la enfermedad son Triatoma barberi, T.
dimidiata, T. pallidipennis, Rhodnius prolixus entre otras (Salazar-Schettino y Marin y
Lopez, 2006).

b) Transfusion sanguinea. La WHO estima que el riesgo de transmision
por esta via esta entre 12-20% (WHO, 2007) debido a la falta de monitoreo

exhaustivo de la sangre de donadores provenientes de regiones endémicas.


http://www.ibiologia.unam.mx/pdf/noticias/CHAGMEX.pdf
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C) Via congénita. El riesgo relacionado a esta via de transmision es de
alrededor del 5% y se ha determinado que esta limitada a las zonas rurales o en
ciudades a donde migran las mujeres infectadas (WHO, 2007).

La enfermedad de Chagas presenta dos fases
(http://Iwww.who.int/neglected_diseases/diseases/chagas/en/index.html; Rodrigues,

Borges-Pereira, 2010):

Fase aguda. Se caracteriza por presentar una parasitemia alta poco tiempo
después de la infeccion, la cual tiene una duracion de aproximadamente 2 meses. El
70% de las personas infectadas son asintomaticas y menos del 5% presentan
sintomas tales como fiebre, edemas en el ojo (signo de Romafa- Mazza) y nddulos
subcutaneos (Chagoma de inoculacién) los cuales indican el area de entrada del
parasito. En casos mas severos, se presentan sintomas como adenopatia, edema,

hepatoesplenomegalia, miocarditis y meningoencefalitis.
Fase cronica. En esta etapa se presentan las siguientes formas clinicas:

a) Indeterminada. Es asintomatica y generalmente se presenta al inicio de la
fase cronica. Se ha observado que el 40-90% de los pacientes permanecen
asintomaticos toda su vida. En esta etapa los electrocardiogramas asi como las
radiografias en corazén, eséfago y colon son normales. Sin embargo los pacientes

son seropositivos al parasito.

b) Cardiaca. Se presenta hasta en el 30% de los pacientes. Aparece en la
segunda a cuarta década de vida, después de 5-15 afios de que el paciente fue
infectado. Las cardiopatias se caracterizan por arritmias, falla cardiaca,

tromboembolias, cardiomegalia.

c) Lesiones digestivas. Se presenta en el 10% de los pacientes. Esta se

caracteriza por los mega sindromes caracterizados por mega esofago y megacolon.

También pueden presentarse formas clinicas mixtas (cardiacas mas

digestivas).
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1.4 Tratamiento de la enfermedad de Chagas

Los farmacos utilizados para el tratamiento de la enfermedad de Chagas son el
nifurtimox [didxido de 5- nitrofurano 3-metil-4-(5’-nitrofurfurildeneamina) tetrahidro-
4H-1,4-tiazina-1,1] (NFX) y el benznidazol [2 nitro-imidazol (N-bencil-2-nitroimidazol
acetamida] (BNZ) conocidos comercialmente como Lampit y Rochagan,
respectivamente (WHO, 2007) (Fig. 3A).

A pesar de que el mecanismo de accidn de estos farmacos es diferente (Fig.
3B), ambos compuestos se activan al reducirse sus grupos nitro por la accion de
nitroreductasas del paréasito y pasando por la formacion de metabolitos electrofilicos.
En el caso del BNZ, los intermediarios reducidos generados por la nitroreductasa tipo
| son del tipo nitroso (R-NO) e hidroxilamina (R-NHOH) los cuales forman el ion
nitrenio, que es precursor del compuesto mas estable, 4,5-dihidro-4,5-dihidroxi
imidazol, el cual se va disociando lentamente liberando glioxal (Hall y Wilkinson,
2012). Estos metabolitos se pueden unir a proteinas, acidos nucleicos, lipidos y tioles
solubles tales como GSH y T(SH). (revisado por Maya et al, 2007; Hall y Wilkinson,
2012). Por otro lado, diversos estudios han demostrado que la reduccion del NFX
lleva a la formacion del anién radical nitro (R-NO-™) el cual puede formar metabolitos
electrofilicos o bien, puede reaccionar con el O, regenerando la molécula de NFX 'y
formando el anién superoxido (O,"). Este ultimo puede formar perdoxido de hidrégeno
(H20,) por la accion de la superéxido dismutasa (SOD) generando mas especies
reactivas de oxigeno (EROs) por medio de la reaccion de Haber-Weiss (Maya et al,
2007).Sin embargo, en contraste con lo anterior, recientemente se ha determinado
gue el NFX se activa también por la nitroreductasa tipo I, la cual no genera el radical
R-NO," y por lo tanto EROS. De esta manera, el mecanismo tripanocida que se ha
propuesto para el NFX es que su reduccion genera un nitrilo de cadena abierta (el
cual se ha detectado por HPLC) que junto con sus precursores (metabolitos nitrosos)
generan los efectos observados por este farmaco (Hall et al, 2011). Sin embargo

este Ultimo mecanismo aln no esta bien caracterizado.
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Fig. 3 Nifurtimox y Benznidazol

A. Estructuras de los farmacos y sus nhombres comerciales. B. Mecanismo de
accion: los farmacos son activados por nitroreductasas y su mecanismo de acciéon
comun es generar estrés oxidante debido a la unién a moléculas antioxidantes como
GSH y T(SH),. Ademas el BNZ se une a macromoléculas mientras que el NFX
genera especies reactivas de oxigeno (EROS). Tomado de Maya et al, 2007.
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Sin embargo, el uso de estos compuestos para el tratamiento actual de la
enfermedad de Chagas tiene varias desventajas. Una de ellas es que los efectos
secundarios del NFX y BNZ son muy severos ya que son hepatotéxicos y
nefrotdxicos http://www.who.int/neglected_diseases/diseases/chagas/en/index.html).
Ademas, en el caso del primero genera anorexia, pérdida de peso, nauseas,
alucinaciones, vomito, convulsiones, entre otros; los efectos del segundo son
dermatitis, edema general, deplecién de la médula 6sea y polineuropatia periférica
(Rodrigues, 2009).Por otro lado, estos farmacos son efectivos en la fase aguda ya
gue en un tratamiento completo de 60 dias, el 80% de los pacientes se cura; sin
embargo, la eficacia en la fase cronica varia de acuerdo al area geogréafica, edad del
paciente y dosis prescrita (Muioz et al, 2011). Por ejemplo, se ha observado que el
uso de BNZ en la fase temprana de la etapa cronica tiene una eficacia del 60% en
nifios de 6 a 12 afos de edad (Estani et al, 2012). Aunado a estas inconveniencias,
la falta de interés por parte de la industria farmaceéutica de sintetizarlos ha afectado
de manera importante la disponibilidad de estos farmacos para su uso clinico. De
hecho, la produccién comercial de NFX ya se encuentra descontinuada y el BNZ no
se encuentra disponible en México excepto por las donaciones humanitarias
solicitadas a través de la Organizacién Mundial de la Salud (OMS). Ademas, los
gobiernos de las zonas endémicas invierten muy poco en investigacion e
infraestructura para esta enfermedad. La Fundacion Global de Innovacion para
Enfermedades Marginadas (G-FINDER) solo invierte el 11.8% de sus recursos a la
investigacién en enfermedades causadas por tripanosomatidos, siendo
principalmente ciencia basica y no enfocada en diagnostico, desarrollo de farmacos y
vacunas (Clayton, 2010).

Debido a los inconvenientes anteriores, se continla la busqueda de nuevos
blancos o estrategias terapéuticas. Dentro de los blancos de intervencion terapéutica
gue se han propuesto se encuentran las enzimas de la via de sintesis de esteroles,
la proteasa de cisteina cruzipaina, la hipoxantina-guanina fosforibosiltransferasa,
topoisomerasas de ADN, hidrofolato reductasa, inhibidores del metabolismo del

pirofosfato, de la entrada de purinas, asi como las enzimas pertenecientes a la via de
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sintesis, consumo y regeneracion del T(SH), (WHO, 2007; Mansour, 2002;
Rodrigues-Coura 2002). Esta ultima via fue motivo de estudio en el trabajo de tesis.

1.5 Metabolismo del T(SH), como blanco terapéutico

El TSH; es un conjugado de dos moléculas de GSH y una de espermidina (Spd)
el cual esta presente en todos los estadios de los tripanosomatidos (Krauth-Siegel y
Comini, 2008) y en otros organismos tales como Euglena gracilis y Entamoeba
histolytica (Montrichard et al, 1999; Tamayo et al, 2005). En los tripanosomatidos, el
T(SH); junto con su enzima reductora tripanotion reductasa (TryR) y las enzimas
desintoxicantes dependientes de T(SH), reemplazan las funciones que el sistema
GSH/GSH reductasa/GSH peroxidasas lleva a cabo en otras células (Fairlamb y

Cerami, 1992). El metabolismo del T(SH), se muestra en la (Fig. 4).

El T(SH). es sintetizado por la tripanotidn sintetasa (TryS) a partir de dos
moléculas de GSH y una de espermidina (Spd). A su vez, la sintesis de GSH es
catalizada por dos enzimas: la YECS que une Cys y Glu formando yEC; y la GS la
cual le agrega una Gly, formando el GSH. Por otro lado, la Spd puede sintetizarse de
novo por la espermidina sintasa (SpdS) a partir de putrescina (Put) y S-adenosil
metionina descarboxilada (dAdoMet); este Ultimo metabolito es a su vez sintetizado
por la S-adenosil metionina descarboxilasa (AdoMetDC). Ademas la Spd y la Put
pueden transportarse del medio extracelular a través de transportadores de alta
afinidad. El T(SH). cede sus equivalentes reductores a metabolitos oxidados tales
como dehidroascorbato (DHA), triparedoxina oxidada (TXNox) y disulfuro de glutation
(GSSQG) los cuales, en su forma reducida, son sustratos de las enzimas antioxidantes
ascorbato peroxidasa (APx), 2-Cys peroxirredoxina (TXN-Px), enzimas tipo glutation
peroxidasa no dependiente de selenio (nsGPxA y nsGPxB) y de la tripanotion-
glutation tiol transferasa (p52). El disulfuro de tripanotion formado (TS:) es reducido
por la tripanotion reductasa (TryR) en una reaccion dependiente de NADPH (Olin-
Sandoval et al, 2010).
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Fig. 4. Metabolismo de T(SH), en Trypanosoma cruzi.

El T(SH), se sintetiza por la tripanotion sintetasa (TryS) a partir de GSH y Spd. A su vez, la via
de sintesis de GSH esta formada por la y- glutamilcisteina sintetasa (yECS) y la glutation
sintetasa (GS) mientras que el suministro de Spd proviene de la via de sintesis de novo
formada por la espermidina sintasa (SpdS), la S-adenosil metionina descarboxilasa
(AdoMetDC) y el transportador de putrescina (Put) o por su transporte del medio extracelular a
través de un transportador de Spd. Este parasito también puede sintetizar analogos de
tripanotion que contienen cadaverina (Cad) la cual se transporta del medio extracelular. El
T(SH), reduce al dehidroascorbato (DHA), a la triparredoxina oxidada (TXN,y) y el disulfuro de
glutation (GSSG) los cuales, en su forma reducida son sustratos de las enzimas antioxidantes
ascorbato peroxidasa (APx), 2-Cys peroxirredoxina (TXN-Px), enzimas tipo glutation
peroxidasas no dependientes de selenio (nsGPxA y nsGPxB) y la tripanotion-glutation tiol
transferasa (p52). El disulfuro de tripanotion (TS,) es reducido por la tripanotion reductasa
(TryR). Las enzimas marcadas con asterisco, son aquellas que han sido inhibidas por
métodos genéticos en T. brucei y Leishmania.
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Debido a que el GSH no puede reemplazar al T(SH), como el principal
metabolito antioxidante y a que las enzimas de este sistema antioxidante son
exclusivas de tripanosomatidos se propuso desde el descubrimiento de la molécula
en 1985 (Fairlamb et al, 1985; Fairlamb y Cerami, 1992) y con la descripcion
posterior de la via metabdlica en la década de los 90s, que las enzimas de esta via

pueden ser sitios potenciales de intervencidn terapéutica.

En la siguiente revision publicada en 2010 en la revista Current Drug Targets
(factor de impacto 2009: 3.93; en 2010: 3.06) se realizd una recopilacion de la
informacion cinética reportada de cada una de las enzimas participantes en esta via,
ademas se realizé un analisis critico de su valoracién como blancos terapéuticos

mediante el uso de la estrategia genética de la inhibicion in vivo de su expresion.

Desde su aparicion en diciembre del 2010, esta revision ha sido citada 4 veces

en los siguientes trabajos:

-Walter Rivarola H, Paglini-Oliva P (2011) Mal de Chagas-Mazza: Fisiopatogenia y nuevas
propuestas de tratamientos. Revista Facultad de Ciencias Médicas 68 (4) 154-163.

-Duschak V (2011) A decade of targets and patented drugs for chemotherapy of Chagas
disease. Rec Pat on Anti-Inf Drug Disc 6 (3) 216-259.

-Krauth-Siegel L and Leroux AE (2012) Low molecular mass antioxidants in parasites. Antiox
Red Sign. doi:10.1089/ars.2011.4392.

-Teixeira SM, Cardoso de Paiva RM, Kangussu-Marcolino MM, DaRocha WD (2012)
Trypanosomatid comparative genomics: contributions to the study of parasite biology and

different parasitic diseases. Genet Mol Biol ahead of print.



1614

Targeting Trypanothione

Current Diug Targets, 2010, 11, 1614-1630

Metabolism

Parasites

Viridiana Olin-Sandoval. Rafacl Moreno-Sanchez and Emma Saavedra

Departamento de Bioquimica, Instituto Nacional de Cardiologia, México D F., 14080, México

Abstract: The diseases caused by the trypanosomatid parasites Trypanosoma brucei, Trypanosoma cruzi and Leishmania
are widely distnibuted throughout the world. Because of the toxic side-effects and the economically unviable cost of the
currently used pharmaceutical treatments, the search for new drug targets contimes. Since the antioxidant metabolism in
these parasites relies on trypanothione [T(SH).]. a functional analog of glutathione, most of the pathway enzymes
involved in its synthesis. utilization and reduction have been proposed as drug targets for therapeutic intervention. In the
present review, the antioxidant metabolism and the phenotypic effects of inhibiting by genetic (RNA interference. knock-
out) or chemical approaches. the T(SH); and polyamine pathway enzymes in the parasites are analyzed. Although the
genetic strategies are helpful in identifying essential genes for parasite survivalinfectivity. they are less useful for drug-
target validation. The effectsveness of targeting each pathway enzyme was evaluated by considermg (1) the enzyme kinetic
properties and antioxidant metabolite concentrations and (1) the current knowledge and expenimental approaches to the
study of the control of fluxes and intermediary concentrations in metabolic pathways. The metabolic control analysis
indicates that highly potent and specific inhibitors have fo be designed for trypanothione reductase and the peroxide
detoxification system. and hence other enzymes emerge (y-glutamylcysteine synthetase. trypanothione synthetase,
omithine decarboxylase, S-adenosylmethionine decarboxylase and polyamine transporters) as altemative more suitable
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in Trypanosomatid Human

and effective drug targets in the antioxidant metabolism of trypanosomatids.

Keywords: Leishmania. Trypanosoma. trypanothione, drug-targeting, microbial antioxidant metabolism.

1. INTRODUCTION

The trypanosomatid parasites Trypanosoma brucei. Try-
panosoma cruzi and Leishmania are the causal agents of
three deadly diseases that affect millions of people around
the world: sleeping sickness (Affican trypanosomiasis), Cha-
gas’ disease (American trypanosomiasis). and leishmaniasis
(cutancal. visceral and mmcosal). The treatments for these
pathologies mclude the admmistration of difluoromethylo-
mithine (DFMO), pentamudine, suramin and melarsoprol for
T brucei. mfurtimox and benzmdazol for T cruzf; and am-
photericin B. sodium stibogluconate, pentamidme, multe-
fosine and meglumine antimoniate for Leishmania [1] (see
Fig. 1A for drug chemical structures). The treatments with
these compounds have several disadvantages: most of them
are highly toxic for the patient; usually they are not easily
affordable for the sick people who live 1n poor communities;
administration of some drugs requires hospitalization; they
usvally act only m a particular stage; and resistant strains
have emerged [2]. Hence. there 1s a public health demand for
alternative therapeutic strategies.

Drug-targets have been searched and drugs have been
designed for enzymes of glycolysis. purme salvage and pyn-
midine metabolism. nucleoside transport. sterol biosynthesis,
protein prenylation and degradation, and antioxidant path-
ways [3, 4] The enzymes that synthesize. use or recycle
trypanothione [T(SH).] have been considered potential

*Address comespondence to this guthor at the Departamento de Bioguimica,
Institute Nacional de Cardiologia. Juan Badiano No. 1 Col. Seccion XVIL
Tlalpan. México D'F. 14080, México; Tel: (+5233) 5573-2911. Ext. 1298;
E-mail: emma_saavedra2002@yahoo.com

1389-4501/10 $55.00+.00

targets for drug intervention because of their absence i the
human host [3-7].

1. TRYPANOTHIONE IS THE MAIN ANTIOXIDANT
METABOLITE IN TRYPANOSOMATIDS

All living erganisms are exposed to reactive oxygen and
nitrogen species (ROS and RNS, respectively) such as
superoxide anton (=057). hydrogen peroxide (HO:).
hydroxyl radical (HO*). nitric oxide (*NO) and peroxymitrite
(NOO™). These compounds can be generated mside the cells
by basal metabolic function. oxidative or nitrosative stresses.
and drug metabolism. Alternatively. =0, . *NO and NOO™
can be generated by the host’s immune system as a first line
of defense agaimnst the parasite mfection [8].

In most living cells. the enzvmatic antioxidant machmery
primarily relies on reduced glutathione (GSH) (Fig. 2) as a
source of electrons to reduce and mactivate ROS and ENS.
GSH. together with glutathione reductase (GR). which
reduces oxidized glutathione (GSSG) at expense of NADPH
oxidation, tepresents the principal cellular mechanism to
cope with oxidant and nitrosative stresses. Furthermore,
GSH can non-enzimatically reduce the oxidized forms of
cellular antioxidant molecules such as ascorbate (Asc) and
vitamin E due to its higher redox potential (Table 1) [8. 9]
the relative slow rates of these non-enzymatic reactions may
be a shortcommg for contending against severe oxidative
stress.

Despite the presence in trypanosomatid parasites of
significant amounts of GSH. theirr antioxidant enzymatic
machinery uses its functional analog T(SH) (N'. N°- bis-
glutathionylspermidine; Fig. 2) as the predominant reducing
agent. Thus, T(SH).. together with its reducing enzyme,

© 2010 Bentham Science Publishers Ltd.
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a0 vary amorg drtterent mypaccsemateds stazes or groewing
e |11

Luble 1. Kedux Peial Values o Awesidom Sokecudes
Tovebred I TEETT Wletabnkom
Fain ETimY) Rslbrmme
TERHLA TS, 2 [
G5 *CE5C 2250 LY
2N F TR N =141 (Rl
o T, Bl |k
Au (TG fifi [5]

Sltsoawh TVEE R wes previvesdy consdee] exclwnye off
trypancsnmatids .t has Alse hees Swand on e free Tiving
wicellabar Hapellared protest Dusdme mwctlts a0 clocs
toogcmdeal roatve of evoamosteiaids T13, and o e
lupmmem pimaale Ewiamocts fumiedpdeen DL oveva, e
TIST: fenchion an feess muicracreamisme has ot heen
elearhy excablxched

S TRYPANOTIITONT TITOAYNTIIT TS

The precrirears tor TESITe beceprhesis are ampobied by
e maer pathwas o the aacasices: the Gk aad pobrancing
wvnlueses (Fip. 30 Tl wnpomlaser ol s pelavess w
poorridan . practueans 2re anabyEed | emaphasizmn e coarmal
teat ey mighe bave ga the sreadvesate soacenmaion of
LisHL, vwhben e paasiies s webe cown el condibos. w
wedilive 4t 1aBosalive § hesey,

Za, Clarathlone Syvmibesis ie Irvpaneso marlds

Lz firer penction i the CHH biosrbetic patresy (Fin
3h s emlulpwod by gluiamyley sewwe syalciase GECE, BU
33220, which fooy a pepide lubkage beiween die o
cazbon greup of glataneate [Cle aod the ceemine group of
cusleme D) o prodaoe v glaaoyeyswme (pEC mooan
ATP oo tesclion, In wos mpeemze, vECE 1w
o= comstiuted of o calalyie coed o aegutabay soloaoi [L5].
The farrtion of the repalatory sthenr = ko oowrease the
allimmily Boo Glu, Feromesbeeere, e cccombisan colaly e
bt oL e sl seeyiae displavs o Ky, volus of 182 whs
vompares. tn the 14 md Eu vane of the recombmant
haloenmyme |15] The T omns recombinans enzeme has
been pusificd and chasacterized T19]. 'LEr mecmcmeric
enryme dnes ot requre a resulalny sthoos doe to s
nariral fugk sty for Glhe (004 mb) 18] The T e
TECS conmains an mscrren of o0 amene acdd resicucs st
2l poaalim 242 wlech bas boen suegesied woaoplace e
Lupetzor, ol (he aegabovay sobun mothe encyae Bom wan
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EE Eom wapmelon celh nocosdaed dbhe e
limetinz step at GRIT svathesis becaose it 15 rampetimively
mbubibd by E%H (eevawy Gl be md-podee] ol doe
palzwuy. al phyyssologe al levels of e nwerabohee (i, 3.3
anid 7 % mi tor the bwman and rat enmrmes respect ively]
|17 18] This asomapming ak heer sxnended mo fie 7 ooneei
raFvm s besanae it iz alun o wes dnhebitod e C8H (R L af
1.2 wdd 140 Bloaever, whetia ikis mbaaios arecbanie
physicherwalty cperates o the parasts: has oot pot besn
determined Trois recalled dear i vhso eazpme iahhinan alea
depenics en the coneswation of the snbsratss, pemioularky
[ vvanpe bivee Gear mivoad-lvpe) adabilms sels e G5H.
Ther for 3 quartmatiee ficst approcomstion an the s
ezt of the cmpooted iphebitory offeer of GSE o1 wBECS
ey ploysuadogacel coabiprmns, e [GEE] A velio azeakd
e conpoaed watks that of [Glu ] Fow . ol o mhleilon zate 2
higher tan the suhstrate ratin. then strang chihmen aof
s ivvily wam b proche el

Glutadovaw synllslee (D%, BU 03230 clalvess L
vsrond 1= e GEH ssultens (Foe 3% D ocoualewly
hinds ap 7 mplecnle to #lycae (G consimeng ans ATF
moleciile pa male of GRIT syothecired The enmame hae
Lwey ceamcely silied mkepanosmoind s peolably becaas 1
has hesn comcsdsted e ke Timibme sep on GeETT
spatieets Tlowever, recemt shudies 0 antmony-recoant
gtrains of Lairfimariy rarenrzing aad thekr coventa indicae
thas ke hezler rewsrance an related to Fieor inenssned TOETTI,
irvek and tn the up-repiiabon of dhe JTES dEsRY 55
(e and ANE mangpomer [Rgec) penes an the reooant
gtrains [1%-211 Altapagh the caanmes were only moniered
o o MA lewvels, wlneh do et weosssmily renslaw mic
nereassl proten coatene or earyme acrmTy, thess ahzenna-
tions seEnest A oosible contrintce alse of GN o 1TSE)-
syzlaceis. The § bmoed 08 agslel stecloe las koo
revenlly deanived a3 05 4 ol reeluien [22] The sk
ronchided that hecmee of s hagh simelarite at the anuna
s sugqmanoe e soccboal levels wad e buoarea cacae,
ayprmesrnn] GE o ol adeguaie doog el Howee,
this has nat Been demanctzated in Tove pamcites

deeenty. we bave saracicrnized the Biochemical propo-
s ol povoaebount 30 cmed U8 (ol S (0 Saedoval ¥ b
Suwvedis B, cunpgsoipl o pegaraiion]. Toe seeyoe los g
dimerw. stmemre displaping Kee vahies sinolar o theoee
reprtrd far the &5 frem Plomodfuan Ficaram |77
Howewver, in conmmast o the cooporatve biading for vEC
oherresd e fhe enrymie frome ras [P1] TG displays bypeal
Frynerhalic Tmeass: tor the wherare Tamermare T ool
parssres caaldenrsd with HA, des: not dizplar camoes m
3% wlovzly and GSH cosecbaton wail wesoel ke coahel
patastlcn, These wesells suggesl ibBal 4% s weeod o vow-
lzeime slep m GEH spaiheis.

A, Polvamine Sparccs in Trypanvsematids

Pulymee de asvs el ;o opegim ) Bom e exng
reThilar mdien ane she pathwavs sepplvee fhe zecond
nresmgns For TS T ovnfhes e (T 3

Spernudme 1= the patyamiae presert n TESITw Spd =
upmilfeized by sperundine syatbase (Spds, B 2.5 1.18) dsi
rovcalendy binds a patrescine malerile ta decarbeoryiated 5
adenoeyimsthiorne  [Lada™ed In gwn, paresrse o«
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tinuine cecaborrhce X 0 40 LT0 o Toemeed s absew and pes paming rranspeniss in 0 i hiee oo besn derifies. -
ooyl opsteine sythesse PECL DO 6321 glonathione synthescse (25; OC &3 231 5 odewesr! metuionine decabongplate
Gl EC 4.0 501 gerzedie sealase (518 EC 251010, nypamailowes senlalns, (Ire3: EC G050 wonilol pousidass
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Pogranetesone Wanledam Tomopefune
“To o knewledse, Spds bae caly boen characmesized 1
30 bewwd [25, 200, Lhe cocymw displavs £ae vabes Ton
prreccire and ASAchSet af A0 - 205 and DOA- 0 phi
meeprenively 725, 4] e coponied conscnoatons for these
pctabobics m e passie me G007 el 05 pusel 1068 aclls
[35. 27], wiml couespowd 12 13 o0d amd 005 phi
respecnvely by conuderme taar 1x10" T Srwma pooeyrhe
lonimz e cuuzsalont b U o ocbulas mosm T8 w45 0L
ol wdaccllole: walc welvaee [29. Thus, b seces el s
meoyine megll be wow lomime fn polvnomes; st
Ender o viva corditees Tndnmnaesly. oo eeeyme acmvimes
i1 1ir parssies ave been sgsecsen i doermire whetier the
mreyiue 15 comiasd e e aore spenadae souli=a..

Adobdel D bay been chazaotmmed Son secenal nypaoo
mornatids (resiewed on 107 The enrpmes from the perasibes
are shphiby Tiygher o wos than e marmmaliao enzomes 4%
M ovvresa 38 KD vespec s elyl Toleesimaly, Qe peoasanoe
enmyTes alsa cartan the cnnceresd mett ln Ser Ser wbere
fie mammahan praenmmee & proacesesd ™ prodnce the
acoivaned kotcrorsramenic enTVIn [34] In 3 scmilsr fashion
bo b frapn e vome, pubocsszoe oo wooecssen s acivoalon
ol e wypeavanatd spesuses [30 32]. Howeve, o lIJ!J.
Ay s vAOC 2f 4 4 mNL b3z becn repartcd for e ¥ s
aeeywe _32], wleavas a puaveace el of 001 mbd b
beem Cownsd oo ot pazmaie [33], cuguesiing o owawer ezt cn
e activryr mmcder physwicgical  condibiens Tne tace
Aot o ¥ drwred vel caizels vowcavalod by wady
F0% walh 10 sk pumescme T3X] cugwesima ol e
rezlabary mechanimn diees apt aperate 1 IoFpanasonatds
Teterreninakby. e bz besn doowmesnred fhas ToAdehd=Tc
forme a gersradimer with ar mactive paralen [ermed
prodvmel which meaces e cutaly e ellicieas Cleadn|
from 35 W'Y (i the presencs af anly poerescwe) e |3
10* W' an e aligemesnie farm e fhes preepnes |4
Iae later walae i3 simelar wo et derermined Jor the buman
actvalod miugaoe m e pesawe of pobescus (44 2170
ROET R3] Thas pramymes reralimory raeckanism s panses
gpecific and has boon propozed 3s a masner for .hm,w:mc
cicvenbon I Jacl, the ceeymee selivaly Ls lvw 1 lony
el T brncee passties (1 powl wmt ooe celluln
pregsie™1 |il]; heers lowr |rl'u'r.lh'|r rrncentation might
oidovd e segumed . Howeva, e presoee of polyacooe
Laapolens [dncaa Ledwad precludes Adu?d=DC o be au
aparapriate dmg targed Sor T oo and Dessfueees

0TI 1= a homodimene enryme that catabyzes e tirst
sl ol U pulymoes: Lavsy et pelbway wausbocriing
vausilame o 1.'|L"5.n.1.|.|: Lume HILL VI K1 At vl 001 s
5 amel man™® ne celhilar pretem™’ 10 T oSrecar acd T
riranfoe ers heen derermned |16 57| The B walie for
ornithine of BMOLC is ¢ 28 and [20] indizating Dac @ v
Lis_cupaoe o b beally wweleinl (irad'iio — L0014
con” m") snmeesmope fhar o ndesd he 3 ocaeee
eoeern linn eren af prbeamine sypathasia

Sepuekably, oo fmen vl ODC andergoes o vged
tarnzve, wath badl bves of b=y dem cos Saouz, 1ocuaaad, w
T v anid Leastunamenz fhe tarmaver os omich slower
rosaterringr A hgh O eahiloy wethue dhe ee10 [10] The
Qo aicdde irrzvenaiblie anhibiter LERO (ki 1A s hemhly
rlerhve in the Irsatment ot slesping sickness cased iy T
wrural mpuadera |T8] Akkeoph the homan =azpme = alen
seasitive o the orug, e slowor ocotcin fwmaever of e
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Carveni froy Toogets, TR el 17, % 20 DEIY

cTvme 1 e pacsede makes o mers snsccptbls o DED
tmhibetioa aud thas pelviowne depleame beesiagly, tos
i i nat aa etficsent inhihtor of Tecrimumds doeeeioud and
¥ odrues Mhadesimse UG despite koine also vory shablc
walbiny the wells. which supgesls dullool post-biaslaiieaul
rewabiery peckoniane of de =opane acicly  opces
rarasies A e-::r.lmrmnn hassd e plylazenetie anclyees has
sugeesled thal ¥ Eovcef gombiznse U0 daves Son
Lo voomnlal o haesba cean Bom a vacnue 1].!.-\.1:.. Luatly
lwvirrg bngle spscepibabuy o e whivon [39]. 2o Go, ODC
actrery 11 T i has not heen detecerd [ 30]

In parallcd o g2 vove evedbosic, hiakby actve manpomers
[on polvumecs bave ooy oot @ osowcal  Leisfoomod
spectes. For Lo omeenecerosr muzstigoies, the e vodus (i
rotrescme Al Spd were TE W and 05 00 wrh Fraaw
ahes of 54 and 4 amal me! (oe cslicdar prodead?!
repecinely [380 40] Zmoe Iocresr ks 0D, 0 kas
Aeveloped Tugh affinmy srarspas oestemes far morescine
radaveroe and Spd with Bw walnesor 01687 SR and OR
Ll and Ve u:-.' Pl —ed, cf snd 27 emal min” (me
cellukan prvicany | pesprzlvely delaaoeed o aa beg plias:
spnpasirzeies  [35 11] and  comademis de prolew
rosveri=r vakaes deserdbed 9 [28] Lhue. depeading an the
beyparnmscacale]l spocies wnd die covnoneutal coudi o,
polvnmme bosyulbeas ooy w ooy wot be meelead w0 die
raatral af parasite TIRITH synthesis

e T[Sy Gvnthirsis

JEH Y i vk oznoed by ypendbione synilbectee L,
MC &7 149 by rorpuaaniem teen GR1T maleacnl=s tn 2 Sped
maleritle moan ATP-ronswmans resmaa (Fig 3y Trph sz
MOAMIKE Do L g Evpanosoeacd acacra Crbinaia,
Laisfeeraion wd Drpgrooonsnnr [42-45] Allbwagh woin v
skommnents ke ensyne deplons aeadane acieiy (42, 03]
five Fagh aegatres AT walne Sor the AT bpdralysis reaction
(4.3 halfiel aweJoplied Ly 2, soc Fig. 120 Jon stooc seoawchi:
relomnrlaps) mabe des escion sceutindly wevesile
mnder ploessiogica’ renditers o5 worls menaE Faae
TS spmchess 15 =nemrmefieally cocily as s ATP male-
mukes are consumed oo J05H): svatacsized from the sinale
anes ey e polyaowne compeacnls (g 3)

Tpmesaare ot Tivs (TeTrps) ranoiee other physin
lomeal pararimes el = Sam, amanapregyloadacenne M.
axllpeume, NP oacepdapenadioe aod X acelvkpe:
dine with ditterent afimbes TeTryd shows higher affmsy
For Spim eompaned i ﬁpr’. (Em wzhesz o 315 and 6 8% md
rospeotivelel.  undiaat 3 lower esambrae  cificieney
[gedim) ik Spad. Huhuu bz bovels ol Do 1glul.zl]n.l.m} -
EPrTne A Tooremf spimasmnatas and amasniastes are loorer
[Lonz- 0oy amalea 1 eolle or ve-13 pol accerdny
[2870 voenpened do Qeese of D08HY [L2] whael scpgesds
lowee ploysioboewal aoivigol TeToed wll Spo,

4. TRVPANOTIUTONT DEPENOITNT ANTIOXTANT
MITTATIOT.TRR

TVAH: vanunl alficeauly ieduce prrosidas, msiead, 31 0s
ahle to redice e oxodirsd sleceniey donier sehstrates of
weveral enrvrase of e antemdant mechmeny awh e GEIT
il Asc and the oxigized fares of pe ditheol sedon prodcias
trrparadoom [THI and thiarsdeenie (Tre), the lafter heing
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madineed by theredoson rediicraze [Trelt) o other cell nes
“5], bt aa0 in WwYpaATILALcE. Mogeonor, IS can fxom
complexes wifh beavy metals o dmwes for sher detnctica
aan {Tig ¥) Tecpre dhe precence (0 several parasie styes
of similer conceats of 170HE and GbH (the lamer also
avigy wy au clocion doaer e Ao el TR e supenim
pliyspamlenncy] popane of TEHR Us fealiae s
irt=rartinn wch s recpectree mtistrates s weell ae dhe
sbeonce of GR and Tri ia the pazasitcs 10, 30, make tiz
sml sl @ veivm cxclusmocly dopendenl oe TESH]L [47]

. Lesparedesin (PNN) @ (ke Link betn een 175Hb anad
FevevalAntivsidanl Eocymcs i Trypauesuimalids

Lrrpang somatd TXNg are pant of itha pcmm:t:- deioxi-
Luadon spsemn 1 wlech cloctons we baomsloood, m
sequetce, fvm BMADPH w0 TiSEhw. TO07 wnd Jew, i bwo
opoe of 1EM-deponcoal mtwdmcant cnevmes, the 2-Cve
yievoains |2 !"L't:_l aud Uee waesclenrim glels-
davae pmoxiliss gpe A GEFa) wlock sz de owm
enrymes respnasihle s redorng permxides Tee 3]

LMz are dithiz] poonciss, ootil pow oy dessmibed dn
wypanssuez lels, I.I1.".|]_."-|H.-:I.I.I||_I. Linetizus sicehn b these of
it (G m Tk Doae wiba oogpoiey, howeve,
THNR A an'lﬂ.l'l'El‘i distant relatives of menthers of the Trx
svpetfunby due e o lew poowiege of Scaselegy
(13%] Tupuuesmuaind Ty e anull motens of 144
s areds o lenpgh (095 50&) and shear artiee sites cantan
the oeqoence WEPRPCE, inctead of the WCEGPCHIT)
zimanere preesne o mast e TR s highlr shemdaer inoee
Sarcamdary und oo epiwyineoies, sovovuiere [n 3 5%
af fhe mial solable protein [47] (6r 3 3 0 % mid_ accrnding 1o
te roaverzizn vahes deecnbed abeve aod reported |20,
200 for o Beaece? aa¢ assooin® hat e domaccliair vehunes
e ol oy all aypasscnededs speces ael sege).

The elerkaa traaster from TS to TXIS redaces fhe
dsulfide bridme m oxwlized TEN The sicanal salfrpdod
apouss genesatcd froma this reductica ae o urn wsed 1o
s s disulfide brdecs Tow enwiecd  D3B-doperdeal
perrooiases [TENP] The redrion of exidized TN by
LTsH . aae been postustod as the caie-Hednne step dn the
LA -Cepedan Lydhoperosive vedoc don peibvway basod v
s Losae 5.__1-:l.1r_'|l§a okl ieatrr Kmrsm: 76 x 107
W5 rempanson b thase of the cthes TXIS |I-r!'n-| ir 1r
emlivwadsnl 1mchivas iy ¢ fomgpg — 2% & 107 3785,
Rl g . g 33 % 10® BL'5 [18]. How
aver. considenicg that the ontracellnlar coscertratior of
TR 1= Taph (0 1-7 1 mhT) he TiSITR -TEN redncton
coLpls s satusated with e eithiel [hw =41 M s, e
ek intracelhdar almndance of TR and T 5TT may
rorapensats o the ower specdioy eoncant Tnoaddmon a
more prpsiniopical comparison of kinestic prapsmies saold
consder the cataiaic offizicecios (V. S0 rater thaa the
spocalicily coasbiots ol e antavesdan, reactivae, bocaus: the
farmer arrralres fie desermumanan of the artve ermame
cortent sraresacd made de coll, waereas the larfer makes
wlcrczevs walk e tame calalylic cocsten] )
det=nared w punified fwarve o1 tevombioin] sevpe. T
renaire to b determined whetber 2 viee TV rerhectinn by
ATH ix o Lol @ coabeZleg sk w G sclossdac] sysic
e paaasile.,
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The impartarcs of TR m fie rmmarossmated redox
acesbolizen aad wz axeenes o the haman best mekes i s
sartable dnes t2rpel as peevionsty wigeesrd 130 13] The
cryeizl ametie of the axsdoesd © fFoogeators THHN 54
mav allew for vy drur desing sposzaches Rowever, doe
ter Lz Bagh bevess ol TEN fovod o dee poasiies, oo skowld
Taz awre e olewsa coanplels mboleiom (95%) i ke
erpresemna af fhis arotein has m be whisved 0 order o2
aficet e pasasive @ redod nectabolizen Lhs, 1XD 48 not o2
appropeisls larget fo doug-dossgn st dacy

bl L3 M-Depeydent Anlivcidm| Eoeymes

Rednred TR 1= the slecron donar of mon e mepes of
TXN-dopendent amicmidan: mepmes: the 2-Cve-Ivs (EC
LT30S sl e mom-acleravin giutalbnomc-poogidas wpe
DT perossd pee {ue=PIALEC LIL LAY {Fia. 3]

The srarwsamand 2-Cve-Pres cantun tan maaoered
Cve nesidigs 1 VOl metfs wheed ace npeal ef Lot from
soveta] pgamaaes [_rl] Tla pmastac sclive aooocs @
hamn-daramers of 72 kTia per oitoenr The 1100, redncfiees
reactien imvalves che emidation of Ove =2, produciog a
sulface acsd diedvalive (R-S00-K) el viclding 2 H0
mulecules. The wodified Cps wespdue Dol vescis wah
l.'.j.r'- 7% af ancter wihamt oo the ol zomer | esmblelung an

A==zt I.l:l.l:il disullele beedye wlach i Qualva wodeecd by
oy cIn whbkrou w EAQ: (e 2 Cws Biks we albde 1o
ﬂr‘h‘m:ﬁr shart fhar ar aamir peraxids=s and perosymibice
4% T rootbe loew Kue valines of 2-0ys-Pres for TEW
t1and 1 U fer Lo domawen? snd § e reenerrively]
31, 53] wmd the bl copvenation ol TA0Y m e parasiies.
the * {Fs Pras are sxpectsd In e satwrated ack TN
Mersaver, T Amvend Tre ean aka rediee 2-Cye-Pres itk a
specifisin: czasmat of 2am10” M s, an order of panaimde
Jorwca el peduclor LUﬂ:I];J.l«.‘l’J 'u.iJ_ ikal depleved welk
O fwepcravie TAIT (29x107 MDD [56] The =Chesewn
wagsfer of reductive equivalenss borweet BEM md -
Uyl ol the lagl cataly e ellimmey of e ot oo
aovn bowlae peessde deweaficalion svaen

[
Sl

Mancriznal vananans depersling on snbrelhclar lecanaa
bre beca foond fer 2-Uve-lme la X oowcfoa rynaske
s e (TP appoas W be a DX Brmologas wilh
1.n_u.11.1]£ wereral peosude aavenenig (ot Io oo (ke
mitachondres] eesnmyme (TEWPX) localimed i the wicncby
al e bcloplast, appercally bos & prolccive L[uncboa
agrimad pervoede mediated doowge W be atodiendiod
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activity. Instead, this enzyme shows high peroxidase activity
with linoleic hydroperoxide (1 umol min™ mg protein™). The
leishmanial TST 1s localized on the surface of the ER
probably to protect the membrane from oxidative damage
[72].

5. TRYPANOTHIONE REDUCTASE (TRYR). THE
REGENERATING ENZYME

TrvR (EC 1.8.1.12) is a flavoenzyme that catalyzes the
reduction of trypanothione disulphide (TS;) at expenses of
NADPH oxidation (Fig. 3). Hence. TryR 15 the main link
between the cellular reductive power and the antioxidant
system.

TryR from several trypanosomatids has been charac-
terized. The enzyme is particularly abundant m T cruzi,
reaching an intracellular concentration of 125 uM [73]
TryR activity values of 60 and 220 nmoles min™ (mg cellular
protein)? and 130 nmoles min” (10% cells)”’ (which is
equivalent to 260 nmoles min'(mg cellular protein)”
assumung the converting values described above) have been
determmed 1 L. donovani, T. cruzi and T. brucei cellular
extracts. respectively [74. 75]. These activities are high
compared to those of the GSH- and T(SH):- synthesis
pathway enzymes found i L. tarentolae [19]. Purnified TryR
(native or recombinant) shows Em values for oxidized TS,
and NADPH of 18-50 puM and 1-20 puM, respectively [76-
79] and VPmax for the recombinant L. donovani and T. cruzi
enzymes of 112.7 and 143.2 pmoles min™(mg protem)™.
respectively [80. 81] No allosteric properties have been
described for this enzyme. The low Km values for its
substrates and the high TryR concentration in the parasites
ensures the mamntenance of T(SH), in its reduced state,
especially when parasites are under oxidative stress
conditions.

TryR crystal structures from C. fasciculata and T. cruzi
have been described [82. 83] TryR is a homodiumer of 100
kDa (50 kDa per subunit); each subunit is constituted of
three or four domains [82-84] 1n which domains I and IT bind
FAD and NADPH. respectively. The active site 1s formed by
Cys 53, Cys 58 and His 461 which are situated in a cleft
found in the interface between domain I of one subunit and
domain T of the partner subunit [83. 84]. These cysteine
resitdues m T cruzi TryR are essential for catalysis. with Cys
53 directly mteracting with TS, and the thiolate of Cys 58
mteracting with FAD [80. 85].

Trypanosomatid TryRs not only have low identities
(~35%) at the primary sequence level with human GE. but
they also display great structural differences mainly at the
Spd moiety binding site, which results 1n a high specificity
for their respective substrates. Wath the aim of understanding
the molecular basis of these differences. site directed muta-
genesis analyses have been conducted to obtam GR mutants
with TryR activity and vice versa [86-88] The main
difference between both enzymes resides in the charge of the
active site. TS, 15 a positively charged and bulkier molecule
than GSSG (Fig. 2); hence TryR active site 15 wider,
hydrophobic and negatively charged than the GR active site.
Therefore, G55G has more conformational mobility freedom
in the TryR active site which decreases the binding energy
available for catalysis [89]. Because TryR 1s only present in
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trypanosomatid parasites and has multiple  structural
differences with human GR. it has been the drug-target of
choice for structure-based dmg design studies.

6. TRYPANOTHIONE METABOLISM AS A POTEN-
TIAL THERAPEUTIC TARGET FROM A METABO-
LIC REGULATION POINT OF VIEW

Since T(SH); metabolism 1s unique in trypanosomatid
parasites. all enzvmes involved 1n its synthesis and utiliza-
tion have been considered as suitable targets for therapeutic
mtervention. In addition to studies where specific mhibitors
have been designed and tested, the in vivo effects of down-
regulating several enzymes of this antioxidant metabolism
have been analyzed by using either chemical or genetic tools
such as targeted gene replacement, gene disruption or RNA
interference (RMNAi). the latter being only available for T
brucei. In this section we describe and analyze the available
data on inlubition of T(SH), metabolism enzymes and
telated protems (Table 2) amming to its potential as drug
targets based on what 1s known about the control of
metabolic pathways.

6a. yECS Inhibition

Gene knockdown by usmg RNA1 of vECS m T brucei
promotes cell death after 4-6 days of mterference mduction,
condition under which the parasites display 80% decrease in
the GSH and T(SH), pools [90] (Table 2). However. addition
of 80 uM GSH to transformed cells allows for cell growth
tecovery. This result mdicates thar the parasites are able to
transport GSH from the medmm thus circumventing the
lack of de nove GSH synthesis [90]. A potent mnhibitor of
YECS 15 buthionine sulfoximine (BSO; Fig. 1B). When BSO
(30-120 uM) 1s added to T brucei unmduced yECS RNA1
cells, the thiol-molecule pools dimmish at a similar extent to
that shown in the RNA1 induced parasites; however, in the
latter case. cell growth 15 not reverted by GSH supplemen-
tation. This suggests that BSO may also affect the plasma
membrane GSH transporter or other enzymes wvolved n
GSH synthesis [90].

Heterozygous mutants lacking one allele copy of YECS m
Lesihmania infantum showed 50% decreased GSH and
T(SH); pools making the parasites highly susceptible to
oxidative stress damage caused by H,O; and pentostam as
well as decreased survival in activated macrophages [118].

A similar 70-80% decrease in thiol-molecules content is
obtained by treating any of the three T cruzi stages with 500
uM BSO, a decrease which correlates with a shghily higher
susceptibility of the parasites to mfurtimox and benznidazole
[91] (Fig. 1A). Moreover, the combination of BSO and
nifurtimox mcreases the survival rate of treated versus con-
trol mice, although parasitaenua levels are not significantly
different between BSO alone and BSO plus mfurtimox
treated mice [92]. This suggests that the treatment with BSO
may diminish the foxic effects of nifurtimox. However.
severe stde-effects on the host physiclogy by admnistration
of this combination of drugs might develop. The combined
therapy might mduce potentiated side-effects by decreasing
the thiol-molecules content m the patient, as BSO also
mhibits human YECS (and maybe other GSH-related
enzymes). Nonetheless. a promising observation 1s that BSO
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Table 2. Phenorypic Effects of Decreased Expression/Inhibition of T(SH), and Polyamine Pathway Enzvmes
Remaini Free thiol content Polvamine and its precursors
i:ﬁl‘:‘:‘_ng (% of the control) contents (% of the control)
Enzyme : Biological effects Refs.
(6iof the | AdodMey
control) GSH T(5H): Spd | Putrescine d.-'!.dc-r}fet
o Cell death m culture and m Vero infected cells [90.92
TECS 20-30 5"}' 8-30 » ¥ * Deecrease survival in macrophages. Higher 1 L-S] :
susceptibility to oxidative stress.
< E Cell death m culture; sensitivity to oxidative
TryS 15 483 14 110 91 stiess s traes [29.98]
; % & £ Loss of parasite virolence in mice and viability 73.99-
TryR 10-30 100 100 PR 101]
Growth inhibition in cultvre; no susceptibility 1
et el £ * * ® * 8 3
e 2 to hydrogen peroxide o
b= 14 i * x4 % & Growth mhibrtion m culture; mereased [103]
CysPrx i susceptibility to H,O.
TXNI 3 200 300 * * * Increased sensitivity to H-O: in cell culture [104]
50- s < 11- 100/400- (Cell death m culture. Growth inhibition by [27.107,
0pe f10 175 0| s o 4000 DEMO treament. 10.110]
Cell death in culture. Over-expression of ODC
and AdoMetDC prozyme (7 and 23 fold. 37111
AdoMetDC 10-20 80 =5 40 600 150-2000 respectively). Decreased parasitenua in rats. "1’1,] .
Improper methylation or hypermethylation of -
proteins and DNA
AdoMetDC 0 30- <5 5 1000 0 Cell death in culture. Five-fold overexpression [27,
Prozyme 30 of ODC 111]
Spds =10 125 =3 20 30 100/18.000 | Cell death probably by dAdoMet accumulation [27]
*Not determned.

has been also used to potentiate the effect of antineoplastic
drugs for cancer treatment [93].

Because yECS 15 assumed to be the rate-limiting step of
GSH synthesis due to its feed-back inhibition by GSH, drug
targeting of this step seems approprate for therapeutics.
However. according to Metabolic Control Analysis (MCA)
studies [94. 95] the degree of control (control coefficient)
over the pathway flux or mctabolitc concentration 13 not a
permanent. mtrmsic property of a pathway enzyme; mstead,
1t 15 a systenuc property which depends on the functioning of
all the pathway enzymes and how they respond to the
metabolite concentration and environmental changes under a
specific cellular steady-state condition [95]. Two important
implications of the MCA framework is that all the participat-
ing enzymes share the pathway control in different degrees
and that an enzyme may exert significant flux control vader
an experimental or in vive condition whereas it might not be
a controlling step under other conditions [95]. Such case has
been observed for yECS in a model of metal resistance in
plants, where YECS has high control on GSH concentration
under non-stressing conditions, but its degree of control
diminishes under oxidative stress conditions. where GSH
content 1s low and thus, feedback mhibition on YECS 1s not
an efficient regulatory mechanism [96]. Moreover, as GSH
mhibition over YECS 1s of the competitive type agamst Glu
[17]. the higher levels of the latter under oxidative stress
conditions also attenuates the effect of the feed—back
mhibition [96]. Remarkably. under both conditions. the
GSH-consuming processes have an important control on the

tate of GSH synthesis and 1ts cconcentration [96]. This 1s
agreement with other analyses made by MCA which indicate
that the steady-state flux of any metabolic pathway depends
not only on the processes mnvolved in its synthesis. but also
on the processes that consuming 1t (supply-demand theory)
[97].

Other considerations have to be taken mto account when
sclecting vECS as drug-target. For mnstance. alternative sour-
ces of GSH supply may exist such as extracellular GSH
transport. as documented for IT drucei [90]. which would
make yECS an madequate target However. because of the
low levels of yECS activity in the parasites, it might still be
advantageous to tackle this enzvme. which would require the
design of potent and specific inhibitors mainly targeting
parasite’s YECS or GSH- metabolism enzymes but not the
host enzymes.

6b. TryS Inhibition

A 10-fold decrease in TryS by RNA1 m T brucei mnduces
14-fold increase mn free GSH and 5-10 times decrease in
T(SH), and glutathionyl-spermidine levels (Table 2) [29,
98]. Remarkably. Western blot analysis reveals 3-fold inc-
tease in YECS and TryR and 2-fcld decrease in ODC protein
levels m such transformants. These results suggest the onset
of a compensatory mechanism that increases GSH concentra-
tion and TS, reduction rate to preserving T(SH), levels (Fig.
3). Since TryS is not completely absent m the transformed
parasttes as analyzed by Western blot (1n fact. no complete
absence of the protein 15 a common result in RNA1 down-
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Conclusiones principales de la revision

Después del analisis de la literatura reportada sobre esta via metabdlica
llegamos a la conclusion de que con los ensayos de inhibicién genética se pudo
determinar que todas las enzimas de la via son esenciales para la supervivencia o
manejo del estrés oxidante de los parasitos T. brucei y Leishmania. Sin embargo,
como todas las enzimas resultaron esenciales, consideramos que se deben de
aplicar criterios adicionales para identificar, de entre todas las enzimas, aquellas que
no tienen que inhibirse en alto grado como la inhibicion genética para tener un efecto
negativo en el funcionamiento de la via metabdlica. A qué me refiero con esto. Si se
analiza la estructura de cualquier via metabdlica, disminuir la expresién en mas del
80% de cualquiera de sus enzimas crea una interrupcion en el flujo de la via por lo
que en tales condiciones cualquier enzima sera esencial para el parasito. Sin
embargo, las enzimas tienen diferentes grados de participacion en el funcionamiento
de la via metabdlica; esto es, existen enzimas lideres que son capaces de
determinarla velocidad a la que trabaja la via; mientras que otras enzimas
simplemente van a catalizar su reaccion a la velocidad que les marcan las primeras.
Algunas caracteristicas de las enzimas lideres es que tienen inhibidores metabdlicos
(son reguladas alostéricamente) o son poco abundantes en las células o catalizan
reacciones irreversibles; ejemplos de las segundas son enzimas abundantes en las
células, catalizan reacciones cercanas al equilibrio y son muy eficientes
cataliticamente. En el caso de la inhibicién genética, los porcentajes de inhibicion de
la expresion de la proteina son tan altos que alcanzan el umbral de inhibicién en que
todas las enzimas, tanto las lideres como las que no lo son, se convierten en pasos
limitantes. Por lo tanto, ademas de los criterios de esencialidad determinada
genéticamente se deben de considerar la abundancia de las enzimas en el parasito
(Vm), sus afinidades por sus sustratos, productos y efectores lo cual determina su
eficiencia catalitica (Vm/Km) en la célula, asi como las concentraciones intracelulares
de los metabolitos pertenecientes a la via metabolica. Esto quiere decir que si
queremos disminuir el flujo de una via metabolica se deben de inhibir principalmente
aguellas enzimas que tienen esa funcion de lider ya que probablemente se requiera

menor concentracién de un inhibidor que al tratar de inhibir una enzima que en la
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célula es muy abundante o muy eficiente cataliticamente. Desde el punto de vista del
control del metabolismo, las enzimas cataliticamente menos eficientes de la via

determinaran o controlaran la velocidad de sintesis del metabolito de interés.

Considerando las caracteristicas cinéticas de las enzimas, su contenido de
enzima activa en el parasito y analizando las concentraciones de metabolitos
reportados en las células propusimos en este articulo que la YECS, la TryS, y el
suministro de poliaminas (constituido por la ornitina descarboxilasa (ODC), la S-
adenosilmetionina descarboxilasa (AdoMetDC) y los transportadores de poliaminas)
podrian ser las enzimas que predominantemente controlan la sintesis de T(SH), en
los tripanosomatidos. Por lo anterior, se consideré que estas enzimas tienen un
mayor potencial terapéutico y por lo tanto su inhibicion puede afectar esta via
metabolica esencial para el parasito.

Por otro lado, después de este analisis metabodlico consideramos que la TryR y
las enzimas del sistema reductor de hidroperdxidos, aun cuando pueden
considerarse blancos terapéuticos, su inhibicién puede no ser tan efectiva en
disminuir el flujo de la via debido a que estas enzimas son muy abundantes y
cataliticamente muy eficientes en el parasito. Por ejemplo, a pesar de que se pudo
disminuir en altos porcentajes la actividad de la TryR en T. brucei y Leishmania, las
pozas de GSH y T(SH), permanecieron constantes, lo que sugiere que la enzima
tiene una gran capacidad para contender con el estrés oxidante y que solamente un
10% de la actividad es necesaria para la sobrevivencia del parasito. A pesar de este
altimo hallazgo, la TryR es la que mas se estudia para el desarrollo de farmacos, ya
sea por disefio racional o por la identificacién de compuestos inhibidores a través de
cribados de librerias de un alto numero de compuestos (“high-throughput
screenings”) (Martyn et al, 2007; Holloway et al, 2007; Holloway et al, 2009). A la
fecha se han reportado mas de 100 trabajos al respecto y en promedio se publican
alrededor de un articulo de investigacion al mes en los que se describen inhibidores
para esta enzima. Sin embargo, a pesar de que se han logrado disefiar o identificar
inhibidores altamente potentes y especificos para esta enzima, muchos de ellos

afectan el crecimiento de parasitos en cultivo a concentraciones micromolares o
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tienen poco efecto para contrarrestar la infeccion en modelos animales. Nosotros
sugerimos que debido a la gran abundancia de la enzima en los parésitos y a su alta
capacidad catalitica esta enzima es un blanco terapéutico que presenta dificultades

para ser considerada como tal.

La conclusion del analisis cinético y la propuesta que se hizo en el articulo de
revision fue que deberian buscarse inhibidores de aquellas enzimas que de
antemano son limitantes en los parasitos. Ademas se enfatizé que para la validacién
de blancos terapéuticos en el metabolismo antioxidante de los tripanosomatidos se
requieren aplicar criterios adicionales a los de validacién genética, es decir, que
aunqgue las enzimas sean esenciales, deben de tener una funcion principal en

controlar la via metabdlica.
1.6. Estrategias actuales de validacion de blancos terapéuticos

Desde la descripcion inicial de las vias metabdlicas y hasta la fecha, algunos de
los criterios para seleccionar blancos de intervencion terapéutica para combatir
enfermedades tales como el cancer o algunas generadas por organismos patdégenos
se basan en disefar farmacos contra las enzimas que se reportan como las enzimas
“marcapaso”, “cuello de botella” o “paso limitante”. De manera alternativa se
considera a las enzimas particulares de parasitos que no estan presentes en el
hospedero humano o aquellas que estan modificadas en el proceso patoldgico o, en
altimo caso, a las enzimas modelo de estudio del investigador. Ademas de los
problemas de accesibilidad del farmaco al blanco y de problemas de toxicidad para el
hospedero, la seleccién de un blanco terapéutico inadecuado puede llevar al fracaso
a una buena estrategia terapéutica farmacolégica. Debido a esto, es necesario
realizar una validacion y caracterizacion adecuada de los blancos terapéuticos con lo
cual se podran disefiar farmacos que cumplan con las caracteristicas requeridas para
gue un farmaco sea clinicamente exitoso (TPPs; Target Product Profile) (Wyatt et al,

2011).
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De acuerdo con la Unidad de Descubrimiento de Farmacos de la Universidad
de Dundee, Reino Unido, la valoracién de enzimas para el disefio de farmacos debe

cumplir con las siguientes caracteristicas:

1) una estructura potencialmente adecuada para la union de un inhibidor
(druggability) o bien que ya existan inhibidores de esa enzima.

2) que no exista un homologo en el hospedero o que en su caso no sea esencial
para el mismo.

3) que no tenga isoformas que puedan no ser inhibidas (potencial de resistencia).

4) que se cuente con informacién estructural de las proteinas (cristales a una
resolucion de <2.3 A).

5) que se tenga la validacion genética y quimica de que esa enzima es esencial para
el crecimiento y la supervivencia del organismo.

Sin embargo, en cuanto a este Ultimo requerimiento existen varias desventajas
ya que existen pocos inhibidores altamente especificos que afecten solamente un
blanco. Asi mismo, desde el punto de vista genético, esta estrategia no permite
identificar blancos que no sean genes, no distingue entre requerimientos
estructurales y cataliticos, pueden existir genes multicopia, asi como tener
mutaciones compensatorias. Ademas en algunos organismos no existen las técnicas
necesarias para realizar este tipo de ensayos genéticos tales como knock-out o
knock-down (Wyatt et al, 2011).

Considerando esto, el analisis de control metabdlico (MCA por las siglas en
inglés de Metabolic Control Analysis) es un enfoque bioquimico que puede ser
adicional a la validacion genética para la busqueda de blancos terapéuticos ya que
permite resaltar de entre todas las enzimas consideradas esenciales genéticamente,
a aquellas que son lideres en la via metabdlica y que por lo tanto requeriran ser
inhibidas en menor grado para obtener un efecto negativo en la via. Ademas, es una
alternativa de validacion de blancos terapéuticos en organismos en donde los
ensayos genéticos son limitados, tales como T. cruzi y tiene la ventaja adicional que

no requiere a priori la utilizacion de inhibidores especificos para cada enzima.
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1.6.1 Estudio de redes metabdlicas para la identificacion de blancos terapéuticos

En el marco de un enfoque metabdlico, las enzimas con mayor potencial
terapéutico en una via metabolica deben ser aquéllas que tienen un control
importante sobre su funcionamiento, es decir en el caso que nos ocupa en esta tesis
del metabolismo del T(SH),, son aquellas que controlan el flujo de sintesis y la
concentracion del metabolito. Por lo tanto, en lugar de analizar el potencial
terapéutico estudiando las enzimas aisladas, se requieren analisis sistémicos, es
decir, enfoques en los que se evalla la participacion de cada enzima en el control de
la red metabdlica completa. Por lo tanto, se decidio aplicar el MCA el cual es un
enfoque de la Bioquimica actual que estudia el control del metabolismo de tal manera
gue permite determinar cuantitativamente la importancia relativa de cada enzima en
el funcionamiento de la via completa, ademas de que ayuda a identificar los

mecanismos por los cuales una enzima controla o no controla una via metabdlica.

1.6.2 Fundamentos del MCA

La teoria del control metabdlico (MCA) cuyos fundamentos se establecieron
formalmente desde finales de 1970 ha demostrado experimentalmente que el control
de una via no reside Unicamente en una enzima (el rate-limiting step) sino que esta
distribuido en diferentes grados en todas las enzimas de la via, incluyendo a las
reacciones que suministran y consumen un metabolito. Asi, este enfoque descarta la
existencia de una Unica enzima o paso limitante en las vias metabdlicas y el control
del metabolismo lo analiza de una manera mas dinamica (Fell, 1997; ver articulo por
Moreno-Sanchez et al, 2008 del cual soy coautora en el anexo de esta tesis para una

explicacion mas detallada del MCA).

El MCA permite determinar de manera cuantitativa el grado de control que
ejerce cada una de las enzimas de una via metabdlica sobre su flujo o sobre la
concentracion de un intermediario. El grado de control que una enzima tiene sobre el
flujo de la via se denomina coeficiente de control de flujo (Cb{l.) mientras que el que
tiene sobre la concentracion de un intermediario es el coeficiente de control de

concentracion (CX) donde C es coeficiente, J es flujo, X es la concentracién del
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metabolito y Ei es la actividad de la enzima/transportador/proceso celular i de la via

metabdlica.

El Cb{l. se define matematicamente (Ecuacion 1) como la variacion en el flujo J
de una via metabdlica cuando la actividad de una enzima se modifica
infinitesimalmente (dJ/dEi). Para que el coeficiente carezca de unidades, se
multiplica por el factor escalar (Eip/Jo) el cual representa la actividad enzimatica de la
reaccion metabdlica y el flujo de la via en condiciones control previo a la
manipulacion de la actividad enzimética.

cl = :E—J'i—:' (Ec. 1)

La suma de los coeficientes de control de flujo de todas las enzimas de la via
debe de serigual a 1 (Teorema de la sumatoria). Esto quiere decir que el 100% del
control recae solamente en las reacciones de la via metabdlica (Fell, 1997; Moreno-
Sanchez et al, 2008). Por ejemplo, en una via metabdlica lineal, una enzima que
tenga un coeficiente de control de flujo de 1 (esto es, un verdadero paso limitante)

sera aquella enzima que al variar en la célula en un 1% su actividad, el flujo

metabolico variara en un 1%.

Por otro lado, el CZ; se define como el cambio en la concentracion de un
intermediario de la via al variar la actividad de una enzima de la via metabdlica,

multiplicado por el factor escalar

dx¥ Eio

2= % (Ec.2)

La suma de los coeficientes de control de concentracion de las enzimas sobre
un metabolito particular debe ser 0, debido a que van a existir enzimas que lo
producen pero también otras que lo consumen (Moreno-Sanchez et al, 2008). Es
necesario enfatizar que los Cbli y C#; son propiedades sistémicas de las enzimas, es
decir que solamente pueden determinarse cuando las enzimas estan trabajando en
la via metabdlica, por lo que sus valores no pueden deducirse estudiando las

enzimas aisladas.
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Para determinar experimentalmente el ¢/, de una enzima en la via se debe
variar la actividad de ésta en la célula, manteniendo constantes la actividad de las
demas enzimas de la via. La gréfica tedrica que se puede obtener se muestra en la
Figura 5. El CJ; se calcula de la pendiente de la recta tangente (la derivada) en la
actividad fisiolégica de enzima (100% de actividad). La figura 5 muestra la titulacion
de dos enzimas con diferente grado de control. Cerca del punto de interés del 100%
de actividad enzimatica es claro que la variacion en la actividad de la enzima E1
tiene grandes cambios en el flujo de la via; por otro lado, la enzima E2 es saturante
para el flujo metabdlico ya que si se disminuye su actividad no se producen
decrementos significativos en el flujo. En el ejemplo sencillo de la figura, la enzima

E1 tiene mayor control de flujo que la enzima E2. Cabe mencionar que el 100% de

actividad de cada enzima en la célula puede ser muy diferente; en el caso del

ejemplo anterior, la actividad enzimatica de E2 debe ser por lo menos un orden de

magnitud mayor que la de E1, de tal manera que ésta ultima es la que esencialmente

controla el flujo de la via.
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Fig. 5. Determinacion experimental del coeficiente de control de flujo Este coeficiente se
determina modificando la actividad de una enzima y midiendo el flujo de la via metabdlica en cada

condicién. El ¢/, sera la pendiene de la recta tangente en las condiciones control (100%). La enzima
1 (E1) tiene un control mayor que la enzima 2 (E2) (Modificado de Saavedra et al, 2011)

Los CJ; y CX de las enzimas estéan directamente relacionados con sus
propiedades cinéticas individuales a través del coeficiente de elasticidad (%), el cual
se define como la variacion en la velocidad v de una enzima i de la via cuando uno

de sus ligandos (sustratos, productos o moduladores alostéricos; X) varia en

proporciones infinitesimales.

dvi o

& = ax  wio (Ec. 3)

Es necesario distinguir que a diferencia de la grafica de una cinética enzimatica
clasica en la que se varia el sustrato y se mide la velocidad parcial de la enzima en el
ensayo, en el caso del coeficiente de elasticidad la vi se refiere a la velocidad va la
gue trabaja la enzima i en la via metabdlica completa. Por ejemplo, para el caso de
una via lineal, la vi corresponderia al flujo total de la via metabdlica ya que en el
estado estacionario metabdlico, todas las enzimas de la via estan trabajando a la

misma velocidad parcial. Los €% pueden ser positivos si el ligando incrementa la
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velocidad de la enzima en la via y son negativos si el ligando disminuye la velocidad.
En otras palabras, el €% describe la capacidad de respuesta de cada enzima a
cambios en la concentracion de los metabolitos en el estado estacionario metabolico.
Por ejemplo, si al variar la concentracion de uno de sus sustratos en la célula la
enzima no incrementa su velocidad (por ejemplo cuando ésta ya se encuentra
saturada por el ligando) la enzima tiene una elasticidad cercana a 0 (€% = 0) y pone
un freno al flujo de la via. Al contrario, si la enzima puede responder
satisfactoriamente a los cambios en las concentraciones de sus ligandos en la célula,
la enzima tendré una elasticidad alta (€% = 1) y no representa una limitacion al flujo
de la via. Esto quiere decir que el Cél. de una enzima con una elasticidad baja hacia
el sustrato, tendra un coeficiente de control alto sobre el flujo de una via debido a que
ya no puede variar su velocidad al presentarse un cambio en sus ligandos; por otro
lado, una enzima con elasticidad alta tendr& un control bajo sobre el flujo de la via ya
que podra ajustar su velocidad a los cambios en la concentracién de sus ligandos
dependiendo de las necesidades (Fell, 1997; Moreno-Sanchez et al, 2008).

A partir de los coeficientes de elasticidad y aplicando el Teorema de la
conectividad que dice que la suma de la multiplicacién de los coeficientes de control
por la elasticidades es igual a cero, se pueden obtener los Cb{i de cada enzima de la

via metabdlica.

c £l
ER (Ec. 4)

Para determinar estos coeficientes de control se requiere de un gran esfuerzo
intelectual para poder disefar los experimentos de manipulacién de las actividades
enzimaticas en la célula y llevar a cabo el experimento que se muestra en la Fig. 5 o
para disefar la estrategia experimental para determinar los coeficientes elasticidad
para poder calcular los coeficientes de control de cada una de las enzimas de una
via metabdlica. Sin embargo, el desarrollo de herramientas bioinforméaticas

poderosas y la evolucion del MCA como un enfoque de Biologia de Sistemas
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(Systems Biology) ha permitido poder construir modelos cinético-mateméticos que

pueden replicar el comportamiento de la via in vivo.

1.6.3 Biologia de Sistemas y Analisis de Control Metabolico

La Biologia de Sistemas (SB; o Systems Biology) es la ciencia que se enfoca en
estudiar las funciones biolégicas que emergen de las interacciones entre los
componentes de un sistema que no se puede dilucidar cuando se estudian de
manera aislada (Westerhoff, 2011). Por ejemplo, cuando las enzimas trabajan en
una via metabdlica emergen propiedades regulatorias entre ellas las cuales no se
pueden dilucidar facilmente cuando se analizan las propiedades cinéticas

individuales de cada enzima.

Se puede considerar que la biologia de sistemas es la fusion de dos ramas del
conocimiento cientifico, la biolégica y la matematica. La rama biolégica inicié con el
desarrollo de la biologia molecular, desde el descubrimiento del cédigo genético y se
fue desarrollando hasta llegar a la secuenciacién de genomas de diversos
organismos (Westerhoff y Palsson, 2004). Esta rama se desarroll6 posteriormente
hasta la gendmica funcional (Westerhoff et al, 2007). Por otro lado, la parte sistémica
o0 matematica de SB ha evolucionado desde sus bases, la termodindmica alejada del
equilibrio (la cual buscaba explicar y cuantificar la interaccion entre sistemas
acoplados) y la cinética enzimética, hasta el desarrollo de modelos matematicos que
buscan integrar y analizar a la célula como un sistema y de esta manera entender
por qué las macromoléculas funcionan diferente cuando se encuentran aisladas y
cuando funcionan en un sistema complejo como lo es una via metabdlica o una via
de sefalizacion (Westerhoff y Palsson, 2004; Westerhoff et al, 2007). Este tipo de
analisis se basa en enfoques tales como el MCA (Westerhoff y Palsson, 2004).
Actualmente, la SB une estas dos ramas para poder analizar al sistema completo
(Westerhoff y Palsson, 2004) y no solamente analizar al sistema desde un punto de

vista de biologia molecular o del control de una via metabdlica sino entender los
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mecanismo de regulacion que subyacen en el funcionamiento de una célula
(Westerhoff et al, 2010).

Existen dos tipos de enfoques de SB a través de las cuales se pueden estudiar
los sistemas bioldgicos. El primero es conocido como el “top —down systems
biology”, el cual busca patrones de comportamiento a partir de un todo (de lo
general) y busca desarrollar leyes empiricas y relaciones causa-efecto (Westerhoff,
2011). De esta manera, el enfoque “top-down” es un método que caracteriza células
utilizando sistemas provenientes de los “omics” (por ejemplo, transcriptomica y
metabolomica) combinados con modelos matematicos (Bruggeman et al, 2007). El
otro enfoque es el “bottom-up systems biology” el cual estudia las propiedades
individuales de los componentes mas basicos, es decir las enzimas y las
propiedades que emergen al interaccionar unas con otras, es decir al formar parte de
vias metabdlicas o de sefalizacion (Westerhoff, 2011). Por lo tanto, el enfoque
bottom-up construye un modelo matematico detallado basado en las propiedades

moleculares de los componentes individuales del sistema; este enfoque permite

realizar un estudio cuantitativo y predictivo asi como entender los mecanismos de

regulacion y control que subyacen en los diferentes procesos celulares (Bruggeman
et al, 2007). La construccién de modelos cinéticos de vias metabdlicas como el que
se desarrollé en este proyecto de tesis de doctorado es parte del enfoque bottom-up
SB el cual integra la informacion obtenida de enzimas individuales en un programa
de cémputo para producir un modelo matematico que pueda predecir el

comportamiento de una via bajo ciertas condiciones fisioldgicas.

1.6.4. Modelado metabdlico y MCA para la identificacion de nuevos blancos
terapéuticos

Una manera de determinar la distribucion de control (coeficientes de control) de
las enzimas de una via metabdlica es a través de la construccion de un modelo
matematico que pueda predecir el comportamiento de la via. Estos modelos permiten
analizar un sistema que es dificil de entender debido a la magnitud o grado de
complejidad (Wildermuth, 2000). Los modelos cinético-matematicos que pueden
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realizar MCA consideran la estequiometria de cada una de las reacciones, las Km, Ki
y Kp de cada una de las enzimas por sustratos, productos y efectores, las
ecuaciones de velocidad de cada una de las enzimas, las Keq asi como las
velocidades de las enzimas, concentracion de intermediarios intracelulares y flujos
metabdlicos en la misma célula y en un estado metabdlico especifico (Moreno-
Sanchez et al, 2008). De estos datos, los parametros individuales de las enzimas
(cinéticos y termodinamicos) asi como los valores de Vmax en el extracto se utilizan
para la construccion del modelo, mientras que los flujos y la concentracion de
intermediarios se utilizan para su validacién. Una vez que se cuenta con esta
informacion experimental se utilizan programas de computacion de modelado
metabolico tales como Metamodel (Cornish-Bowden y Hofmeyr, 1991), WinScamp
(Sauro, 1993) (http://www.sys-bio.org/) PysCES (http://pysces.sourceforge.net)

(Olivier et al, 2005). Uno de los mas utilizados es el GEPASI (http://www.gepasi.org/

; Mendes 1993) y su actualizacién COPASI (Complex Pathway Simulator
(http://www.copasi.org; Hoops et al, 2006).

Las ventajas que presentan la construccién de estos modelos es que pueden
describir el comportamiento de una via en un estado estacionario evaluado
experimentalmente y permiten analizar la respuesta de todo el sistema a diferentes
perturbaciones hipotéticas (Moreno-Sanchez et al, 2008; Wildermuth, 2000). El
modelado metabdlico permite identificar propiedades nuevas del sistema que no se
pueden determinar estudiando a las enzimas de manera aislada (Westerhoff, 2011,
Kolodkin et al, 2011). Por otro lado, un modelo cinético validado, puede ser utilizado
como un laboratorio virtual en el que se pueden integrar concentraciones de
metabolitos y actividades enzimaticas intracelulares determinadas en otros estados
estacionarios para poder predecir el comportamiento de la via metabdlica en esa
nueva condicién. Uno de los objetivos mas ambiciosos del modelado metabdlico es
construir células virtuales (“silicon cells”) de modelos bioldgicos que ayuden a
entender los mecanismos de regulacion metabdlica o de transduccion de sefales
gue subyacen en el comportamiento celular y aplicar estos modelos a la

biotecnologia y a la medicina (Snoep, 2005).


http://www.sys-bio.org/
http://pysces.sourceforge.net/
http://www.gepasi.org/
http://www.copasi.org/
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Una de las aplicaciones méas importantes del MCA y de SB es la identificacidon
de blancos terapéuticos. Los coeficientes de control de cada enzima permiten
determinar qué enzimas/transportadores o procesos celulares ejercen un control
importante en el sistema de tal manera que nos pueden permitir establecer
prioridades de blancos terapéuticos en una via metabdlica para su intervencion
farmacoldgica. Por lo tanto, los mejores blancos terapéuticos son aquellas enzimas
que tengan los coeficientes de control més altos ya que serd necesario inhibirlas
poco para obtener un efecto importante en el flujo o en la concentracion de un
metabolito (Fig. 5) (Moreno-Sanchez et al, 2008; Saavedra et al, 2011). Asi,
inhibiendo a las enzimas que mayoritariamente controlan la via se pueden utilizar
menores concentraciones del inhibidor o del farmaco, lo que puede disminuir los
efectos secundarios adversos asi como la inespecificidad. Ademas, comparando las
diferencias entre la distribucion de control de una via por ejemplo, entre el hospedero
y un parasito, o bien entre células tumorales y no tumorales, se pueden identificar a
las enzimas que pueden ser explotadas como blancos terapéuticos (Hornberg et al,
2007). Debido a su naturaleza de andlisis integral de las vias metabdlicas, este
enfoque resalta la importancia de una terapia combinatoria para diferentes
enfermedades (Cascante et al, 2002; Saavedra et al, 2007; Marin-Hernandez et al,
2011; Kolodkin et al, 2011). Asi, un enfoque diferente de validacion de blancos
terapéuticos es el de la via de glioxilasa en Leishmania infantum, en el cual el
modelado descartd a las enzimas de esta via como blancos terapéuticos adecuados
ya que se determind que la concentracién de metilglioxal estd4 determinada por la
concentracion de T(SH).y su sintesis y que las enzimas del sistema de la glioxalasa
no participan en el control de la concentracién del metilglioxal (Sousa et al, 2005).

Debido a que se requiere de una gran cantidad de datos experimentales para la
construccion de modelos cinéticos, existen pocos reportados en la literatura de los
cuales la mayoria son de la glucdlisis en diversos organismos (para una base de
datos consultar http://jjj.biochem.sun.ac.za/database/). En el caso de parasitos que
infectan humanos, solamente se han reportado tres modelos cinéticos: para la
glucdlisis en T. brucei (Bakker et al, 1999; Albert et al, 2005); un modelo sencillo del

sistema de la glioxalasa en Leishmania (Sousa et al, 2005) y el modelo cinético de la
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glucdlisis en Entamoeba histolytica construido por el grupo de investigacion en el que

realicé esta tesis (Saavedra et al, 2007).

Actualmente existe la iniciativa para la construccion de la célula virtual de T.
brucei cuya finalidad es construir un modelo multi-escala de la fisiologia del parasito

(Bakker et al, 2010; http://silicotryp.ibls.gla.ac.uk/wiki/Main_Page). En dicho proyecto

estan involucrados siete laboratorios localizados en el Reino Unido, Holanda y
Alemania. A partir del modelo de la glucolisis de T. brucei, la idea de este consorcio
es agregar los modelos de la via de las pentosas y el metabolismo del T(SH)»
(Bakker, et al, 2010). Aunque ya existen avances con respecto a la adicion de la via
de las pentosas

(http://silicotryp.ibls.gla.ac.uk/wiki/Main _Page#Current_model_and_extensions), la via

del metabolismo del T(SH), no la han podido modelar debido a la falta de una gran
cantidad de informacion cinética y metabdlica (tesis de doctorado Gu,Xu,
2010;Universidad de Glasgow; http://theses.gla.ac.uk/1618). Por lo tanto el modelo
que se construyé durante este trabajo de tesis de doctorado es hasta el momento el
primero reportado para el metabolismo del T(SH),, lo que resalta la originalidad y

relevancia del proyecto.


http://silicotryp.ibls.gla.ac.uk/wiki/Main_Page
http://silicotryp.ibls.gla.ac.uk/wiki/Main_Page
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2. PLANTEAMIENTO DEL PROBLEMA

La validacion de blancos terapéuticos en el metabolismo del T(SH), de T. brucei
y Leishmania empleando la estrategia genética de inhibicion de la expresion en las
células permitio establecer que TODAS las enzimas de la via analizadas son
esenciales para el manejo del estrés oxidante, y es muy comun que esta informacion
la apliquen también al metabolismo antioxidante de T. cruzi. Debido a lo anterior es
necesario aplicar criterios adicionales a los de esencialidad determinada
genéticamente para priorizar e identificar aquella(s) enzimas de la via que pudieran
tener el mayor potencial terapéutico. Aunado a lo anterior, esta estrategia de
validacion genética no se ha podido utilizar para T. cruzi debido a que las
herramientas de manipulacién genética en este parasito son aun limitadas.

La evaluacion cuantitativa de la distribucion del control entre cada una de las
enzimas permitira identificar aquellas que tienen una funcién primordial para su
funcionamiento. Desde el punto de vista metabdlico, las enzimas que principalmente
controlan la via tendran el mayor potencial terapéutico ya que su inhibicion leve o
moderada afectaran mas el funcionamiento de la via metabdlica que la inhibicion de
una enzima que controla poco la via. El enfoque que se decidié seguir en este
proyecto fue determinar la estructura de control del metabolismo del T(SH), en T.
cruzi a través de la construccién de un modelo cinético (enfoque bottom-up Systems
Biology) y la aplicacion de los fundamentos del MCA que permita predecir el
comportamiento de la via metabdlica en el parasito y poder determinar los

coeficientes de control de cada una de las enzimas de la via metabdlica.
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3. HIPOTESIS

El control del flujo y de la concentracién de T(SH), recaera principalmente en la
YECS y la TryS debido a su baja eficiencia catalitica (Vm/Km) en los parasitos
mientras que el sistema de desintoxicacion de peréxidos y la TryR no ejerceran un

control significativo sobre la via debido a su alta eficiencia catalitica en el parasito.

4. OBJETIVO GENERAL DEL PROYECTO

Determinar cuantitativamente el grado de control que cada enzima tiene sobre
la sintesis y la concentracion de T(SH), a través de modelado cinético y la aplicacion

del analisis del control metabdlico.

5. OBJETIVOS PARTICULARES

o Clonar los genes, sobre-expresar en bacterias y purificar a la yECS, GS, TryS 'y
TryR de Trypanosoma cruzi

o Caracterizar cinéticamente in vitro a estas enzimas en condiciones de pH'y
temperatura cercanas a las fisioldgicas (7.4/37°C) y bajo las mismas
condiciones experimentales.

o Determinar los parametros de actividades enzimaticas, concentracion de
intermediarios y flujos de la via en epimastigotes de T. cruzi para construir la
base de datos experimentales en la misma cepa y bajo las mismas condiciones
experimentales.

o Construir el modelo cinético en el programa de modelado metabdlico
GEPASI/COPASI.

o Validar las predicciones del modelo comparando con la respuesta de la via en

parasitos sometidos a diferentes estados estacionarios.
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7. METODOLOGIA

7.1 Determinacion de los pardmetros necesarios para la construccion del modelo

cinético.

La mayor parte de la metodologia utilizada en este proyecto se encuentra
descrita de manera detallada en el articulo titulado “Drug target validation of the
trypanothione pathway enzymes through metabolic modeling” que se incluye en la

seccion de resultados. A continuacion se describe un resumen de la metodologia.

La construccion de este modelo requirio la determinacion de parametros
cinéticos de las enzimas involucradas en la via asi como de la determinacion de la
concentracion de metabolitos, actividades enzimaticas y flujos de sintesis de T(SH),
en los parasitos.

Para llevar a cabo la caracterizacion cinética de la YyECS, GS, TryS y TryR se
obtuvieron a las enzimas recombinantes. Los genes que codifican para estas
proteinas se amplificaron a partir de DNA gendmico de T. cruzi de la cepa Ninoa, se
clonaron y sobre expresaron en bacterias E.coli BL21 (DE3) fusionadas a una
etiqueta de histidinas. Posteriormente, las enzimas se purificaron por cromatografia
de afinidad a cobalto y se caracterizaron cinéticamente en condiciones cercanas a

las fisiolégicas (pH 7.4y 37°C).

Las concentraciones de metabolitos, actividades enzimaticas de la via y flujos
de sintesis de T(SH), se determinaron en epimastigotes de T. cruzi de la cepa
Querétaro en tres condiciones experimentales : parasitos sin incubar (condicion
basal) e incubados durante 10 minutos en buffer PBS con 20 mM de glucosa en

ausencia (condicion control) o en presencia de 50 uM de H,0O, (condicién de estrés).

Para determinar la concentracién de metabolitos se obtuvo el extracto citosolico
y desproteinizado de los parasitos. Los tioles solubles totales, Cys, yEC, GSH y
T(SH),, se separaron por HPLC, se derivatizaron post-columna con el reactivo de
Ellman (acido 5,5’-ditio-bis(2-nitrobenzoico); DTNB) y se cuantificaron

espectrofotométricamente . Los metabolitos Glu, Gly y Spd primero se derivatizaron
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con ortho-pthalaldehido (OPA) para los dos primeros y con cloruro de dansilo para el
tercero, se separaron por HPLC y se cuantificaron por fluorescencia. EI ATP, TS, y
NADP” se determinaron enzimaticamente utilizando ensayos acoplados con
hexocinasa mas glucosa-6-fosfato deshidrogenasa (G6PDH), TryR o G6PDH,

respectivamente.

Uno de los aportes mas importantes en cuanto a la metodologia desarrollada en
este trabajo fue haber establecido protocolos para la medicidén de las actividades de
la GS y TryS en extractos de los parasitos. Los extractos citosolicos de los
tripanosomatidos tienen una actividad de consumo de ATP contaminante muy alto
que dificulta cuantificar la produccion de ADP de las enzimas de interés utilizando el
ensayo acoplado de la piruvato cinasa y lactato deshidrogenasa (PK/LDH). La
determinacion de este parametro de velocidad enzimatica es critico para la
construccion de un modelo cinético. La falta de estos datos experimentales ha sido
el principal impedimento por el cual el grupo que esta construyendo la célula virtual
de T. brucei no ha podido construir el bloque correspondiente al metabolismo del
T(SH),. Ademas, los diversos grupos que estudian esta via metabdlica desde hace
décadas no han podido medir las actividades de estas enzimas en parasitos. Las
actividades de GS y TryS en extractos del parasito se determinaron en ensayos de
punto final en donde la reaccion se incuba durante 30 minutos, se para con &cido
perclorico al 3% y se neutraliza con KOH y Tris. Posteriormente se cuantifica el ADP
producido utilizando el ensayo enzimatico de PK/LDH. Para cada ensayo se
prepararon dos reacciones, la reaccion control no contenia a uno de los sustratos
especificos (Gly o Spd); la segunda reaccién contenia los tres sustratos de la GS o
TryS. De esta manera la actividad especifica de la GS y TryS se calcul6 de la resta
de los nmoles de ADP presentes en la reaccion con todos los sustratos menos los
nmoles de ADP en la reaccién control. En el caso de la TryS, la diferencia se dividié
entre dos debido a que la enzima produce 2 ADPs por cada T(SH). sintetizado.
Como control del ensayo enzimatico, siempre se aseguro que la actividad especifica
de cada enzima fuera lineal con respecto a la cantidad de proteina del extracto lo que
nos aseguraba que la reaccion que se estaba midiendo era especifica de las

enzimas de interés. Algo importante de resaltar es que este protocolo se puede
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utilizar para medir estas enzimas en extractos de los otros estadios del parésito de
otros tripanosoméatidos siempre y cuando el ensayo se realice en condiciones de
velocidad inicial.

Por otro lado, la actividad de la TryR se determindé monitoreando

espectrofotométricamente la oxidacion de NADPH en presencia de TS,.

Los flujos hacia T(SH),se determinaron incubando a los parasitos en buffer PBS
con 20 mM de glucosa en ausencia o en presencia de 50 uM de H,O, durante 0,5y
10 minutos. Posteriormente, se cuantifico el T(SH), presente en cada una de estas
condiciones. El flujo se calcul6 a partir de la pendiente de la gréfica obtenida al

graficar los datos obtenidos.

Para construir el modelo se utilizé el programa GEPASI y su versién actualizada
COPASI. Para esto, se introdujeron los parametros cinéticos de las enzimas
recombinantes (valores de Km, Ki para los ligandos) y la Vmax de las enzimas en el
extracto asi como las concentraciones iniciales de metabolitos en los parasitos. Las
reacciones que se incluyeron en el modelo fueron las de sintesis de GSH (YECS,
GS); sintesis de T(SH), por la TryS, el suministro de poliaminas (transportador de
Spd); la demanda de T(SH). (estrés oxidante) y su regeneracion por la TryR; las
fugas de metabolitos (Spd, GSH y T(SH),) que se observaron experimentalmente.
Ademas se incluyo el sustrato H,O, en la reaccién de demanda de T(SH), y la fuga
de GSH para poder simular condiciones de ausencia y presencia de estrés. A cada
una de las reacciones se le asigno6 una ecuacion de velocidad que esta relacionada

con su mecanismo cinético de reaccion.

Para validar el modelo se compararon las concentraciones de intermediarios y
de flujos metabolicos que predecia el modelo con las determinadas

experimentalmente en los parasitos en las distintas condiciones.
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7.2 Metodologia de los resultados no incluidos en el articulo

7.2.1 Determinacion de la actividad de la GS y la TryS en extractos del parasito

utilizando diferentes inhibidores de ATPasas.

A continuacién se describen experimentos posteriores a la publicacién del
articulo para mejorar el método de medicion de dichas actividades. Esto se debi6 a
que los revisores del articulo criticaban el hecho de que la actividad de la enzima
fuera de solamente el 8-11% del consumo total de ADP por el extracto. Con el
objetivo de disminuir la actividad contaminante de ATPasa, se utilizé6 una mezcla de
inhibidores de ATPasas que se agrego6 al medio de reaccion enzimético. La mezcla
contenia los siguientes inhibidores: 5 mM azida y 0.01 mg/mL oligomicina para las F-
ATPasas; 5 mM molibdato y 0.2 mM vanadato para las P-ATPasas. Los extractos
clarificados se prepararon de la siguiente manera: los epimastigotes de T. cruzi de la
cepa Querétaro se cosecharon a 4500 x g y se lavaron dos veces con buffer PBS
(137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,4, 2 mM KH,PO,4 pH 7.4). Las células se
resuspendieron en 0.1 mL de buffer de lisis (20 mM HEPES pH 7.4, 1 mM EDTA,
0.15 mM KCI, 1 mM DTT y 1 mMfluoruro de fenil metil sulfonilo (PMSF)) y se
rompieron por tres ciclos de congelacion/descongelacion. El lisado total se centrifugd
a 20 817 x g durante 10 min y la actividad de las enzimas se determind

inmediatamente en el clarificado.

Las reacciones se hicieron de la siguiente manera: en 0.5 ml de buffer 40 mM
HEPES-1 mM EDTA pH 7.4 se mezclaron 10 mM de MgCl,, 2 mM de ATP, 0.4 mM
de YEC y 8 mM de Gly para la GS; y 10 mM de MgCl,, 2 mM de ATP, 11 mM de Spd
y 8 mM de GSH para la TryS y se inicio la reaccion con 0.1-0.2 mg de proteina del
extracto. En paralelo, se hizo una mezcla de reaccion similar sin incluir Gly para la
GS y sin Spd para la TryS las cuales se utilizaron como controles de la actividad de
ATPasa; ademas se realizaron las mismas mezclas de reaccion en presencia de la
mezcla de inhibidores. La reaccién se incub6 durante 15 6 30 minutos a 37 °C y se
detuvieron con acido perclérico al 3% (v/v) y se centrifugaron a 20 817 x g a 4°C
durante 10 minutos para eliminar la proteina precipitada. Los extractos se

neutralizaron con diferentes volimenes de 3M KOH/0.1 M Tris. El ADP se cuantific
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espectrofotométricamente usando el ensayo acoplado a la PYK/LDH. La cantidad de
nmoles producidos por la reaccion de GS o TryS se obtuvieron de la diferencia entre

la reaccion que contenia todos los sustratos y su control.

7.2.2 Polimorfismos del gen de GS en diferentes cepas de Trypanosoma cruzi
Debido a que no existian reportes para la GS en ningun tripanosomatido, se
caracteriz6 tanto genéticamente como cinéticamente a esta enzima en T. cruzi y se
preparo un articulo para su publicacion. Sin embargo, debido a la exigencia de los
revisores, los datos cinéticos se tuvieron que incluir en el articulo “Drug target
validation of the trypanothione pathway enzymes through metabolic modeling” y la
caracterizacion genética ya no se incluyd. A continuacién se describe la metodologia
utilizada para determinar cuantos genes de GS estan presentes en las cepas Ninoa y
Querétaro, las cuales se utilizaron para la obtencion de las enzimas recombinantes y
para la determinacién de actividades en el parasito, respectivamente. Asi mismo, se
comparoé con lo que ocurre en el genoma de la cepa CL Brener en el que existen dos

marcos de lectura abiertos que codifican para esta enzima.

Southern Blot

El DNA gendmico se aislé de epimastigotes de T. cruzi de las cepas CL Brener,
Ninoa y Querétaro como se describié en Berzunza-Cruz et al, (2002). El DNA se
digirié con las enzimas de restriccion Hind 11l o Pst | y los fragmentos se separaron
por electroforesis en geles de agarosa y se realiz6 el analisis tipo Southern blot como
se describié en Palma-Gutiérrez et al (2008) usando como sonda el gen de TcGS de

la cepa Ninoa el cual teniamos clonado y secuenciado.

Expresion del mMRNA de GS en las cepas Ninoa, Querétaro y CL Brener de T. cruzi
a) Aislamento de RNA

Se cosecharon 2x10® epimastigotes a 4500 x g por 15 min y se lavaron dos
veces con buffer PBS. Se elimind el sobrenadante y se mantuvo el precipitado en
hielo. Se agreg6 1 mL de Trizol (Sigma) se agitdé por 1 min, se incub6 por 10 min a
4°C y después 5 min a temperatura ambiente. Se adicionaron 200 pL de cloroformo,

se mezcl6 por inversion y se incubo por 3 min a temperatura ambiente. Pasado este
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tiempo, la mezcla se centrifug6 a 12 800 g durante 15 min a 4°C y se recupero la
fase acuosa. Se adiciono 1 volumen de alcohol isopropilico, se mezclé por inversion
y se incubd por 10 min a temperatura ambiente. Se centrifug6 a 12 800 g durante 15
min a 4°C y se decant6 el sobrenadante. El precipitado se lavé con 1 mL de etanol al
75% frio, se mezcld por inversion con mucho cuidado, sin agitar, sélo se lavé por la
superficie. Posteriormente, se centrifugd a 12 800 x g durante 15 min a 4°C; se
decanto el sobrenadante se dejé secar la pastilla por 10 min y posteriormente se

resuspendio en agua tratada con DEPC y se cuantificd el RNA.

Se trataron 18 pug de RNA con 1U de DNAsa incubando durante 15 min a
temperatura ambiente. Se agregé EDTA a una concentracion final de 2.5 mM vy se

calentd por 10 min a 65°C.

b) Sintesis de cDNA y amplificacion del gen de la GS

En un volumen de 20 pl se mezclé lo siguiente: 5.5 mM MgCl,, 0.5 mM de
desoxiribonucledtidos (ANTPs), 2.5 uM de random hexamers, 250 ng oligo dTi¢, 0.4
U de inhibidor de RNasa y 1.25 U de transcriptasa reversa. La sintesis de cDNA se
llevé a cabo por incubaciones seriadas de 10 min a 25 °C, 30 min a 48°C y 5 min a
95°C. Se tomaron 5 pL de la reaccién anterior y se realizé una reaccion en cadena
de la polimerasa (PCR) utilizando los cebadores disefiados para la GS descritos en
el articulo (Olin-Sandoval et al, 2012). Los productos de PCR se separaron por
electroforesis, se purificaron del gel y se digirieron con la enzima de restricciéon Hind
lll. Los productos de la digestién se separaron por electroforesis para verificar el
resultado. En paralelo, se amplificé el gen de la GS a partir de DNA gendémico y se
procesaron de manera similar a los amplificados de GS a partir de cDNA.
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8. RESULTADOS

8.1 Validacion a través de modelado metabdlico de algunas de las enzimas de la via de

sintesis de T(SH), como blancos terapéuticos
Los resultados de este trabajo se publicaron en el siguiente articulo:

Olin-Sandoval V, Gonzalez-Chavez Z, Berzunza-Cruz M, Martinez I, Jasso-
Chévez R, Becker |, Espinoza B, Moreno-Sanchez R, Saavedra E (2012) Drug
target validation of the trypanothione pathway enzymes through metabolic
modelling FEBS J 279, 1811-1833

A continuacién se describe un resumen de los resultados.

Con el objetivo de validar a algunas de las enzimas del metabolismo del T(SH),
como blancos terapéuticos desde un enfoque de control metabdlico aplicando los
preceptos del MCA, se construyé un modelo cinético de la via utilizando el programa
de computadora GEPASI/COPASI. Para la construccion y validacién del modelo se
determinaron experimentalmente los parametros cinéticos (Km y Ki) de las enzimas
en su forma recombinante (YECS, GS, TryS, TryR); asi como la Vmax,
concentraciones de intermediarios y flujos de sintesis de T(SH), en epimastigotes de

T. cruzi.

Para la caracterizacion cinética de las enzimas fue necesario primero obtener a
las enzimas recombinantes por lo que se amplificaron y clonaron cada uno de los
genes y las proteinas se sobre expresaron en E. coli BL21 (DE3). Las proteinas se
purificaron y caracterizaron cinéticamente bajo las mismas condiciones de pH 'y
temperatura (pH 7.4 y 37°C) (Tabla 1). Es importante mencionar que la
caracterizacion cinética de la GS que se realizé en este trabajo es la primera que se
reporta para tripanosomatidos.

Como parte de la caracterizacion de las enzimas de la via también se determiné
si algun metabolito de la via diferente a sus sustratos o productos ejercia algun
efecto sobre su actividad (Tabla 1). La retro-inhibicién de la yECS por GSH, el
metabolito final de la sintesis de GSH, fue el Unico tipo de inhibicion con relevancia
fisiol6gica debido a que el valor de Ki se encontraba cercano al intervalo de

concentracion fisiologica.
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Por otro lado, se determinaron las concentraciones de metabolitos, las
actividades enzimaticas y los flujos de la via en epimastigotes en tres condiciones
diferentes: sin incubar (condicién basal) e incubados en ausencia (condicién control)
y presencia de 50 uM de H,0O, (condicidn de estrés). Los metabolitos que cambiaron
de manera estadisticamente significativa entre las condiciones experimentales fueron
la Spd, la cual disminuy6 en un 80% debido a la incubacion; y el GSH, el cual
disminuy6 48% en presencia de estrés con respecto a la condicion control. En el
caso del T(SH),, a pesar de no tener un cambio significativo en las diferentes
condiciones, en la mayoria de los experimentos su concentracion mantuvo una
tendencia a disminuir en presencia de estrés con respecto a las condiciones basal y

control (Tabla 2, columnas 2, 4y 6).

Este trabajo reporta los primeros valores de actividades enzimaticas de GS 'y
TryS en tripanosomatidos los cuales se encuentran entre 4-8 mU/mg de proteina
celular. Estos valores de actividad son un orden de magnitud menores con respecto
a la actividad de la TryR, la cual se encuentra entre 200-300 mU/ mg de proteina
celular. Desafortunadamente, no se pudo determinar de manera confiable la
actividad de yECS en el extracto debido a que su actividad debe de ser mas baja que
la de la GS y TryS y a la alta actividad contaminante de consumo de ATP en el

extracto citosolico, aunado a que la enzima es cataliticamente poco eficiente.



Tabla 1. Caracterizacion cinética de las enzimas recombinantes de la via de sintesis y regeneracion de

T(SH)»
Enzima Tiol Co-sustrato Co- Efecto por otros
sustrato/coenzima  metabolitos de la via™
Vmax* Kmapp** kcat/Kmapp*** Kmapp** Kmapp**
vECS 037+0.1 Cys0.21+0.1 2.4x10° Glu0.13+0.04 ATP 0.04 + 0.012 Kigsn 1.6 (2)
3) 3 ©)) €))
Kiyec 0.43 (2)
GSSG > 0.003
GS 2.04+0.7 yEC 0.04+0.01 1.1x10° Gly1.2+0.3 ATP 0.03 +0.01 KicsH versus Gy
(3) 3 3 3
12+ 0.6
KiGSH versus ATP
11+1
KicsH versus YEC
146 +5.6
TS,>0.005
GSSG > 0.003
Spd, Spm >2
TryS 1.04+05 GSHO0.76 £0.21 1.6x10° Spd 0.86 + ATP 0.07 £ 0.04 (3) GSSG > 0.003
(3) (3) 0.095 (3)
T(SH),> 1
TS,> 0.005
TryR 531 +137 TS, 0.023 + 4.3x10’ NADPH 0.009 + T(SH)> 1
(3) 0.006 (3) 0.005 (3)

*U/mg proteina ** mM **M1s™t
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Los flujos de sintesis deT(SH), se determinaron en las condiciones control y de
estrés. Se observo que el estrés oxidante promueve un incremento en el flujo hacia
T(SH), de casi el doble, de 1 a 1.9 nmol/min mg de proteina (Tabla 2, columnas 4y
6). La velocidad de flujo tan baja hacia T(SH), se debe principalmente a la baja

actividad de las enzimas de sintesis de este metabolito.

Para la construccion del modelo se utilizaron los parametros cinéticos de las
enzimas recombinantes (valores de Km, Ki para los ligandos) y la Vmax de las
enzimas en el extracto asi como las concentraciones iniciales de metabolitos en los
parasitos. Después de un extenso proceso iterativo de experimentacion y modelado,
el modelo se refin6 comparando las concentraciones de intermediarios y de flujos
metabdlicos que predecia el modelo con aquéllas determinadas experimentalmente
en los parasitos en las distintas condiciones. Las predicciones del modelo final dieron
valores muy similares a los observados in vivo al variar la concentracion de H,O; (2.5
a 20 uM) asi como el valor de la constante de velocidad de la fuga de GSH, Spd y
demanda de T(SH), (Tabla 2). La fidelidad de las predicciones del modelo con el
comportamiento de la via in vivo es un parametro de validez que se aplica a los

modelos cinéticos.
Predicciones del modelo validado

El modelo final al que se llegd es robusto ya que aumentando o disminuyendo
los valores de Km y Vmax de cada enzima el modelo pudo predecir un estado
estacionario estable. En dichas simulaciones la distribucion de control de la via
permanecio en las mismas reacciones, aunque como cabe de esperarse, los valores
absolutos de los coeficientes de control variaron. Sin embargo, el modelo no fue tan
robusto a la variacion en la concentracion del H,O; ya que a concentraciones
mayores de 20 uM, la demanda de T(SH), agotaba las pozas de este metabolito. A
pesar de este inconveniente, las predicciones del modelo utilizando10 uM del
peréxido eran similares a las que se habian determinado experimentalmente en
parasitos expuestos a 50 uM del peroxido. Esto podria sugerir que in vivo los
parasitos pudieran haber estado expuestos a concentraciones menores a los del bolo

inicial y el resto del H,O, reacciond con el medio de incubacion.
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Coeficientes de control de las enzimas de la via

Este modelo validado y robusto determiné que el flujo de sintesis de T(SH);
esta controlado principalmente por la YECS, la TryS y el SpdT (Tabla 3) debido a la
baja actividad y eficiencia catalitica de las enzimas en los parasitos; mientras que la
concentracion de T(SH), esta controlada principalmente por la demanda (estrés
oxidante) y la TryR (Tabla 4) debido a la abundancia de estas enzimas y a que son

las que directamente lo consumen o regeneran.
Experimentacion virtual

El modelo permitié hacer el experimento virtual de “inhibir” la actividad de las
enzimas de la via de manera individual o combinada. Este tipo de experimentos no
son posibles de realizar en T. cruzi porque no hay inhibidores especificos para cada
enzima y los ensayos de manipulacién genética son limitados y, aunque es factible
de realizarse en T. brucei y Leishmania, se requeriria de un gran esfuerzo

experimental.
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Tabla 2. Metabolémica de la via del T(SH), en parésitos y concentraciones de
metabolitos predichos por el modelo

condicién basal control + estrés
(min) t=0 t=10 t=10 50 uM H,0,
Metabolito In vivo Modelo” In vivo Modelo® In vivo Modelo*
(mM)*
Cys 0.3+0.14 (3) o 0.4+0.1(3)° ok 0.3+0.07(3) ** o
vyEC 0.15 + 0.09 0.076  0.13+0.08(3)  0.082 0.1+ 0.04 (3) 0.09
3)
GSHiot 0.8+ 0.26(4) 0.68 0.77 + 0.3 (3) 0.92 0.4+0.05(3) **° 0.5
T(SH), 3.8+ 1.6(4) 6.7 5.9 + 2.5(4) 7.1 42+18(4)° 1.7
TS, 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+0.012(3)" 0.026  0.012+0.004(3)°"  0.025
NADPH 0.12% 0.08 0.084% 0.084 0.04% 0.085
Spdint 1.2 + 0.06 (3) 0.8 0.2+0.08 (3)° 0.33 0.2+0.13 (3)° 0.35
Spdex 0.0011° o 0.0011° o 0.0011° i
ATP 4+0.6 NI 4.6 +0.9(3) NI 3.4+1.1(3) NI
3)
Jrrys 0.88 1(2) 0.7 1.9(2) 0.5

JTryR/ demanda 252 248 246

T(SH)2

considerando que 10° epimastigotes de T. cruzi corresponden a 3 pL. Los valores son el
promedio + SD. ** Metabolitos considerados fijos en el modelo. *** Flujos (J) en nmol min™
mg proteina™. NI, no incluidos en el modelo. GSH, indica la concentracion de GSH reducido
y oxidado. ®recalculado considerando que la proporcién de NADP/NADPH es igual a 0.31 en
epimatigotes de T.cruzi de la cepa CL Brener. ° concentracién de Spd en suero. Estadistica
t-student; © p<0.01 vs t=0; p<0.05 vs t=0; ¢ p<0.05 vs t=10; ' p<0.5 vs t=0; 9p<0.2 vs t=0; "
p<0.2 vs t=10.




Tabla 3. Coeficientes de control de las enzimas sobre el flujo de sintesis de T(SH),

condicion basal control + estrés
enzima/ Cle*

proceso (Ei)

YECS 0.84 0.58 0.7
GS 0.0011 6.5 x10™ 9.8x10™
TryS 0.14 0.49 0.58
SpdT 0.016 0.24 0.22
TryR -0.0029 -0.012 -0.0095
demanda de 0.003 0.012 0.0095
T(SH),

suministro de -3x10° -1.6 x10* -5.5x10°
NADPH

fuga de Spd -1.5x10™ -0.17 -0.17
fuga de GSH -8.2x10° -0.14 -0.35
fuga deTS, 1.5x10* 7.7x10™ 6.9x10™

*El flujo que se consider6 fue el de la reacciéon de la TryS. El signo negativo en el
coeficiente de control de flujo indica que esas actividades no favorecen la sintesis
de T(SH), porque consumen precursores para su sintesis, o son responsables de

su regeneracion.
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Tabla 4. Coeficientes de control de las enzimas sobre la concentracién de T(SH),

condicion basal control + estrés
enzima/ clresHa

proceso (Ej)

yECS 0.04 0.038 0.053
GS 5.7 x10° 4.2x10° 7.25x10°
TryS 0.007 0.03 0.04
SpdT 8.8 x10™ 0.015 0.016
TryR 0.98 0.97 0.99
demanda de T(SH), -0.99 -0.99 -0.99
suministro de 0.01 0.013 0.0058
NADPH

fuga de Spd -7.9 x10° -0.01 -0.013
fuga de GSH -4.4x10° -0.009 -0.026
fugade TS, -0.05 -0.062 -0.072

Los coeficientes negativos indican que las reacciones consumen T(SH), o los
precursores para su sintesis.
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Tomando como un punto de partida que se quisiera disminuir en un 50% el flujo
de la via, el modelo predijo que era necesario inhibir a la yECS, TryS o al SpdT en un
58%, 63% y 73%, respectivamente, o en un 40% si se inhiben simultdneamente a las
tres mientras que la TryR tendria que inhibirse en mas de un 98% (Figura 6A) para
obtener el mismo efecto lo que podria explicar el poco éxito que se ha obtenido
utilizando inhibidores para esta enzima. Por otro lado, aunque la demanda de T(SH);
y la TryR controlaron la concentracion de T(SH),, el modelo predijo que la YECS y la
TryS también controlaban la concentracién del metabolito cuando se inhiben mas del
70% (Fig 6B). Otra prediccién interesante fue que para inhibir la concentracién de
T(SH), en un 50%, era necesario aumentar la demanda de T(SH), (estrés oxidante)
en un 200%; o bien, combinar un incremento en 60% de la demanda de T(SH), junto
con una disminucion del 25% en la actividad de la TryR (Figura 6C). En contraste,
solamente existe un efecto sinérgico si la demanda de T(SH), aumenta un 200% y la
YECS se inhibe mas del 75% (Figura 6D) debido principalmente al menor control que
tiene esta enzima sobre la concentracion de T(SH),. La combinacién del incremento
en la demanda de T(SH), con la inhibicion de la yECS y la TryS, no tuvo ningun
efecto sobre el flujo hacia T(SH).(Figura 6E y 6F).

Con esta experimentacion in silico, en este trabajo se pudo resaltar la
importancia de la aplicacion del MCA y del modelado cinético para identificar a los
blancos con mayor potencial terapéutico en el metabolismo del T(SH), en T. cruzi,
siendo la YECS =TryS >> SpdT los mas importantes debido a su alto control en el
flujo y en la concentraciéon del metabolito. Las predicciones de este modelo nos
permitirian enfocarnos en la validacion experimental de estas enzimas como blancos
terapéuticos utilizando inhibidores o plasmidos titulables como una perspectiva de

este trabajo.

La utilidad del modelo no solamente se circunscribe a la via de T. cruzi. Este
modelo puede servir como base para evaluar la distribucién de control de la via para
otros tripanosomatidos para lo cual se requeriria determinar menos parametros que
los que se tuvieron que determinar en este estudio. Por ejemplo, midiendo las Vmax

de las enzimas, las concentraciones de GSH, T(SH). y poliaminas y el flujo de
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sintesis de T(SH), y hacer la modificacion de la sintesis de novo de Spd por la
reaccion de la ornitina descarboxilasa se podria determinar la distribucion de control

en promastigotes de Leishmania o tripomastigotes de T. brucei.
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Fig. 6 Predicciones obtenidas a partir del modelo cinético construido utilizando
las condiciones control

A. Efecto de la disminucién en la actividad de yECS, TryS, SpdT, TryR, o de sus
combinaciones sobre el flujo a través de la TryS. B. Efecto de la disminucién de yECS,
TryS, SpdT y TryR sobre la concentracién de T(SH),. C. Efecto del incremento en la
demanda de T(SH), a diferentes actividades de TryR. D. Efecto del incremento en el
bloque de demanda de T(SH), a diferentes concentraciones de yECS. E y F. No existe
efecto sinérgico sobre la concentracion de T(SH), cuando se combina la inhibicion de
YECS and TryS. Para C-F, las actividades en la derecha se modularon en un 100, 75,
50, 25y 1% de su valor original de Vmax. Algo importante de resaltar es que el 100%
de actividad es diferente para cada enzima siendo 2 érdenes de magnitud mayor para
la TryR. Por lo tanto, la potencia y especificidad de los inhibidores debe ser mayor para
la TryR que para la yECS y la TryS.
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e tabelit: eoncenranons of Eradual inhibmon of
individna] pathwa v companant (o cirmnltaneons inhibi-
tion nf ssweral enzymes in sarions combinations) allosws
Klentiicantion of the siepda whive inhibition e the
prediest mogairee effexr on TiSHL patvweay funsien.
Hence, metwork analyeis facilirates prinrivizatizn amomn
eeneticnlly  validated  mssentin]l  enmymes Marower
kinetic modelling can alsa be 0 walanbe roal for dree
trped vakdanon for parasice: for shich penciic arrane-
nmies are limdtad, snchoas T ez

Hera, we deccribe conaredizn of the first Fineric
mendel of tbe HSH G melabohan m aypanosumsiel
paradme: wang F.ocdonen a8 a MolopaEl modd. The
kincie modd allowsd idoncification of iy cnevmes
amd rrameporrers rhar swert the preatest conomdrel oon
lidH s synlhoas and conconimsen sl alloscd (o
clusdation o Uty nndcriving conmralling mechanisma.
Morgover, L provedsd quantialre peadicissns repard-
ing, rhe depress o mhibitinn raquired for each parhmay
gy b allvel antcandant ddumee m U parsbe

Resulis

D (o (e aenilvanl wmseunl of detoiled =cpemmento]
dala mogquared Lo bawhd kiocbhe mpsdels, ooly o few
have Becn descmbad, mestly for plveslvais mozeveral
crpanisme (hitpz1ii.kiochencaonae.za; 719, Althouph
TidH - meabulem hos been horeuglilly siodied in
rrviral laboraloncs worldwsd:, Lhe wporied Jula anc
mot undlorme they have been poncsarsd using Jdirmerenl
parazie epocked and strams, and under diverss CEPLA-
meunl copditicns Therelore, Lo boild ilie Rinetjc
nadel of “T{5HY melbolu m 10 crid, wee obiamal
w maprdy o lhe capouncolal dala ooder neas-
rhysinlagicnl conditions in the sime strain and stage
ol Lhiv parasile spede=s, wd under definal melabelic
aleady sliles.

i witre kinstic chonactarizetion of the
recembinant pathevay enzymas und er
nsarsphysinlagical sxparimantal conditions

The genes enondine  yrinramvlevilzine  synthetase
fTORL trvpannthione synthatase (Trvs), Trel, TH™N,

L | TR PR T TR

OGP aud rypursdoadn peroaduse (TXNPL ol
P ocreze Mo slrwim AREUSAL BT Iy | 2E]
were cloned, and the profsine were sversypreseed in
Faclieiie itz cel and porified 1o o hieh deeree (approsd
mudely 98%% ) (Fig. 811, The vECS wnd Try8 reconbd
manl comcymey  acns loghly postabde puder vanous
srovra pe conditizng, bl the pressnwe af hiph cnncenrra-
tions of trehnlese improved their stabilities, wath S0%
ol e gelivily lost witliio 20 Juxs (date no shown],

Ihe miraccimlar pH ol e 10N TYPomas LEoe
and epimasrinods fanes have besn derermrined (735
and T8 reepecivedy TE7500, and the optimumy cmlbiere
tenper s e 37 andd 6 T, meepeadively, Therd o,
the kincoe parameters of the recombPinant - cnIymss
weere all derermnined at pH 74 and 57 20 sires thece
wonditicns meore dlosely ressmbls the mammaalion infer
tive s g

A praacnsly desenbed. vBOCN, Levy and LeviE dis-
plaved hyvperbodic kinsics . for thedir respecrive aih-
errates (data mor chow), and the kKinetic poara meler

vilwzs (Labke 1} wuns witlin the muge reporied o
ECveral IMEaAnasomand parastiss and ciher ool Types.
The lator were mosly detemmined o 2327 °C
ard under nptimal pH (T.5-8) {eee Table 51 f2r daia
RIS ).

Lifutartuon: SynrhCiase (Lit) Nas mot Boen charscicr-
1261 m any invpanoRomnand spodes. lhemfors s
penee wers clored Trom rthe T ooreed Ninnas ared
Cpucrctara sinums (bmbBank sacceons HEE S 2400 al
HOE%EY pspeelnaely), amd oo dillenones were
round at the level of ihe ammss ackd irans Biced
seuencas. The (G5 pene was over-expresesd o Fooowil)
und U protein purified and kinstivally sho o beioed.
To pmprove s peor sfabshly, e cnzyow was also
srared @ trshalose, 'Ihe ensyme was 2 dimer (data et
ehewn thar displaved lwporbele kinctic: with fis three
subsiruies (Fig. 2. The TGS P il K voloes
Clabhs 1) were sumlar W e reported Jor WS
fEon Ardidacgals adada and Caseiediiar Fafcgn
rlabl: 315 The cngvac was inhibed by GisH, non-
woanpeLitively gedinst Oly uod ATP and anoumpetitiv
wly dgams =gl ulamiylgsieme (pELC] (P 2] bowerer,
Lo thras mgh & waloes {11=1 mbdp | Dabbe 1} may ool
ree physiclagical significance as the C38H cnmcentry
Lo im Lbese pammsil=s 15 ooe order of magoilude [ooer
Ulubiz 20

Allbiough the b, amd allimnly comlanis ler sub-
strates of Ty in the Minoa strin wene sssantially
Ihet wome ws These of ils bomelogwe in e T omres
Silviv struin (Table 31 |24 e emeymne did ool shows
yubstraic mlnbison by GHH (Fge 335 0 pocacusly
reparted for the T oaus Rilvin strain meon it
enrmymee 2], T oo 2] and Feisdaara D6 i
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was found |Labls SEL 1o cvaluats wheiher the lack of
L&H mmhitien a8 an artiiact of our recombanant
iy, Trpd uglivily wae deterinind in poosine ovic
solenmchied Irscmoms, 12wy the opbve e,
Actvity was omly delockd whem 58 mst GG5H #was
nsad (10 Hirmes the & walnsi (doty mol showmi sue
eesting that this high GSW comcentratiom &= nod
inhibitory i TeTevs (oom e Mined sicain, Furlier
a0 ool Lor our rescisen sy, mocanbomnl,
Hic-tanmed  efriddfie fowivnibirs TreS wag parriallu
inhibited al | mdd GRIT Tha renson Tar the Tack of
TeTevE Mimuu mhibition by GEH nemoins b be oloa
diled.

The affiniry constantz oF TR for TiSH and those
of naGPeA and TEMPY for TE™N and rumene perox
de, were determinad in o reoanstinged systam with
ToyE undzr the sumes conditions of pH und l=mpers
fire weed ahoves the kinedic paramelsrs ane shown in
Takbd= 1

TETR

TH bl FEEA T TERRTICT

poacnbial 18 AR ) Pogarding Wb twiol substrale
wore vEC: amd Lrve) m codlrast, cHinoks iwo (o
Feur oedzry ol mngniluds bigher were obwined Lop GF,
Teyl, XN, meldFa’ ond TXNEa (Table T o
g Lk, wnder feoefiee sgluradm g comoenteslioms al Lhe
thinl subsiries the first twe snsvmes wane bess catalby
tirally efficiant

Thie =fec ol the produts of the e vt rescions
amd womie mlcrnedise metabolils o Loypanolhaone
metabclion {nod maally eosd when workinn with
ronfiad anrymes: wers evalnatlsd far all the snmemes ar
conwsn i ratioee clow 1o Do (ound o thes parsies
le deenuing powible mregololor, mecbuni@ns whan
warking, in the entire pathway (Tabl= 1} yTWCR was
connpetitively inhbibitad by GSIT amd non-campatitively
Fy +TC against Gl {Tahle | and Tie 87 Teymannthi
v dfisullide (TS, or T(SHY, (3.005 dmd 1 msl, mespec
tivelvh,  phitathinme  dismldde  (GRR0G (0007 mea),
spermidines (Rl and cpermine 3 maa} did et shom
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Lhuy baean] slrems, other imouboSon madin were el
bl sirndar pollerms ol mesponse wers oblaned  (duols
it showwn ). Dieepite this, danificanr addirional neida-
rive stress was iwhiced by adding perosids, as indi
rated hy  the senificantly  diminshed  tatal GEFT
comtent ws owell m Use decnmesan] TIEHL/ TS, ratios
ifrom 15 00 7 after 10 min of incubation: Takle 2, col-
imine < and 81 Tacrsticn of G550 under ovidative
srese anrulitions resulting in a loss of foral GSH con
tenl has been wpiarled previcasly lor anbhmory-sonse-
Ove Leidiiaankr (33 Aeuragaord crdzia |34 amd
ervthrecvtzs (28], However, dus o limitations in chicl
meamimmment protacok, thess sxidized  componnds
win ned abobocled oo the moeabasuoo medme ol b
cpmaslygoks

The theel eompound conlonis 0 oypancscmands
are hiphlty wariable and depend an the straing and cnl-
Lume nedis wed; howsver, var datw o GEH and
sy Tall willun ve ranpe mepoied lor o paonoso-
maisds 7, cdbor VL crum srans, and for the siraim
riged R enltoed ine taes difTersnt medis (Tahds Sd}
The CGlu Gy, yBC und ATPF conwenied oo mosined
vonstunl and salurating for the emovones andss e
thme coudibom, The BMADE conccolrabeon dad mol
rhanpe senificantly {Takls )

TR symthezic e onder the conteal conditinn
wits Low, wnd inorcwssd vwoeliald in Toernsd epinosi
guley sibeoied Loooodolre sires (Lobde 20 cohoons 4
and Gp The low finx o T{5H e oprhesis is relared tn
the lrrar activitiss and caralytic efficiencies in the syn
thetic. parhway mochale (Tahle 1]

Firmetic model propesties

The kinetw: mondad for TRH L matabnlism in Tooma
wiis conslnetsd  using the  memabnlic  simolatoe
GEPASIULM®ANRL 2657 (hiopy wamcopas.atp)
1wing; the affinity constantz for linand: of the racormbi-
rant pathway enrvmes dererminesd heare undar near-
physinleeical  comditions. nf pH and  tempera s
Ll 1}, and thie Boge admwalns and procarser imolas-
balike conaoncrions determinad in the pararis uder
aeadv-stare conditinne {Takles 1 and %) The reactions
included in the oued=d are shown in Fig. 4, and the
teke] pm Lo alenss dr desonbed beloss, Delals cnols
constrchian and riccquaion descripnons Tor cach
poascion are precn in BEspermmental proccdurcs and m
Tabl=: 55 87.

Al the pructioos (emeepl Lo the Spd, GEH wnd TE-
Lo, wihnch [encbon gy soks) were oomaedoacd mevers-
b, ncnding pECS, Db oand Deps "Lhe gh Ky
withezs for the Lattar three wers inclnded in their rate
eyupliom 1@ mesl the  themnodymorn®: oo rails

Swed oz awedliv g Al lewmeelb o o ol valian
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TSy, il
naokt ' s
AP < TEEM, v
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I TH, ledi
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Fig. L ©omsfez cpenlimce o B cippldd ol Do TSHE ks

Ism Tra mwoda Fekded exymes to- e awmreas of GSH end
Sed vanspon SpdTh 1 symhes's of 715 I, rw TS demand
lezabilce whipss o the TESSdopan bl panmalye deloinlezsd oo
symaml fve GEH Spd end TS, lecks, ow reganafad g svsiem
ITryTh and the “ADF | suppk. As Indcomed, the e ons wees
RS sma e pa el D e e Sp aeed g bk Than
beck InnE tlen of <ECE 5 SEH wais o 30 neupes

impesed by ATF hydmlwb cn resction reversibiicy.
Ihe reverabukly ol dhe rewclson sdeps 5 3 necessary
cnndition o armin a srahle sieady ctate docing kinetic
mirwkel predictions; itallows the tromsfer af infomea rian
thremghot all rhe patheway compeonents 78] In addi
tion. Epad was considzmed W be supplied only from e
entracellular eovironment theough the polyaming trans-
porteris}, while itx sumihesic from S.adennsulmerhione
and pairescine iPud} (Fig 1 owas ot inchedad, becanse
thes contribmtiom af the bter moote t2 the Spd poned Tias
Bocn mel studesd. Ihe suppy of MADIP'H (derreed
from the avidative asction of the pentoss phosphane
patteeay or by rranchedropenationd wae alen incindad
Lax maen L e Balamee me e pymdic o hecied s con-
venbrabon. I sddsben, HaO we aowcledod as a sub-
elrate of che ‘1iNH}: demand reachons and GsH leak
reactizng i oorder o simmlate wiresz and non.stresg
uxidicing condilions,

L Las boan peovonsly dounomsinlsd by MUA Lial
th reachons that ecngurne o pathwsy end-prodoct
idemand) apmicocanily coniribae o the sonoeed of
und imlermediany corveniicatiomn: for cowmple, ATE
denaid  for glycolysis m Laciveocmie dnofy and
Eackerichio oot [18] and GEH dansnd lor GsH syutin-
£18 (29| ifor detalls on supphdemand thoory in MUA,
=ap WO On the other hand it hios Feaen o nhssrved thar
the peronide detesifalion sysiem § ubundaol in
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trypanosomadids [T 95 TN arcennts Foroop e 3%
3 03w wf the il wiluble proein ooml=ul o
T oerusd, and TR reaches 1.°% jpa [ 475 irherm o,
6% nf the wolihle pratadn in O fasedvnlar cormspands
1o 20 P (TN NP The TN dependant e rosidass
wolivilkes (vorpespondioe fo OGP wed TXMNPR o
Fip. Iy and THN levd detommingd in the cpimasti poks
nsrd in rhis work wers bigh (Table 17 These dara indi-
cate that the pernxide deloxifeation svstem has catalyic
cuercapadaty compard Wik the 1SH) senthe e parh-
way maduk dherefore, LisHh-dcmanding procescs,
i= omidative ctress oand  the anriowdant machinery
(THEMN, TX™NPe and nslGPeA}, were comhbinsd intn o
sl reversibbe reachion (138H 1 dememd |

L to the deorease of the todal Sontents of Spd,
GSH and T;5H . nnder owidarive srrecs conditinne (rhe
hiar hwo mosl probably in ocidiesd foom; Tabls 23, it
wits nectasary (o owclwlk resclions represcouimg leaks
for thoae mctaboliics in thaar absonce, the mods did
nol secnirarely predict the inte rmeadiary concenmationg
found ander cxidative stwss combicions, The cellalor
mwthamxms vl ved o Qs phoncia are laghly
mrcresime bur bevond the seepe of thes siudv.

Usng the modd, theee conditicns were analyvzed: {a)
basal mom-imcubalsd pargsites, (b pamns s incabaed
m lhe abeance ol HyUs or o) parsssles owubausd o
the preeince ab 20uM H-AF. The madel poodiciicns
displasved hyperbolic paticms, indizamne that onder all
enled cunditions uosiuble sieady sl wos neacdhed.

Validity and robustness of the kinetic madel

Coparpdion wod validulicn ol kKioeliv models e per
Fermead  umug  dillerenl adsascls,  For consiroecbon,
dallgsois Tor e mdrvidial emeymmes were mseld (41l
comztamts for hpands and Ve inoezlial, and, Ioe vali-
datmn,. datuss obiarwd [fom the complels sysl=m
(e imleomwediary conoenlmabions wid pathsay Quees
mwasred ia e} were comnpansd walh model-prodiced
datasis: Hende, a vabdamd Kmchie model 18 o thar
ot animeiely pradicl pobway hedivdiionr withim (e
biolesgioul  vuriphiley  of  the e oers
(IR LEETR

Uridar the three miodallsd conditions, the concentm
finne of the thizl molecules Spd and WATIP wers
wilhin 036 LEF limesy the oworuge concenurlicng
debermmrwed. fie wive (lable 2 eolumms 2, 5 amd 7] T
predicisd flur asreed wirh that measured i itoe nrefer
comtrel comditinms; howsver, the prsdictsd fns jrder
snew was (L3 Limes the esperaneowl value (Table I,
Lhas variabon was due Looacwelussen o he ghly Haelk
comcenitratinmn-sansitive G5 kak reaction homeeer, in

PRI

irs absence, a foorfald higher GSH concenimtion was

LMt Ml

predicted camparsd t2 the sspedmentad wahes. To fire
ther eeplope Lhese mleruclivms, Lhe TEH; ayoilesis
flire and rhinl corweantrarions wene modellad ar differ-
ent rates of GSH and TiSH ., lsaks (Tin 543 & hinher
depandercy on the GSH lak rate woas abservad, corre
Lutingg with e observed diminution in G8H leezls in
the parasiles in the peoscnes of the oxidant (Tablz 20,
Tar dhe hazal conditinn, the mate cometant (E) wmliss
for T{SH L demand amed the GE and Spd leaks were
madificd o obtain the highor 3pd  Somccniration
obecrved mo i woslics  cxporimcnn fhese changes
avoided GSH and THEHE accnmulation. Ouwerall, the
Finetic model closely predicied the mefaholite dexdy
sl conoeniralsens and Hozes o e parasiles usder
cach cxpenmenial condilan,

The kinetic model alan chiowed high  ohasmess
{Tahle S8} it permithad deore xses or Bwreasss inrheml
ey o the sllimy constands aod b vialwes of the
enmvmes wilhour apnmieancly alrering ths pachsay aom-
trod distrifiition, i the srape that axeried the preatest
conirad pemudoed e same, Flus conbrel was redis b
uwied bolwea yECS and Lyl when Lhor Fo salecsy o
Mhe Koy e T0F Y EOS A T K g [OE T {1 able 550
wers vaned by 5k, Omlv when the F.o., valoes were
decressal wus  the fAus sigoificandly  decrscied, A
capwlod, varpbon ol e Tl Fegs only wradifid (he
LisELY, coneontraen (= 5% and the DREL"LS
raoa, but mel the 1S concsniration, becanss the laller
i oombrelled by cxiduidve sires [Tublz 351 Bemurk
ably, deemase of yEUCS amd Trys acuviies by 30%
reaulted amoa doorsased 1S. concomiransn. 1The modd
wdi mol sumcscnily robusl 10 accuratcly prodicl the
pudlveuy belovioar wl o0 20 pid HoOk, beoause, ab s
conpendra oo, e DiSH - dbanamd regcdsen coaplekly
depkelad Lhe TiSH e comenrauen. Howeoar, al 1D ps
Hax, the model predizted mghly zmlar melabodice
concenin bons amd T o thos: expenmenially delsc
iz o pasites incebated with S0 ped H-0:, suggesl
me Lhal, an v, U parauicy wire podlaps coposed Lo
19 ps H+Cr and that the resl of the added HAd
e Al weith e imcoFation medfinm

Contral strswtne of TIRH |, metabholizm in T, sresd

Fhre comtral diserittion

Ther ke iy medd proveided the s conurel coslicenis
lor cech rescuom slep undor Uhie three espermenLally
eralnated coanditions (Takle 1) Tlnder hasal coanditione
iwhich reflect the coltie rooditinns as the pamsiss
s pe wnn vl shierily alfler harvesid, (hie muin Qus oo
I slop was TELY, wilh o low bul sggeolicant ceouine-
hirion af Trus. The rear o the pathway mepe did nar
comtritote o fire contiral
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Table 4. Conce coetiiclenes en the TIEHY eoncenmatien of Ta
sathwery eamones. Megstye coethoaks ndcais that hese read
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Twh oLo? Lo a4
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TR nna naov afn
TE-4 devardd 0Ed L0050 Qung
SO | sunoy LN LT QLGS
ol ek “TR='T" - R
S3H ledie L C.O00 =T . 3
13 2an =L =L =0

Ulabde 3), casept lor ‘LisH); demand, whoss conirol
crefficient valne renained =063

IGnatic madalling far dmg target idantification in
the T[SH), metabolism of parasites

Acrording ta the fndamental principles of MOA in
e Lo imbibin it e o F o beypeaitetiond e i prath
wagy by 309%, un sguul perveniuge inhibidon musl be
dilammed for o pudlisuy ercoyuee Lol by a0 llus conlrol
coefficient sqnal o 1 ia rme care-limdting slep [17 18]
e 1o the hranched nature of metahclic pathnaue
Al the sharad contral nf metnbolic fimes, higher per
cenitngs inhibition g2 usmally nersssary for snaymes
wilth lower aonceel ooctbcsenm, and almosi complese
WIS 13 BeCCRArY 1of COEVTEs WALk InA Pminea
comrrol

The krirwetic nrnle] desrribad ahowe predicisd thar. in
bt b Hus el TiSH e syodheas by 300%, ol 15 neocs-
sry Lo mimbat Lhe mdredoal seosabes ol vECS, Trys
ardd Bpdl by 28, B2 and Ti%, pespecireely (kg 24,
Turthemmaore, combined 90% inhihition of the Arst e
anayrnes e 0% inhibition of the thres prelzing resolisl
e bhe s Jecrese i Qux, Do onacked conleisl, 997
mlabaiien of Ty did mel alled the syolbess ol
TS (Fin Sa), acaxpecred from ire low s conieal
coefficient. CIn the ather hand, doe ta the high TryR
comtrod  coeffickant on the commswication of  reduced
TiSH .. the kinetic nandel predicisd that TR inhihi
mrn causze a limear decrease n the memaboliie kvl
(bip. 3Bl Hongver, the TisHE sonecnlrated 12 also
remarkably affectad by the acriviries of TR, Trg& ar
ST when rhey ars inhihired by = 0% (Tig. 4R

Il umoadd abo predielsd Lhal, w0 docreas: e
TisHb mduelvee capraty ol e parasies by 50%0

& CH peme phoaeel ol

W incrensed msidative stress (TISH), demond) cnmn
Fined with a 25% decmease in TryR  acrivity was
regured (b1 20, With oo TR nbbon. 8 mors
than isefold inercase m LSH): demand (Ko 301 or
Allernativedy ¥-73" inhitkicn of TCS (T 200,
wak necessane b oachisve a cimilar decrsass in TS
reduclive capaity. Un U ollor Baud, the docrcas: m
TiEH syoibesi Hus broughl aboul by mbnbsliog
+ECN and “LI'ryd was nor further potentiatad by ineras
ing otidArive srem (Tig ST.T)

[RTETETES FHET ]

Cheraclers ey o TISH ) melabolisn palhway
enzyies. imelsbolite concentralions and luxes

The Kiteetie conslants of the recombinant ponted path
way enzymat were dennined under near-phvaclomeal
condiisons of empeseacee and moraccdiular pH. The
kinetic properriss of G5 frome Tocoeeiare reporred for
Lhe (i tome [o o ypunos comalid s peies, thus oum
pheliog characicimeabion of e GSH synlbolee patleey
i Lo paraaies, The kmdss paramelas ol Lhe
reeombinant cnzvne: were similar o those previously
mpnrted in the liternmre (Tabe S8 ewcept for the
Tk ol GEH inhibiion oF recombingm pul niives
Trys, MNowbly, the alflmily of TS Ioom T oecr
slomery Ter GSH e ook order ol magmiods [ewer
thar for the enmpmes from T beoess and Faedilvan
[Tahl= 511

The ... of most of the poatheeoy enrvmes was
determined here im0 T ocren epimaslizotes, scoepl for
wECN, ‘Thess valess ars oriical for constroenion of tha
kiscie model as they refiacl the amounl of acmve
anrymw ingdde living oflle Fetimation of the {0 wee
I . Trown rhe comtemt of prodein dersrminsd by
oo Blol was avonded bocause, m our expenawe,
thewe 1s ow lear correlasen belavo L conient ol
profzin and the amount of astie cnEyme [H—4,
s in misca koulared contesl cosbolents,

Clamipuirison of the calalvlic eMidaiees T K of
th= paibrway =smzvimes suegeded Uwl FECS & TS
mIe Do s, e b precurser aupply modoke,  loml
TiSH = e wrvwe oymirhesiz in the parmsires. Tnocnnrrser,
TryR and the TYNoderendant antincidant machinary
TN, THNNPx and GPYAL in the TESH b -consnming
mdhile, have over coapowity [high catalyric afficiency
fip wWird and iz vdve, and saluration 1o e subkacralzs),
e low catalvie efficiencics of e cnzymes of the
TiSHE mpply maduls carrelated with the low path-
wey fives dedermined inofin (Tahle 23 Therelore, the

il promble nmaaom why Tryld smd e U N=lepo-
diml penoxkde ditualicaiien sylem are gbundant
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Kinabs mendaling of trepanciniang rots bl

the parasitas is to provide an afficienr spsrem o fmmes
diately deal with felaminl pertorbatizns that decres s
the 11%Hk 1%: rabo, kefors acbivaoen of the much
slovwer o ton T{SHl synthesic parlway under peo-
lonped pericds ol o idarive diness

Kinetic modelling of TEH meiabo lism

Kinsfic models of mefabolic patheav: in himan
miniatey lave becn desmibed coly loc glyeclysas m
FoArurel 7] amd Rawanraeha drévaiysior [484%] and
the plrovalaze svetem in Fedfwumde ffwram [5T The
firet kinetic model oF T{SH . metabaliEn in 3 tnpano-
sancatd coporlal bens Teclilalos undoralacndiog of Lhe
controliney, mechanizme of this mporant pathsay m
thess naracine

The kinstic rmodel predictad thar TRH}. omthasic
wis mamly coolallal (A="0%) by yELS and 1oy
i1lakdz 1), as a esulc of thar latrely low ccllular
artive wonienie and nom-garmratinn thisl and pobamine
subsirnle (Tabke 500 The neeBeibls contribution aof
lealback mimadsen by WSH W tse lugh Qus contred
cootmcacmt of vEUS was a fonaaquende of thé mph
[Ginr &, ey, maric of 53408 and low [GSHER oy
mie of 023 005 (he compeling subsirole predooi
munlly bmds e ceeyine aod Mocks mbabior bindimg.
‘Theze results emphases the noed 1o abamdon the dop-
madic cnmcepds af A ‘rarecTirdting stap’ e an Callneredc
o Jeedboack inhibild enspme’ us Use unly coleci w
domnbe b conlmdhng siwps ol mwtaboln palliesys
115,07, 18 45 In contras, an iotcpral and dvnamic net-
work anakesis of the parbosay ran allrw pescise and
yauntitative prediclions regonding e cedevanoe of o
mirbcalar coeyme ber ounleed @ Lhe mciabolye path-
way. and may ool unknown MECTAcTIOn: A
enmymes amd metabolines

The ey s proceses tnal conlrol L copemicaticn
il TiaH e wone mamm by it demand ozl sy e siecssg and
Trylt. Hewover, vECY and 1evd ako exent ooncrad
when they are sreomply inhikired or when TryR = ahesnte
or nhriat=d, Au explunaiion Dor Qus bebuviowr is ol
Trylt parvis as a balla cogymee o usilam 3 consbool
LSH TS madee however, the tedad L1HD)- conesntm-
Een in the el will caly depend on the fux iccogh the
synthetic module. Thus, FECS gnd TryvE may polentiolly
vl wgndrant conleol cu U Laedal TTESH e concaiio-
mEN An these parasiisE, Ao varkads doag-resistan Lelir-
mmumie sirgios, wn incrsied oooent ol e engmes of
the Ti53H): svnthesin and antoxidnmt muchimery wus
dcivcrnmncd by mporoamayy and weslern blod snalyses
I31-34% Thie moecare: that enhansmant o 1{8Hk
syolbetiv enevmwes s gl mguirad 0 polznliske Lhe=
uriticsidanl capabilities of Lhe paredl=s,

WoLlm-aznaova ol

K arabnlic madelling alsa Alloees the idantification of
emmergent properties of the nerwark that cannat Fe
identined by stardying 12 chmenis 1o Bolabion or as
ceparare pathwave [1% In thiz repard, rhe kinetic
okl identified TiSH}- melaholism as compeicing 2
catalytically slow and lass eficient =synthetic modale
(PEUN, L%, Leys and Spd 1) and & fast and hiohly effi-
cient module (the antircidanr enmamatic machinery
and TryR}, conmescted thronph the common melabolite
TEHE. Momover, oL wsheaied Thal cxcrcaen ol owe
dized thied: nrder csrdaimee sires: may also have a aip-
mificant efacr on the antincidant capabilitise of the
maracites as a resnlt of lnss of ssmential G50 and TS.
(uoudeecd) ol These pathvd y eoeargenl properios
were only recopmiEed by ostudympe the emsvmes and
rrAnS[ATers in the neinode

It ie warth smphasizding that the presemt Toeen
cpmuasigob bl bocoe model ooy be wed as 4
core medel 1o whish the pamienlar vamabons of the
narlreay hetwern parasire stanes or different teymann-
wimn il species can be whal oove me nbebmic wml
cngpmaler jkinwlomc) daty bowme avalabbe Foer
oxamps, the podvamne evamthens pathway [[@ad by
Radeneyl methinnine  derarboavlaze and  oemirhine
deaurbosyluse i T baew and Leedmmanan, Spd eocy
e syulhess m ¥ cruzd (hig Dy and Use caldabive
seenon of ihe pomiose phasphace pathsay, sdush pro-
wides WATIPFH for the antinxidant machioery, are
putbrwayys Wbl wre Jdirecly vompected 1o the rewcbons
wonsiderad o e presal kowle imodd, Anedber wsclul
appleanon of kincoc-mathomaleal medels @ the
readiness ta preadicr possihle parbeway acenarine nders
diffzrent physdclogicl comditivns As discwssed obove,
U st conbcdl prrimeelor bore koo modelmg o e
Froow Value geleemined iy 20lls; obtaining this para-
raerer for the atere idenrified hars ac sxemting rhe prear-
el wairel, wod meusaranenls of relevanl mewbolil=
iLsH, TsH and Spdy ardd padisay Juos o the
tman stapes of 1 ooeud, mav osicnd the benctits of
rhee present kinstic modsd Moneover, the robnsiness nf
Wb mmerdel wud putlveuy peronis Lhe hypotbesn ol he
weps Wl caol e proalosl coolmol sl probalbdy
B¢ dhe enmmzs wach the lowesl agtvibe:s m lls of
T, ozt Irypuomns i cdes arnd oot gole.

\hility of hinetic madalling far drug target
validatian

Einstic modelling is u w=ul spdemm, biology uppreach
that Taciblales e sdenblicalnm of drug largels wilh
the mighest cheraremie podcnbal. Lhaes, drap dezsgem
Lowusing oo Ui sleps ol gl Ui grealzsl oonlez] io
e melweork Tor amelu-largst ibition cmerees us g
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substuntintal sound god novel srteyy ol ool
withi Lhe rsdwensl spprosch ol allempling b Tolly
inhihil non-contmlling staps or the *rie-lmiring seps
reperial o bicchemisiry fedbooks (3] Mooy m=n
bodic vy [rom parsics desplay suboianial dellee-
oncsE reparding thr allzatenc madulanoen sempaned
Lo their hummn counierports 47 49,535,367, pm] Chess
differenes may be eapleied for specie opecilic Lo
eelod Lhaapy, For o pasoma, 1 as worlhwinle o
smibark nmoa complels Finetic descriptinn af porasits
eyt und stody them wsing weveork bused woodys.
Ler vablabom ux drug Largeis.

Bascd on 1he model predscticns (Fig 30, we proposs
that simultaneous inhibslicn o fhe Qus coalrolling
cmey ey TEUS aad Trys will fave mons stk cllicls
o0 lixHl melabodism than Beparals nbmien. Lhos,
i of combinarion rherapiss, ar desipn of’ molii-rarpes

drugs ler e coewrnes, ant mbonssbing slarimg ponls
fer altormanys chemetiscrapy apainst 1o and pos-
siblv  cther trypannesmatids Flowewer, the poecibis
proscme o LisH lmnsporicn moJ. oz, g8 sug posiod
for 4 ivncsf and Lefifuwamie |57 58] may dimanish e
Huxr conrrnd o ¢S and increase thoes of Trvs and
SrdT. Therefore. more smdiss ars reqnired on GSH
tramzpori m these parasics lar a camplets undersiand-
ing af pathway cantrnl mechanisns

With repard 10 rnltiomrget therapy, it was previ
cudy repuried thal thee peresdtivided eTae of mifur
mure and henrnidamls were increasad by co-dreanment
with hnrhicnins snolficimioe [59.00], an irreve rsibls
ilribiter of vECE Ul also uppeurs Lo inhibi GSH
lemepurl me ¥ dwiwed (A7) By ombubilme e goro
TiSH= =ivmthecia ndnn hirhionine il faiming  and
inereasine oxidifive steess sing commercial dmgs, o
ronger inhibitory 2fleel cu wypapotiions metuboEan
{amd wrovwlh) was achicval, sugecstiog il pharmsee-
Ingical inrervention an several ractions st lewer dosss
rdibgr  Uhan inhibiting imbdivideol eneymes gl higher
desrs, vowomoee e wed approach leoalloet e palb-
WY,

Eecuwse Trvd is nol presanl o he et wod los o
bt Nug contred codbowol m bw pallvecay, il sppeaos
te ke the miost relevant drug tarper m ' 1iSH L molako-
lism. Bepoly, pownd noncompdilive inlibilors (in
Lhe nsmomedar rangel agansl punbal Tl Dooom
30 mrwesl were donofied By hiph-throoghpar ecreching
=T a chamical eomponnd Thmre, howeeer, their ¢fTerts
an growlh amd lued coulenls were schieval mo e
micremalar ranpe (617, indicaung hew cdlalar com-
rleriry can make sucoeesful dryy discrvessy ditfienle
|

o e othor hard, Loyl anbibioon, escthr with
sridarive dreen, mav favonr an oxidized cellmlar sint=

Enmim vl ol rgneend necmnm el wdeen

culy when the Ti8HIy ey otlizais patliw sy is not ucli
walol Inlobabum ol Tryld aor Lhe ancandant machmwery
enrvmes [or tThempentic porposes will be aovery clal
lemging twsk bocaumse heir lieh ocliviy o e cell will
roguirs Lhe deagn ol highly speabn and pdeol mlub-
tore o U of high conconlranons wih probabic
severe sideefTacls Tor palient. Therelore, mbibition of
dlready laniting encynes wwch as yECE und TS is
Lherapowically moen prompmg i mlnbien o
abtandant s=mwemymes such as TryR onr the peroside
daloilieation machioery.

Correlations of te kinetic model predicions
with sxperimental genetic results in othar
trypannaaratins

The resulrs vielded hy Einsric mndslling, indicaded thar
tECS umd Imd owene e muun coadnldmg slops ol
TisH srnilvceis Aoz, and probably alge of the iotal
T{8Hy roncenrration under prolonped stress oondi-
Lums.  Dooratsed  cxprossion (Ab=D%) of  yELU:
induccd By gXnoiE moans o ), beicdl and Letarvaah
resnlfed in almnst W04 decemassd conreni of G5H and
TR, [F7.59. Moreower, trsimesnt nf T e wilh
Euthicnine sulfosimimns deercased the miraezlinkr tnol
conlent by TR [9300] These renlitz are in agres-
ment with peadictions by the presane kineric medel
regunliogy the hih vonirel Ot this omoomse =serls on
the parbes ay

Try& down-peenlrion in Tobass (8595 promnotes
Fourfobd pocamaloton of GEH aod o 1095 jncrause in
Lhe gmeunt ol Spd, wspeovdy, moaddilion wopn
A0 decrease in TiSH 1 lewels [450548 vereng conrml
pantsiles in agresment with the pesdictinns oF the
mod=l (Fig. 2B}, Adihough TS dowo regulalion wlse
idead am monwsse m yECE: and TrvK acinobos
ek, mnst probably ot pampensate far TOSHS
depkelion, parusie resisuncs o osidalive suess wos
wrngrsred amd cvBubar viabalily was compromsed.

spdl, as the main supply ol &pd, shosed |ower con-
Lol of TISH - synlh=is cornpured o FECS and Trys.
due b als ligher walalyue dhocoey (Ve = 58 uomd
min~"mg cadl profanT'y Ainpe = 81 En) 6L Lhe
mialeculur identity wnd kKioete charocledsation of oo
Spd ramsporker e Focaend has bam eperted  Feas
J& rmodmin. e I edlss e approinnarcly
144 pmal min= -mn el prodein=t & 0014 mou) (6]
By wang Lhow edlior ke panone b, ol coainal by
spdl was achiceod bBocanse of the extesmecly oW
caralyric efficieney (data nor shown), Thus, Torther
sindies on Spd uptoks kintics oo necsssary On
the other hand, (st bigh-affinily wansporcrs fof
Prirsradaeaning haee been well charterized in T oo
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vpungbligodey [83-08]. Lolorluealdy, teae o Lol
miofmansn rearding the rac of 5pd evathesis Irom
Pu. {Fig. 1), albough i1 oppesrs 1o be fust 697
spermmchue 3 vnlhase (SpdS) frean ¥ eruzne has mol been
sharactorized. IThis addibonal micmnal =soneree:  of
Epd way further decrease rhe conrral axerisd by
spd . Furthormore, e grors Spd synllsn lrom orne
e 13 posable a0 7 dvecsl and Ledstimama 9500
hence, pedigribifion of the oonimal coeficient= s
wpocbod m sy ey pauoscom isd s,

eyl showed noglgilbde contrel on the svnihesg of
TiSHi# Tn agresment with ite predicied conrral prop-
aties, Fnncking down TryR in hath T dewes 15 1095
reraring actsaty) and Celammadio did nol madity che
tatal dhizl conrend 7Y

1sing the present Finetic model to reprodnce ngesr
o illative 8 lrews conditivm under which eueye golivi
tiex rhanpe will reguire re-detarmination of Tewer
syperimien lal pormaetses than determined in thiz work,
iz, P thiol vonlemis und Duees under g ey
sisady sraie

Cancluding remarks

Freom the perspective of the oczanizaton ol mbamaedi
ary uwlabohiman, all comsbleat ncymics aud Lmpori-
R are cscmbal for propor palhsay TuneTion, Dosuss
delering, any ol them rreares 8 papin the parhaay fix
Huwover, Tremn e perspocieee ol e com Ured ol mwtaba-
E=m, mot all of e palhway componcnis have tsrape-
tic porential, only rhoss thar axerr sipnifican parbosay
cantral  Genalic sratesies can detarmine whethar o
palhway componcnl 18 gsaennal tor ol funeiion.
Kinetic modedling, predicts hroe asesmrial @ach parboeay
cnmponent is by detemmining their rontrnl cosFicisnts
Hemez, Linetic modellioe of T;5H ) melabelism im pum
wites assiere i validation af drig targere with twe hinhesr
fhempentic. potentinl by idenrifyine the ammes with
I highest cooir s cn e putlveay Que und TESH), con
cenlralen (e, yECS 20 vl 2 Spd 1l

Experimental procedures

Rmagants

ATD, yEC triluorcscets add, 55-dilko-biaZ-ndrchmza-
r acid], harmn, midazok, adivm barahyende (MeDII,
ML, polasthom phosphakl monobasie, tréhalase, calalasg,
G3IL Mgll.. CDTA, densyl chlonide. metharol, dictkyl-
saelrsming perlaasitie acd, Nk dmakimide and MAa DAL
mere porchasc from Sigme 05 Louis, MO, USAb: gleime,
MOCPS, dithaathrawel ard [Eipes werd porchazsd Iram
Researck Orgaess (Clevelaral, OIL TREA); acctonimile and

¥ TH-Feamlmad wf

Sk e puinckingi Vi Uik LR ETETRS S T TR & [T R

Lanuicn | machunclomme, perchlone o, aodnm phos-

il ab besie il e wew (o il i 50 Heakasi

(Prilipsbuare. MY,  LSAT phosphoesciparoiue  me

Fewronptowlwnol dere poiclaser fosn B0 B wnls
! E

lAror, CeH, US4 54 wos purehosed from Labaramw
vy A f e L, Pl e | i |]::r| I"-l'!lll't'
nhewside wus purchesed  from Amreae (Saloe, OH,
TESAT Tiis wms ™ inhicsanl Frma TEI Saenbife (Heaba, 1A
LFsA Y,

Cultume cunditioms

Ejui 'L"'l.tplll-'\n il X e Ul alona THARSWMXES
GO wemmura) (2] were cuhorss in HEME- 1040 mecium
|_'1'|z,| wi] Wy waded wirl 19% Teol lovine «anm P88
Labaorugres., J"I.Iﬂ."r]'ﬂg.. Austia. The puliurs vwere inoo.
lwebesd ar 240 e pesenll pevionsly 008 Poonsane sl
tores were suaried ® 20mL redwr one sl o, deuss
rvsntromng o cens by of 2w 0 peeasites pec ml bk
2vml piter ¢ dosy, then horemosl For TN und Ths.
||:]r||.|'l| v cetevies, e po il s el tenl
m liver miusion ITvpiose mecium (ULFCL), Delroad, B
ESAG, amibrmaled walle R felnl beame s m
42 poreml ' huemim. und muiniunee uf 26 0. In i o
purzaile multues weie imbnbad ol o dosaly of 4= ni JEiie
siles por mL zng harvesied aféer 5 dape, reackmy o demany
off cppeodiraaiely 28 @ 00 parcsites perml.

GEna amglifization

Crpamic XA fom the T cruzi Minoa strain wes isalated
uy previously desen bee V4] pROE, S Tovs, Trek, TR
raG0aA and TXRD genes were amplifcd by DO uvdng
mmopmie LA from ks strac. The nogkeside sequences
of the parcrs wsed for cack gene are: *EC5 fecpse 2-00T
ACUATGOGTUTOT TG AALGE,  mmsmae 2V TAG
COTCGAGOTCACGGOATOTTTTTGS-2 S GF isense
AL GTACATATG LA C TOT DGO GUHEAL-F,  masense
S TAGCOTOGALT TAAA LAAGDOOCAGTOA Y TS
serse A OGTACCATGGGLTCTTIGGOGGE TACUA.E,
aptisnse S=TACCAAGCTTOGTTTTCAACGOCACT-3'
Irve (amse 3 LGTACATATGATGTCAAMGATTIT
TO-¥, mntsmse 3-TAGCAAGCTTTTACAGATATGCTT
CIrA-5 TAN (e 200 TACATA TG TG ITIG
GULAACTAC-3, antiserse S-GCTAAGCTTTTAGTOG
GACTAGUGGARG-E", nslafd (e 2 GUALATAL
GTTTCOTTTOGOTCAATTGUTTAG- Y, sntisense 500
FAAGU T TUAAA TOUTALLALUADC AN G ) TANK
leerse SSCOGTACATATOTOC TG OGO AGACGC-S, anby
serse X ULEA T AALD TITTACGUOGATAGC AL S, Al
soquenocs conaim Mol anad S resinicion sites. The
BCR products wers cloned inthe pGEMT Basy vectar
iFMromege, Madison, WL USA), anc hor denhity was con-
frmed by moclsanir o uenema.
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Creer-enpression and peadale pueificrtion

T genes were clogsd o B Mool and Ml restriction
sine ol vlw pFTH pleseib]  Miaspsn Tl
Grmany], whick e sed 19 (tensiirm Dademiokis calf
ELSNDI el o mdar b0 ever-sxpress fhe peoksing lnsed
2 2 meacTe sl I el een gtoum el &0 Lo Leme
Boreni oxedwrs do o9 pbcrsane @ 806 oo of 0L chem
o e @ on omwmed by albar Udord soopoe
P Bounomianses, ) e Ok sofr enber opoe
immmmphl & TR The olffs s weoussiml sl orsime-
perakead i Fhoal bl omomiemp 00 el eedimeol
amre, pll 74, 00nM MaCl ird I my eddisels, aead
Kin® ® 2 Fimah pome (AMINCT S 6, Bl o NY
LSA] by pasing ke cellular wapenadin (hree tmes o
20 00 e LTS MRS Bor Tryl ard TryR, foar tmes o
20 00 pi for fBLE, aed owr giews st 16 000 pei 17005
Ma) for G5 The prasogol wis opibmiked lir cach engrme
Eeraina ghes wene Raghl v s ible 1 mackvaten by ook
cuioe, mek presues oad e number of pusigss For
machyees ol TXR DA nnd TEMIES, lcto s sese oo
b sewimcm b g 0 Mo S o 290 (Fnmaa D
Boey T, DIRAY wdil sww rpale off s 00 3P0 malje, e
cede of 1 rsie w00 innpm, s ssee cnale of Wa o
2 cmra. Each ogie = Bolowed Be & ] oe imcatar
i oo e Tha bastornl heates wen amuiipes of TEIE o
Br 2o = 4T, The copen s paified frony ke
METITAEN & O IS by U -alliniy crems
Eupny emg | den mn Llenuah, Moasiin Yiew, T4,
USN] us presiomly dairibed (380, The snayiies wers con.
cwatumlal ar % 1 pagnidl L™ RS i ik el
B st wemd D B UieM A el Y e TEN
TEF eyl 70 B el WA s G mpd = e TR N
e eyt were s bimmd ol =500 i phie paeswe of S0%
phearal Jar TN, rsliPuf, TXKIN and TeR. yOCS G5
and Toys pecanildoms eneviees weie adalisly wuzile
mier =y markg cobdibons, seh a W% plworcd o
=20 ar LMW ewwmomioe nlide al A5G onlv ke
preemmes 2l L oworehciesr b el ote Tt md Lo
bckalos for G5 md s a0 4°C tagwowed ihor
bt e

Kinetic chovacterisytbun

AR o vew o sre’ LBwth poee mivrs were deterrine’ o
ITAC, The adtmities of ritormbinaet (ECS G5 and TryS
wire delirmined by couplbrg U ADP prediction b
proaie bmmecs lcise dehydragm e (Roche, Marnkeir,
Cormany] and following by MADI eadaton an M40
e alurawrd  reugvor  Eidge mEiined 40 mm
Fepea/MoOH, pH 74, Jmu Myl | mu EDTA, 1 mm
]u!-nr!l cevanle Ciim e, Y s BALNE Y 0B Ihih"_llllnl'-lll.'
Fon b piwiceste beaies odoin Al sloprme @ o mem
wltdie, ww’ =N jp eamws plis seille wbdias G
HE S, L Dol s W Moo ATR b T e s s

Elnatie madeing of pEareiFice : mEmebel v

lbi | o e, Fon 8, 4w Crbeonaad 08 st ATE plis
damal gEL L wlart (b reudtons For I, 10 m S
vl (0T AT® s TE s CRHE we e the el
Tl #o T wiaih anilssinile wos aleles aned e sciaining
cocemirabions of [he 183 co-uibaraies jas m the sandent
immcthow s The opareaty iy s of e dalenomioe sese aile®
i low jor yI0N, 02 mm Cp -2 ma Gle o B-
L e ATE S GE, 004 o =00, 010 i G mmd B-
[Fwm ATE = Tkl 8 5 me GEE & 1] m Spd gl
Bl mm ATF Thd purdiol fran beckrn Shrmue] by
s e davy v Feoem, lemacun by oslacfoee D o

mE s 3pd o b dnfoping eoetm amyg G Freee
[ T RN T e T L i e ey ey

Vel e bl o Ii"ll“llllll.".l'!in‘i gl v whienllv ol
Iralug BADPH shilalivn @ 30 e The sadad e
las paleiime vmdnien’ Mol Hepes, oH Td, | o
FIKTA, Bpd '1'1‘"[‘ "I)H, LU l"'i_g LA B T Tiwi
raniy, O, USAT ard 0.2 BiM MADPIL For B debmrins-
tais, e WATIFE foawesdiebas vme waibm® s 0 i
0.2 me daniursiing wak 024 mm THy) and the TS; corcess
Irzgan Wi venal (tam U @ U8 o Enuueoeg sih
B3 ma WAL

Faw Iaky ‘_“| Priesmamia i min il i o wyew Basl pmgil
waleclidy e dlewme ey ms drardeld ot e e K,
Immeaminny & S poma e ol v ey G oo il
Iwsa B0 wyw] Fea «FC% K rugy o | L T T
ourved b Gly sy delomingd m ks prustece of 03 mai
*EC or -5 mad GE11

Tha st wl ".‘. CASTE wal h“rll_- wi The Hiieg
crayraes wa deiermined naieg sEtrating Cenceriradeng ol
Uheir subsiraign. The corsentrations teated wen withm the
phusinioped gy ol Gersenirutior,

The TXKW, maliled sl TR aciniizs were daer
miner Fomeemalienge che omtioeoulnet mochway e e
Presened o 18, wkd TryM, und specirupeicenginienliy
mivi lmenp,. MATIFE saddtmn 20 e Bl gaes i
das e Had ol mldal 15, axa imtiawd by Ty
hallisim B lins o ohie miaynee of letmes The @ T wl @an-
Awd ivmctes. @ imeE ois taian? 46 W Hrjus, o 74
L (OTA, 20 e NADML G4 o TSy ot fok
ey prokiism ol selsidor For THN IRI3-008 i,
0F pm Tyl X0 pm THND: sm 007w serr-bar Byl
openends  (ebAO0lE  for oeOPoA  eT-800T6 ),
e g T, 2 e TAN el i e RN A e e
ale L0 e TXNA ] pu) 002 e TS, JE me
II-:F‘ i TR aad t"F.-H' PlaaH e ensins

mmr sle lml by wdbilai of e eacvie af mbeesd ol B
i) coms il oo Thae B G ewdls solwlinle wa
Audanninml by wprpiag e a0 e aobaisies ad gan siine

rating comemiratiand al the ee-nkatrate. The aubairaidn
e vaded an Llirve R TXN, 0G4 am THs fus
aelilh, =30 e TN sme O-lmw Comi¥D jor
THNML, 0=20 M TS and 2-B00 g ComD{O0L ar 0-
A e L RURRHL [0 thoe s, IR SRETRLE FENCHGE
o b formed TOSIs and phe Inadvopoocsles was
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weadl e ol [rgmnenb e il i

et T fe (e reacni wes arared 2o
waliii ol i B3l ingt M acioaly

The 1hicd sobitrabis werd roubicely calibraled i=ang 5.5'-
bt T S ATR wms calihesane’
wirg hemokingse and gluces-S-phosphair dehydroginzs
The expericwalal &nd coupling énzynics corcenlrabionrs
wazre varicd voensune that mewsurements wer e oblsineg uedor
iritiz] elociyy cocdiciens, ¢xaept Tar TRMNIMC which wes
CEUATA. UCCT TOC-SHUTUEY COnSihms bemuss of 1
irsakili ty ueder Gilulsore

alwtiian ke & |"'|-1: il

Cetermination of endyee sotivites in parasioes
undar contre and exidant conditions

oty wullwm epovusleates Bam e Duer ma sdican [' ]
mpencet m Ll of MuClel 05 mm MO
KCL o mwn Do HAPCy amil 2 mw S H P, pH 74 supple.
venfed wall U6 mea Tabbwwrsd byl were e dnbe] A
FCCTIT [eSPATMer (e | Py MU TR IR nhesrer e [irdaraee al
Hropd HA A 10 ink HAEE LR
wud Tl
vhiained.

Tla: 1wl wvae lErssie®, e e’ in 07 wil laam
bualter 420 e Tlepes, nll 7, Lma CDTA, 005 e KO,
T m dithwathrsiel 2nd 1 ma plens ewthanesul eyl flua-
ncc), and lysed by frcczmg m biquod nitrogen aec thawing
aL 2770 three ticxs, The cdlular eaiad! was centritoped &t
0 217 plor D mn, amd the supomaient wos imecmiely
el for cnzyme activity exasurcments. 1o ike case ol TXN
e peromcaes woivile i pre-menbuteon moH D, wus per-
L, i the cell were borecsded, wushed mo Mol P,
il fer, s b s ceswniled aboe

FRLE, Grd and Ty sotiviies ® glunbec ovosalic purs-
ail et iacRs waeie Jdefenabvesd LTS Tedlcia e 1 & o
none r|u|-|_|-|'ll ke e Hewdly, |he s
ankEind’ e md Hepaes, pH T A0 e WpCL

miray s A e’

i m PR s wear

e hrtee]

e ol g e el amd 13 iner Cflg, T8 s iz 2 e
ATD lor ~DUE, 9.4 m wLC, B ms Gly and 2 me AT lioe
O, and] K (YRH, T eed 'i||-1. and® Foaid ATP fow TS
Paraliel reactions were ser op that lacked ame of the
oo-iubatrales, Afer S0min ol moubeton st 5730 Lhe
miction wiad stapped by porchlane sl exmacton Q%
fmsl concendr=tion), the smphks were moomfiged st
HP &S p far lemmm a 440 8 climorute the proci nlee
prawm. aml the soperratard wes peuotrshezal with 3 om
RE¥H T
ypeorophatoctrically  wsicg o pyvnovale  kinssesloctae
velidin

WO DA Te AT concendin hoi Ssind Cslenis i

ol sy nn desimled pevesly 49
e P ST acliedl s i e el

e ' 1 "
Wad' ewrems i ennieal reserimn was }l'.\.'.l:,"- aulnfracres

IFs spmwmirs A20F [

[Palaks 51 Wew pinid el ikl tlie enEyres adraly wik lide-
arly cependint o (B4 arscunt ol sxtract (Table 531 Leaper
wevlzmie Times decdesaa® the PEyE .o-H'II\'II:,' TinR Ariu-
iy wai delermined speatrophbatomerriezlly by Blawing
MADPID asidenon &t 0 oam. The resdtion ractiure <en-

A THi- Tt sl

simaen’ 1 wad Hepss, pH T2 apyai ||:||'.|-I|'|:. S pl AT,
(SR L R T aied A" vand MWADIFH. T TEN anal jeiavi-
caas getivilies in The cylasehe parisils gxlracls wend dober-
e’ ll:,. vl e dEi jenilvwsay e 1l
sme way as far the recombinird ereyrse scHvitics. The
danddre réadon midiur soelamed Wb [lepes, [ caM
EDTA, 01€ mea NADTIL 03 pw TreR, 042 mu TS0,
and 23-1F pr ol parasite extract subsequent acdinons were
for TX0E 00 mv CumDOH. und the resction vy wuried
by sdiding 20 um rsGMeAr Por the TAM-dopemlene perai-
s metivalies: wecie D (B ST dHIH Ait the cereclueii wos
starvod by cocinyg M e TN

Determination af metabalites

Fo demvneaioan af o] conilen, T Jid ceerdls e
woan’, el e alivmet prossite poizing with peackim o sen® i
bv pregaring cylogald exiracle b4 described dhove, Bilorved
by dpcubation To D0 cin anclee mak an esess ol SaBH..
and furtber precipfation with 1% perchlonc acid (lined
corcealrabon). Therd werg oo dillerdeces in ke nosulia
obizinod wimyg ¢=th protocod, The acid cxincts were conris
fuged 4t 20HI7 g Jor 5 mm al 4 °C, Twenly microbores af
the supernaiont were separvlec by wn HPLL  sysem
(Watery, Milforl MA, USA| coupled fo o reverscc phuse
E08 eoshnine 3% p poorteede aice, Rymiaediy S FSTI .Y
LA proviausly ecunbbrulec wilk u %3% frfoargacehe
acal aolilan Gl 1% A wi walerh s 1'% acanibi ke

Tl etk e .--|||||.'I|~|| I plilloi: wdl the snine

bl fim 10 i a2 cawe A 1T wae™ ) thae ol
wusend  mmh 5 Ttk e
ahdarbaned was dokested 2t 413
||-1||. was ket i
mm 10 paralld or mized with the samples:

Far T5: deirmindlbar, spprasimakel 1 = o parasEed
werme incnhued for Mimin in the absenoe or presonee ol
100y the purasiies were then karvested =sng ressponénd in
CLZmbL bufer conummy 20 my Hepes. pH S5 4@
cx hplmetraminepmitecetae and 5§ s Necthylmaleimide.
MlEyntice o Ties= 1 hicds wis ]r:l’ viinmed af V0L
An sl vl mme af 20% ricklsronecs weie w00 me HCL
s el Ly the wconple wheeh wos Tmiher icnboted i
i al 20 ol Iey i l-'llrll:’l.l"ﬂ al HIETY w fini
T at 2% Ta oebemnd ¥erthaskecinile  was
extiwded AF lrmes s . wole-snlinnter el aceinde il
the saraple wasbubbled wilk ™ . The asid exfracts e ndu-
pAlimen’ e 3w KOHA | o Toe The aconin of TS, was
Eeterminsd o the neutralzed eitracts in a | mL reaction
cortaicicg =0 md Depes, Il 74 | um: TrvR aed G215 rad
MADML Albcmmatively, alkslation of frec thiols using vinyl
prricine wes perdorrsed, Dricly, the szme ameamt al’ para-
aies aus cepraiamacc nik 2 wliosulkyle aog; then
Ipl Kils sipylpyodine wene sdiéed, and che pll was
ndjged mop ¢ by g mislhumobmine. The ol bylmam
wus performed ui room keEporanan over SUomm ana LRI

G

(HE Ty MI'II-1:I s’ The

rmt. The identity ol cxch

wiercial foetpaiii o PR T

fosi & ran

Tz FESE Juunul ITREZO2I NET 1558 2 2003 T il e vt naniwek unsd 202 FEEE

96



W Tl Farin el o o

pin s o ol oo unnnt e s alewcaibed il Huth e
caly vichool vom paruh @ el

Fur chebeimi ity af Tiee meawes cencs, poosceie enlowts
were o btamed by (ree sies of ireeey o themaeg, md
jenwhilvnbe skl ums pdle] Foo pooisln wadipisrhe T
Iyl wene prmliBweesl wl TEAES g e S of 277 il
gt ira s el ! wlil Y ow KON 0 Tiis, and
|biqh“.ﬁ|-‘|.1ﬂ|' wall b vl ol B0 B
pliaklrlgds wllidbe (TA e peshophablidnr T
riansl W [feensphe e d secd Fasl Udw Todm e,
plF DA wol imstein’ B Veme @ oo e esiee
Filly emapdies o B wlem wew ogorind mbic ss
HPM C deviee conglad u @ erveisapheee C1TE el
Wenlas Nplarsail % e jeebale wae A0 T 8 e
it shag precdnnndy mpolll ool with o cderiee of 3%
sl A (S it s v plaegl ol lwilei, pH 28] phis
1E% solibion B (83 mailass, 23% aeumairle, (U
wealaa A e eincend ol sllion B0 SIS was
anl. The wmind s oy deisiec by EUOTsCerse
R i esmeatid i, B8 ) 5o s R

Fu puibpniniie et ok et (e e sinlae ] s umantic
palimcdn weir wenbinlien) vang Rakilh peere pel te
sl were craporalad @ 0 0 The deaccated asmples
s arcusprmial B oo el oo ks e B EES ol 0O W HCT
el 0 o MallTO . pll w12 0ad A8 ol 4wy deosil
shlvsale aml roulwinl &8 W fiw Mo, tha 1wl
etmire] s alded Mot pach 88 wl of el i the
caiaple s rme] Tamnp oeordiim e ignae] fnn as
HF D s posplal 0 8 srpeey el | TR soboaens
Watme T imeewn Sphwsboils 204 5 Y0 panl cabiaei
wam puevwsls mmiliatol sdlo g e ol B aeila-
il Al 209 acsipi & Y0 ko plalimn R 50O @350
Pl venns il B st b 1l sk, anad e o hois-
his s detied Doy vieimme (307 o et ling,
s olb e en nE

Fur ATP aletevikimtiis. depmammlinem] am® weminaliood
ey prineeis e bl os i e e s Goiieal
ancrlesle s 2d v 0 eplwmiipiim STF ase Casmial
e peemminls dewiilel G| MATHFT st b wers
P A N T L
7] fim * ¥ w nw et (he RATFF camode T
=i cilolied & i Baiie thal e NADPNADMLD s
i T e ey waaly e, s 04T TH

The retabolbic cisceritaiizn wor calolde’ by sorm-
s ey 1= D" pesmaelion cosiimqmael 10 0 as dtesonibel

Flun determinntion

Alguots of & = 0 patalies enspealed w | mL 501 TY
sippbominted with 20 m ducaie were intuhaial a1 neors
eraperatire m the absemus aor presres af the peraxkde; the
cells mire Earvested al varaua fdews A% Fand 10 micd, S-
npiec, el the TI81 0y cortenl wan dammiced by IIFLC
55 Sescribed pbavi. i was calculated covaderine that

et v e im ol e o cw b i

1w M° 3 pownd epimnalipoles daiispond G 100 =
e riig slubl proign 0= 25 wbue deermimed & i
Jrie=eii alialy

Rale eguathom used in the mode]

by bl S TP s lialom s Dl mrcd coniood umlen s
pid’  mmealems coenftlem (Toble T) med b siie dbop
pnppe o mily W wilh (o B doer aies fanees
(FOS (A gl Teal i Talde 1) fom o3 A weee
-‘-*l By wmd o e il AP cxsmrns fonn. N B,
ralwn ] gwe e E sdasm fw e s paele
i Falnke 1 Dhs "1 wirhuies gl 2V wseld B ihe A0S D
wd! Tink wpisiihins wmp cabuliind s Cmesiled eelisdy
l."'; o wlimh A C Db Tice EHCEY I."iﬂ:’l'l T
Aiffeimaw  lwismn  (hal af  pejeie el Finathe
{0 bl ') e el AT bgedrodysis £ 1 ksl
i |I'1]

Fo b, n aiviehimin ediastiiiil el cag it weil li i
ot 0 b il Ml s oy CRRH s Gl s o] 7R

,_ w2t (140 - ()
(e fa) ol b Lz G ) o )

winems = Ly & = O M — UEHE ow Fiboqia I
o wied [ ouahem mwen wlacia’ B sra's swrls Sl aw e
urEs pRbany (3 B persss {loble: 3e e X0 1w &
weba #e il Ldtis bie wleh llnl.l': wll g il vl
change fhe wiimiy 3 e emere dor e oot
B b he o sdee was 1, o peesamly aepeiiegd |A]
Ihe | vidise Fopreient e uewr b which the k. for Oy
i b cwlilen sl Do, sghamdi i idaletion, o leviaed Bi
the ires iy, compEing (o Lo, To our ko dedge, b
il i o B sl s levs e bl o b was
uigiimted L SELLID Lg% EL SOrpenranrs m e purie .

Foi Ui snmbisn e ew ol meclanmm o queias | V8]
WL sl

)
(1= )+ (&) + (=) + =)

whetg 4 = ~[C, J=Ch ppd I = GSIL Aa 7 valed of
12 wai el el o8 e Shtumed dor A dheiiew 05
Ex

TETrS o0 wbie 0w GEIT e fror gwathiowsy] speme
ding 25 pibelraiés 1o eynihoass THSIDE, but aab the overall
roaction @ s oanmsicered, Par this erapewe, a ranaboe crium
ttgchiurkam quit on was usad T

r v
= T m '-}

¥ 1 ] - ET -l i ¥ v
Epdeyd |ig -1-:..1-—l 0 L P - Lr::.'-r-.l la

whew o = CHH, 8 = Sl awl P — TISHI: A wliew'y
e immn] W s o Foormer Tiws & (0w sl

B o P RPE TS W e A e e e @ O LG 1=

97



Eoraalin: meealneg ad Prgprar allones smnkakclsns

thins ks &, reported Ror (he T dnecel 2né Loishuanic
P | Talde 510 Tl
adjudked B a saloe oF 0.1 (which meeiass ke slbcity lar
CBIL by D0-ElE) coukd the patheey Eingls el smulils
the G311 concentravon fme in the perasites. This sugrests
the presence al 2o unknown Trih actvatar in T, o

Ihe kinctic maghurism of TryR hos noc bem cosonbed,
bt putagve bi=hieping=pong Eineics hese been soggesied,
arminr vy gluiuthone recocmse 2 0] Lo ol sy mstmery
of ull the comstets wlfaoting the deete puramerrs for soch
e cnnnpen et b ol spialice s Hll'jl‘rif (15}
ordere bi-bi kimenes |):

m—"'_.{:.ﬁ af— [?r&:lj
T ) () () + () () 2]

1

il v wheis e o valiw was

where A = MADMI, 8 = TS, = HADP" and ¢ =
LiER -

Far spdl, o monosubstmie Huldanes pyuution [G] wis
it

L 5[]
1+ |j h-j::l - [;'_Ll'

where b — Spil amd ¥ — spd, . The £ ond A, values
wecae Sl insled given nl the ‘.ljl'.“ i b w e LIII.I'H.h'\u
md u bigh K, fuvours e farsard meoction.

Fon il TiSH s Conisin® oeicd i

R R R TRIES T | BT

A onaaenhle o A Rion

e | [8-&]]n

Far the reactions al the Spd. TSIk and GSILD kaks,
mreverable mss Lrian Rpmines merr s

.'.dlli-

Achknowledgements

This wnrk was soppodsd by Consejn Mowional de
Ciancin 3 Teenolngia (COPACYT) Maxion soonlt nom
hets 20 1o KOS, and S35 and 125626 0 B -8
WAL-8 was suppnmed By COONACYT Ph fellowshin
mombear 170856 We rthank Professer Tuise Kranth-
Siegel Rinchemisrry Center, [Tnieemsily af Heidelherg
Cicrnany for providing LiSH]. foF some cperiments
and accepdme V.L-5. for a short rescarch stay al her
hhamrary

References
I “Wlim 11 Heexhik ".ll_l\_.-lin.-‘li.‘lll 1T ﬂ'r-llnrl'.".\.'u'lr.'
s eperwediee ok Chagen, Warks 1calih Crgamiza-
tirs &0 behall al the Sp2aal Pragracme for

IwAe ZFRE .0

()

2! wr

-4

[

Ty

i

o0

W Ll ped g nt

Deszarchk ard Training ie Trapedd DHscasts, Ginded,
St nd

Cowry JR & Albajir-Viazs [ (20007 Chigas disase: &
rew worliwile ¢hallenge. Naire 65, SE-57,

Ml gaes T % e Caslra BL 0202 A crtical review an
Chags dsmse cheimolhorapy, Wems Jert Ooeafio O
w1, s A,

Clagptem J (20000 Chages discase 10, Sarwre 463,

5 53

Willkineom 5B g Kelly JM (2008 Trypusagidal crugss
varclnmisres, el aod es bl R Hes
Aoy Med TL 4L,

Falrbarals &9 & Ceaen & 77 Werzlwdican and
Tt imta il tpgewme il e o Thee Soavelag il walin A
R Murdowd da S5-77

Hiainh-SEyuel RE S Coma WA AN Felat comtird
[EIREN T AT Tets BEEL = JIIIIIII.‘HI' sl li Foypmi i
raed et ol cetaladiane fundey Rush e Jows
L DA B T o

Irizaie F, Cihilis L. Cosvini Ma, Wikicsan SR, Flahi
L & Raci It (2008) Iesightcinta the redax bxolog of
Trypoarama ik Inparothone aed auidant e hodli=
Lt Free Madic Biof Med 28, 08 8,
(Mm-Surados al ¥, Monmo-Sinches L& Szavmdn

L XD Largeime trypunaiuone metnbobam o
ipanescmuin koo puniates. G Dy g D0,
[T E BT

Fador AC, Huang ko keelly Jh L2000 ) Gaenctie st
Bkl I .F:F:l"‘_Fﬂ.l’lCl:'.l'lJ . AT Ferair 98, S5 230
il -Repel Bo& lavoms AR CRTE Do wusks
s untondanis mpuresites. Agnanis Meder sigaal
e AR s W11 4707

Harmlw g Jis Hinppenais F I, Bl ker Bl % Wresom bl
HW (NT WetahoBie codntia ) anslysie o s dennily opi-
naal .||||J:_ s Proge e Reee el 1T T TI-THS

+ Morieo-Hanchier R, Razvedra L, Madnizues-Lerig ez 5.

Ciallan’o-Fied 10, Quersda H & WoasabolTHY
(2000 Metsbolic contral anzlvsis indabed a change o
slraliey i the realreel of cancr, Moo marse [,
EI0—E05,

Rlipp E, Wade BC & Kunimer 17 2000 Dicheenical
rerwork- bosed drug-torged predictian ., Cure Ol
Hipreoimad 20, S 1516

Ealedion A, Boogerd ¥, Plurd M, Broggeoun FJ,
Gimetarak ¥, Lumshaf J. Moreno- S nches B, ¥ iz
*, Hikkes BM B A e, CIELE] Eime i W
ke wheon bomoe amd cevwark ergeting dree By J
Pl Tl ik 10 IR s 5001 06 056

Weeaber bl T HY & Fo s RO ] The csalidive af
victlecilan Is g v T Rt Tvid Uy Wl Rukm Sy
11 1249-1257

Fell B (15577 Dauaddime e Comred of Motabahoy,
Bl Poss [ima'ie

Maorepa-Sapchrz B, Sa=vedra T Ibodrigues-Trriguer 5
& Om-Serdeaal VO20E ) Metabehis cortral anal iz

reedl TAREO0Y ARIE O IRRE 2 3013 Tho fastaor o mal complhene 8 300 FRIE

98



1

an

an

=

]

=

37

TR T TR B

& moval Fai chsipm gy Slrakep e o meaipe Dale vowclalndee
Jilwiys & Hiumaw Bndecnen JHIH =404

Siwacp JL 12005 The Sdicon Ol mitizdve, waikioz
rors e & 0l Al b -L'.-\.-'Iirili.lll 1 [l coliliolag
Igvel. O Copy Sioteches! 06, 2E-04%

e i TV HY, Kol bie & Coonisalie BT s
8, Brumemar F1, Xreb K van Schuppen 1L [lardin
H. Bakke BAL Mland M7 o of, (2009 Syapiew biok =
terwards lite i a8'oc: mathemales of the cootral al
living cela. J Mtk Bicd 885, 7314,

Biesma MF, Barnekg ©, Cresitlum CM, Kasiern L,
Pzntaey I, Copircs B & Brengre 5F (X0 Prederae
naroe ol Trpeacnema cne! Eneage Tim Mezico 5 Chin
Micrabind 4, £27-402

Vopcerheyden , Banam G & Lsgopmpa K {0 The
rake of 4 II7 =ATMasz i the regubition ol eytapleseic
il = Frepmmesana ot cpipcaisoles Teocien J 5 1E,
JELR ER

Vercerhoyden ™ & Diocampa B (2000) Inrecellul ar pID
Ik cummahue stuges af Jrppeaosoma cruzt s K

.||'J||'| el ol eenlofel by H T AT Pases. MHaf Hirs Fian
Foraiyed 108, 257 2o,

13 51, Temd K, Mo vopnn SE, Moo e
& Foarinmb AH CWHER A sinele cnmme moinley

Fruanion of LTEYLE HATR TR P fiom rh e el
aprei wolive i Vepparrneiweny st Bl L sene 137,
B WEEE ] |

Ahn b S epoin ME falehesan B & F it i
AH (205 Froperlis; af inpoaooikaoce synihelase from
Tropartiesmm: brnss B Ranedion FPyrgid 130, *5-31
13 Sl Sae WP, Wealle B ode Fanbooly &AH P&ES
Tiyguvins Fe
HiowPuae Proration 199 110 1

Shernta 8K @ Baogal HE 001 Cleeac iz
Plaamelu bea noed dhilE e den etz Fowveiaf Tud
4y, 121-31.

Gt 5 Sk AR & Rami ™ 2005 Seer v e
Kirstic sludies ol tilarizl pluzthione syelbitcse by hiph
g Blrwkd clurw gl Kon Povaegef THE,

N T A T T T N |

SRR ¢

IH:Ir:I
157141,

Vaolehanaky G, Toky ARYIL Marat M, Welloer-
Fonsscau b, Visvikis A, Leray [, Bashi 5 Steickerg T'
I Bk A X002 & rpeckrophalemisl ric assay o

T amylcyncine synibciae and gluathione

aynLbcte: noerde axtracts fram seoes and culiuree
mumradum el Chem Bind imveraer THY 83 8,

Il B % Dergaznn L I#0 v dutamykovsicine synihes
Loz m hi gher plams: caiuly e properues und subeellular
localizaion, Mo 1HE, S03-6[2,

EBbim AU, Me vVH & Wilson T | 582 A propasec
funetian for spermme und spermidice: prowcion of
icplin i TIRA 0 (R e I s her Xy g

Froe et ot ba XA XY, LI90 JIqL),

Heinfeader 5% Showchee M5 & Sobamor o Taday kK
BB BES) Podvirmnes o5 oo delerse mcchimen wguimst

s
=1

)

A

&1

Emmin: rrenisiemgg al Ieg el e cadsbciman
higeapemm aarin in Tevparmesanms cow 0 Avi Ty W8
L
Wille &, Cumdnplam ML & Falrbails AH 2004

Theal scthms of Al il Ao am Fhicd el e
rxtibedizm in iEe homae pabapen Lerkaons
whinoen 5 Raod Ol 29 15518

Tolk:da |, Morscha-Duira AA & [larsbery W 15510
Lowis of MADPeducmp o aed slukth e Gk
bz exrre fion =t the stan ol induction of aerial grow
m Newrorponr oraera, FJ Bacforad 175, 53455049,
Starma B, Awesthi 5 Dok D 5 Avaahn WO 02000
Trarepert ol plutathiang- canpopaies in huniznerythra-
cpbes Achr Maohim Med 47, T2-762,

Mendes {1595 GOCASD: a sofmare package for
eadefing the dyrumics, Wecdy swies amd contrel of

b hermical and caber svstoms, Compaw Apy Sfesc &,
BA-ETL.

Hoops 5; Sahk 5, Gauges I, Lee O, Dzhle J, Smas W,
Srghal M, Xu L Mepdes I' & Kummer 17 (2006 CO
ARl pCUmple: PAkway Sloulag, Bimromaaio
12 S RS

Carpmash-Boween & & Clirdenas ML {001] Informaion
Piviisfan i idetolelie s Fifects af bl
st i eorp et wekleds kK ik 30E, pAle
(e

Wl ke vl 13 & Mreenn-oao hee B
bl .I"|-j Tl el P VIl ‘«.}II'. e ok

rdannin dicss Poabaae oocelng e pdoeis M e
J-rARen SR LUSUCTN

Hirl wvi THS & Cranich-Aovalen & e B Hl'_-_ll'l:llill-
EFEHY Lok

tie i lbicb e oo @ of wiji heoan al i
Ay 75T

1 l-|||-‘.lll't'\;'| Bl Fodes B Hew eoene CiE, Faa ey
AH K. S i BH 19ET) Taa s il b e dii s e
i Trppeareersnur s Poificari o s ol anseeiizs-
it ol ke erystallics crdyrss. Fu J Miochar 06, 12—
125

Catre 1T & Tomabs AM 2008 Pereaslases al trypari-
awnsrile Amvari! Fesho “-'.l‘ln..'a' [T S e TETE

wzn Ceend O, Coerad i T8, du Preez FO & Snocp L
12007y Danz and meadel interraton wimy JWS Onbne.
P Biffee Aol T, B27-535,

Medripme-Trmoues 5, Carrefio-Foerde: L,
Callardo-Drex SO, Suawdra LT Quezacs 11 Wega A,
Marin-Ilemindes A, Ofm-5aradoval ¥, Torree-Mircues
ME 2 Marepo- S inehez B2 Codutive phosphory-
letion is impamee by prodanged hyposia in broast and
preabl v 0 iy cunemomin. G S Eyestome Ol B
42, 1750,

Murin-Hereimeer A, Gellrdo.Péer 10, Rodrigoes.
mr'ql.ﬂ %, Encoluca K. Moreno-sanches B 2
Sovecadn F AR L Mrated wig, coieces E,P_\lullr';'\. Hew B
B piyr Acur DNOT, Jas 0L

Iheswa B Maain-He wcancks A Aealim
CullardoBeres M0, JussaChuves B, Goneliler A

K |1ql'.' it

FESS Ul 279 (L 11 =THES 0012 The Al ok Jus el o0 afalen b 2072 FESS 1331

99



Kb mercdnlomey Al e limcs mn peele-e

&7

5l

w1

i

RLIFES

Sasaefia B Moo S nche B A0 Thie T
lwvinveiriae vl
corirel aser ke Iysing syrtbesis pathway in Saccdare-
nrvars coromiaies. Mol Mimredia' H1, STE-E50L

Albert MA, le=nséra JIL, | Lnmacrt ¥, Van Bov 1,
Ogppendoes PR, Dakkber M & Michels DA (205)
Expermmenid ane teorifeo anulyses af gyeolyog fu
cordrol m bloccsreum form dripawosema braem, J M)
F R THAL B S 1A

Semerna b, Maor-Heowtoakse A Rrealnob B, Clhvos
A Nl a-Fendoder O K Yraeno-5 hez B :1'I:I'.I'.|]
i e reulels L Fima e i vy ]-_l:..l'lﬂ'_,.-i'- i
Ersanseie hatolyifon. FERS T T4, 4522904,
Monmo-Sanehiz R, Encalads B Marin-llemdndie A
& Suavecrs B (2008 | Experimental valication of
rtabolic pathway moceling. FEES 208, BaE4-kadd,
Souzs M, Ferreira AL, Tomis AM, Cordeira O &
Fomems A (200 Quantw ive csseament af the gooxy
luse puthwwny m Letaireardy s os o therapeutic
tprt b caomtelhup, o cocgmite ambfice. FEHS J

s ol et ot of The e

Crmalin K i A N nklagusdhigay B Rasen BF
& Oeellede M (1597] Coe applitcation al the
r-plutamvicy sleine gyclhetzee pere grhf and of the
AR ronsporier zoee pepd i Lramive-readant
Eafnimosa sarencafas, SR 7 16, FIST-MICS,

i Tunchel W, Havselin & Pl " Kl Fudili
A, Beviuv K, Brire Ur, Backard D, Moessier e,
Pupacepauion B gl (3005 Modulubian of gene

win Fartatrorindn Vi ool mo bl & 0o

T R

P8 (TR e

retmrmee hy l||||_l|'I|~|| 1T A wrmenays. e

drwr Eer WS RRS- T

AR e A B marcldan 1% 8 =h 5 Ry {5,
Crirzart | Chateeriis M., Cucllete M & Madbubala B
1208971 Rale of 40T trapspartar MRDA, y-plutam vicy-
stcime symihe tase anc ormithine decarbaxyle m patural
anlimony-resilant solates of Eaifrea duoven,

4 Amnweerah [Aemacher 810 00

wielle & Murdol G, Bimgh X, Sunder &, Furlomb AH
KoL hwrfeagss M 70 FhEenbed ek of ||:|'|||||||"'\-|.|l\.i||
|_l'|||.'|H|II'F' W e iy T L] Savrhoneunr chvey
caf fichl boollates, Mo Biocdem Fonesied 173, 03-164
I'I|||:|'H||IH. FE & Bichal P& 3000 ) Fuaw = ey .
kwdrab: celabalisra 28 pokntizl drug Lergeti. Juf T
FPargeiof 31, 43259,

Spoaedry B, Encalade K, Finedu E. Jusso-Chivex B &
MonnoeSandhez [2003] (Ghcolyas m Esewadhe Al
faaip fiere Feow el dhncacten@nbire af sevom lneont
glveolets enoymaes: wec flue comiral unulysis KERY 7
TR, INE=1TET

Higpmhi ‘11, Hownlt ¥, Hoanven MA & Flullijs: kA
[2005) G kpockdown of wplulamylsathe: smibe
Lo Toy BRI thee onizgitic protideas Teouom o
trucs Ceraarsuaicd that il is @ cocnd@l] enzyree. 7 D!
e 278, 35 T4=19:00,

-

£

i

[
[

-

-~

L2

[}

€

o

(8

&3

i}

R ¢ | T T RSO

Mkl A, Ray &5, Clol moen® O & Omedlens: W
'I:|=\1-.3|1||'-|iI
Eoriaimmamia i3 sdserkial and invalved in resporss 1a
eahlans, Ml Moredis! 74, 514927

Faurder M, Tino L, Lacher I% Ortiz ©, Lopex L,
Seguel ©, Farneira J, Pavani M, Moedka A &k Maya JD
|20 Bubimine sulfaamice imoneees the loaoly of
rifurtama and berzmiciask 1 Srppemorana s
fnif trrderen lgrmown Edmvonenner 49, 00y D00

Fandrr W Loy e B, Tomres 4+ Souela A
Ferreia J, Ko ip, 1T, Oielllana B & Flaya I
[REUIET T BT sl mias as Aodb-Tr rpoaneai e
cruz activily in & fawrine medel af puk Chagas” dis-
pasé ard enherced ke ooy & silurtiee s, Andeniorob
Agmr Chemorker 52, 18571135,

Tarrz L5, Willie 5, Spipks Dy, Oea 5L, Thompean 5,
Izrrizan TR, Gilbort 111 Wyan PG, Fuorlasb AIL &
Fraurzan JA %] L beruenl vehconm of rypanciEs
oo avathete: o pastentizl drug rgee lor humun
foppmrrnmieses 6 e hen 289 140 14

Frearsan T4, Wean PG, Gilbat 11 & Fairlarab AL

IHHITT Taped Aol lim wnli eErasite: O al barani-

"

cry. Jrencls Sancaired 13, SE9-58E.

Comin MA, Guerrere 54, [ladk 5, Menz: U
Lindsdar’ H & Flohe L 200 Vuliduieon of Thypaw
somn Eron Ly panot nope svmbioase 4 Cnag Larget
Frow Heuby Bud Mad 400 ERY 100

Anvinuyuae AR, Uz 2L, Crother ML 2 Furdamb
A 2 Phenow pic unulysis of trypunetbioce synihe
tree ko kedimwns oo e Advicon Digpenreanmne Hevdem J
LT RS

Te {:lu.'u = 54 K Fanbaals AH I;"';I"ﬁ:l R-f,ll'l:‘cli T

Firli-at

Hiweal ks
crum episkstigols. Beoiem F 36, 431-%5,

Carrdla €, Camepa GL Aloracati 10 & Derddre CA
(200 Mokodar anc functionad chamciznmtion of 4
spermcine ransparker (TePAT 2] from Doganasoms
rreu . Mo Hanpioee Bos w334 GLn 090
Cimnzalez NS, Cerani © £ Adgmunao 10255 2 LRifer-
el Il'_i:lll.l];llll all e e v bl e T g mm

Ll sEsieEnd i '."r..l-..n.llrr.w\.u

el ather wypoaneimfics. Beeens Hogd e Ben
Crmye I08, 120-125

Hewrw MP, Coypmens 1, S B w0 TToean 8 0000 A
kigh-&Ilirity pubrescme—cadivenn trarsparies lnoma
Tryaneeour oy, Med Marodad T TE-RL,

Al grenu 1D 2000 Polyumine mewbsbsm in Trgas-
sor ooz sied s on the expredson s regulation of
et aloeim s gene s alesd o palsmenre osanilbemis
Anmie Aoy A, b3 6],

Farizsan T, 30T £ it da o Lt aned
Sy livet e den b rglngs i oy ke a-
raslids. Decionr Feo Troms 35, HA-J00
Trinaza 7 Cwellene W Tavsr 1, Conn plozan Al
Farlamb AL Tumear 5, (dnoa M & Mapadopoulou B
[T Disrumtian of e Lrimae othiae: roduclast fend

FE3E Cuunul TTRENIFIS 1855 & 2002 The Aclimuuunad v galidan & 20T FEBE

100



W, D Eardoval & &

o Poenbyesmin almmmss Bwlm iy B osoiyive raadint e
elrew o Emcroplilges. LARRLY S Ih, D) I,

T Keieper 4, schwoad W A pon WKL Fouibinals
AR, Rl il BE & lagion 0 PRED Topgis-
ot Bk by nim penei hipme s stae me edidea
anml s el ey Lol e dies Wal
Ml ¥ SRLER

TF Feided se-Pasas AN Tatss ® Rallow 1| S 5
Kegitin M. Detm M, Wil K. Wondeales J &
Bhohaaad T (I Vi o allen’ i wdasr s ms
@ Trpaserwme 1 cpamsinpzes. Mosre? Jor 05,

TR

1R

T4 DermmmaCna M Cdbrera W, Oripper Mo 3, Sos
Cabrer: T, Phres-Mandon B & Deckier 1200
Folymwrphism snnkus @i the m e ounsenmed
spaer shit small vl of Fbeooer] 094 genes of
Lokt ey aatd, Maride! Ber BN, BIE-E25,

T3 Beremever HL! (10KRT Wenide o Ezimenie Jianlesis,
Val W1 Ird edn, Deuische Bibliogkek, Federl
Hepubibc of Leermeny,

i P W S0E, Poeind B ALape Gl Sechlsaneer A
Flivgin MY Tigis =, Faapelee%illewl 5 A
Faesto © T Thie S0G THH-00 b b s PN ey i -
L Hﬂ‘_v R L L R L e s ] =
anerad Do bacei podlyimy, fod J Pavandl AL 95101

TT Raemrldmr § Al 0 Tihpws F P R

lewigass D & Piea M {1870 Pisslbly raie of AN

Vel Trered mian s ool F1 jpormannes -l il

Riraduw Prooad 13 W0

Sepl L0 0 09720 Betvwr Keverar, Wity ™eiw Yok,

Foebbon T & PUAE W& 0] Frpgm o doom

splutamsle;sicknd e hoiai, Chimdierimtion of 1h

kiretic mecharun and the rale of U312 in Cvalamine

mactivatian, J Bel Clhen 218, 2317-24322

Kl Jes JM & Cahean BE 20040 Kirctle mechardin al
glututhiong v alhelus from deabifcpnr ohfima. 7 Bel
Chem 2P0, 4172622711,

Bl Mocierz 8, de Armigs L& 5ok J e A snkky of
bz mecimmi dlimed be guipbiome rontine
foew mwoehem ol Plormo s suararemn tnk
Barchow Septoer IH, bW FL

BT Nelwitin 00 Moswwll (0l & Lowy L0 [19]F)

Sl smwant ad P ] wi b wl e g o

P

wirgde mscel e o (vRoF Ricnn Teambe 3T

ST T T B PR T TR R AR BT ]
(S LT U LA R R
Himpati AL, Selle BF & et lnn PR OS] o ive
[ERTRTEY | -|_|l|||||.|1lrr wplt Il e o ¥ rprmramms frure
fovpn i W e Pureclal 1, 21208
4a Mawwrln M 4 Gmials iH & Kaoed ) MP§YIRE
g oy 1w il "’llr-rh' Pl sl i R LA
Wby Fos e il Niod T

o

-

Supparting ol crmaton

The fod bwany, appiemesary maosris] & wailahi=

Fig. 51 SNSPACE of the purifisd sorymes

Fig. 81 Riowils of TiTo S peam.l GEHL

Fle S0 iy mhibifion by GesH and kL

Fla, 54, Trepancdenes of foe and TSy concantintion
cn ke & waliss o the bealks

Tabke 51, Compariann of the Linetis paramater of e
pallyway anavines with those reported m the teraire,
Tabile 8L Nererminarion af G5 and TS activities in
rarssite Fuiracts

Tabke 8% Temme sovivitiss in porwite Fotmc
Sxpiucd B YIRS ES SCBMIBCRE.

Tabhle Si. Thwnl roarsni i i oo =7 T paas
v v AT

Tahle %5 Rpacisem as writken in GFPASLA (PAS
1ably S, Smmmary of e s coRsTan” uadues uksd i
tha model

Tablke &7, Suwwwnary of the affiniey waines nied P euch
CIMYTIR

Lotk ¥, [Lobustness of the moda.

Tatsh &4, 1 lnabaity eoclfeiemts,

This supplemenisry material can be Foind b e
citha sremisns ol Lus ariede,

Mo mele As o ey b cur sulhon aod woada,
thm 2ufsal provds Juppornne miormancn aped
bu the sutlerm Spch matsrisl ane peerreriswed  and
way by proorgmeal v ooliiee ddnery, bal wee sol
cogrp=clibal v lypoct Dochmeos! sepporl misy afwing
fro@m dDesrms Riofmaiee b ke musime B0
ahuri ol e sl s v e el

FESS faorui TR T 11 *EB € B0 Ba Ay b i aergidens € K251 .

101



102

SBUPFLEMENTARY MATERIAL
Fuy §1 SNSETAGE of the murifer snrymas

iia
iw

LRE TERFE TEN

Gt Trps T

b




| e ] ey =eroa g leospea e xa) o e |
MR EE Wy e o L], les] ) sl dmet wew o [ 996 sl o, D e o i [se] e
(R o IR TR e B e Ry R T TR T WA |08 S8 DT K ARG Sy
woy , Tesluruedoe arumaeseny wrl o Tes] | e e o ls2] 39 soukisin o gl pepcia

Bl CRIR CsreEnchined samnrmdues 1o I PERSST  WT SN SR SERET S L R el .l
fimzan ., 1 mig, e en e oy o pand Biogpy o shinge e
L EIOD Lo
il JAT0O0 SONC T RN HA TV
L GHI
M L0010 aml o +£200 i s
Bkl
Pkl L1} LEL + 154 L 2]
ok 2 iU P Uy FER
LE500
1] s 0N FIOT AT e 1,
SHEH D e
o el L0 00 =050 i L)
L o
=] LAl e O+ 5 0 T
LA
adl aPE e O F RO o oAl
w et G N FIl veeld 15 4 Fle ELH R TR
b G HH HH o Bl Gl
P HH HH wINTEI By
~Z00 i
2 BEU 0 R [} PO +ED0 S TN
oG HI | KO+ e
o BN M MM L0 T W S
260
. HH HM JOT DT ML g
HH H TN TR
Hh « N L HER
=8 i
N FAUArLLO 0 P NS o TR ALV F g
o THT
U v bl IO +ELD et 7
M p GO0 [ OTITO Ll TR
N WL O+ IEL AEA SO
L P
=1 T PH IR P ) LAy 8 T B

R HIR] B W R D HEm))
U El 5100 S8 SaotlAFu Ansaped Sy po sostaweaecd sy oul o wesuedwo s s

iy

€01



104

Flu 22, Kinetles of TeTrv2 agalnst GEH
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Fig 53. vECS inhibition by G5SH and vEC
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Table 22. G5 and Trv$ activitles determination In parasite cviosollc extracts
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Tehla 53. Emzyme activitis= in parazite extractz expozed to different conditionz
Vimax fonvard (Limg cell pratein)
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Takle §4. Thiol content in differsnt strains of Trypencsoms cruzi spimaztigotss
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Table 56, Reacilons
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Table 58. Summary of the rate constant values wsed in the maodel for the three

zimulated cenditions

Ymex formard Wmex Heqg
raYares
L rmin U mwmn 0 e+

Emzymm
yvECE DO 7= F& GoAT ®
G5 0.O085" R = £oev
Trys 0oo43" rd& L=
TryR U264 M S 1l
BpdT 0 Nane* [ oo
Tl:sHI; l;l'f_.:tlu s . _I-"'-"- Kg— I ¥ ||:|-5 s H.'.'l.
demand
HADFH ky = 1" e =017 WA
supply
Spd leak k— Tty k=S e MA HA
SEH leak A [ =003 M M
T4 leak k=1 Gl e M& HA

YW in L soooble prolsin Gom Takde 1ol main sexl. * adjosied. 5 Vi o planls

[F0] W& not anpicahla: MY act determinegsd

" calcwialad lwom dala ropoiled m [235),

b-’:-:l!:'.l'.ﬂ'.l}ﬂ fram e Hlaldars couation Beo= ° b
L LM k|

frecalculated of 1.04 nmol mim ™ 10% ceils reportsd 0 [55] of mamn toxk and

considening that 107 colls - 0.23 mig

T

| Ko, Ko, e
| F45]

110



10

Tabls 57 Summary of the affiniby valuss used for sach snzymes

JECE G5 TryS TryR SpdT
K. (L .4 C.rG R L] L
Hoysl LC) (GBS0 INADPLD  (Sod..)
Kmg 013 12 086 0.023 -
WY S (St {152
K 0.43 12.0 10* 0.1 10°
WEC)  [G3RY O (TSH) MADE (Zpd..)
Kty % - [iy 5
TEH)
Hi 16 -2 - &
[CSH)
i I g 1=
ﬂ l". m-{

. mvin bl CAdjusted
*reported in (650
“tram i, congedonss 1rvk [511)

* Adjusted conaidaning the aand B walias repartadin [74]
:l.-‘-'-.'l.!jl. sl coarrsadenrg he o valoe paponled i [G0]

111



Fig. S4. Flux and T{SH}.» eencentraticn dependency on the k valuea of the laaks
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Table 9. Elastlcity coefficlents

s;izgl:"&‘cn” H‘r‘ seikzshial LEEHT EH I B g o
0 10 10+ 0 10 1o+ d 10 10+
H_,.::l:_. I',i-.:'.- |_..::'.-
vELS (Y5 Al L
Innlbitor 15510
0.av 0.2xn .32 012 0.iv 0.1 0.000%,  -0.0C08, -0.0000E
.11 Lo -0y
G5 LC aEly F3
0.73 072 a7 025 0.2e 027 -0.00% -0.005 -0.003
Trys CEH Sy TiEH!
.65 0.0 0.7 032 0.56% 0 -0.021 -0.025 4.017
SpdT Spd., S
MR | .05 009 Ma 2T -CA3 -0.40
TISH}E TiSH] Hailiy T5,
demend | 1 o NG T3 T S P £ 4
TryR 1=z M IEH [HHE;
HALDT
C.05 006 0.ay LEL TR .oz om -0 -0, -0.004;
1R 1000H i1 0ies
NADFH MAD= NaDPll
supply 103 103 103 (i A 403 - A N3
Spd leak =TT
i A H&
G5H leak 5EH HzU2
3 1 k&
TS5 lmak TE
1 A M&

WM& Mot zapplicanie

14

114



14

Rafarances for supplemeantary material

|2 7] Lusedear Ly Fhullpes B4 [1HEE) Chatrgciencalon ol Jrppeernceonsa roce gamima-
alularm yley sheres synlbelass anessenb | sngg e i s Doy nlbeses of
sy nalbuors (deolala Fuoory spsomed g ). O Clison 274, 1404859174590

e Abboll 20, 1 od JL, Fhallips B ZU00E ] Subesliabs bndeeg deslermnants ol

Trypaaozomsa brocas y-clulamiylcysleme senlhalase. Brochemsing 41, 2091-
240l

|273] Mretanohann S, Walker LU, Mulker S 2002 Siutatiions 2ynthatase tTrom
Flizrernochogy salcrpararme, Deocnioen 363, L8000,

lad] Jdockarz-Seherabl M S

-

rmer BH o Krauth-Sieqgel B 7839 Trpanothiane
recluctasa from Trynanosaama rrerd Catabyie proparies of the 2nmyme and

bl sludiers wolh ypenocdal compouneds. S S Goccison 1RO, 250 -2 02

[30] donas N5, Ariza A Chow WH, Oza Sl Farlamb AH 2000 Crmparative
strurtursl, kinetic and inhibitor amidies of Tippannaoma Gruesi snypancothione
reductass with T, crogi. Mol Biochem Pamaste’ 169, 12-12.

sEi] Ahitkal ME, BMisra 5 Owais B, Soga K205 Fepressinn, ponifeation, and

charactarization of F sishmais dorovan’ rypanathions reductass in Facheanchra
onli Proiein Fwor Fonif 40 27 8-2685

=] Anyaosryagam NE s ekt AL 00T | Cho Dol grad Deypenolbaons «s
anbiozmianlz w lypanosomealids. ol Dochesn Marasiao! 115, T08- 190U,
8] Anysnayagam M Cea S0 Mahilall A Fanlarml: AH CARTD
A 1 aryl=psming sl ocben e | egprndshiones ¢
Trypenosema cruzi. J Biod Ciom 2TE, 27612 20619,

I = 10

[=49] Mava JD, Repetta Y, Agosin M, Qjeda JM, Téllez B, Gaw'e O, Marelln & (1007
Lifects af nurtircx and benznidazals upan glutathonc snd trypanothicns:

conent m epimashioote, vpemastigole and anasiigols ramms o | HAnanoss
SOz Mo Liachem Farasitay B 101 106,

[510] Thesmaon 1, Denicola & Redi RCGANS Tha srypancthione - thiol sestzmin
Trynannsrma cniri as a ke anfinzidart mechanizm againat paroxmiirie —
mediatad cymotozic A Aioekem Biopdiiys 412 6Nl

1N Zheng B, Conas M, Banchard 5 000950 Catalvtic and pote ntiemctne
characterization of E20100 and E2012 mutanis of Troano soma comyoionss
avpanalnons reduclese, Cocierrnsipy 34 1208012 000

115



114

8.2 RESULTADOS Y DISCUSION DE LOS DATOS NO PUBLICADOS

A continuacion se describen y discuten los resultados de los experimentos que
no se incluyeron en el articulo (Olin-Sandoval et al, 2012)

8.2.1 Determinacién de la actividad de GS y TryS en extractos del parasito
utilizando inhibidores de ATPasas

Como se discutio en el articulo publicado, la actividad de GS y TryS en el
extracto de epimastigotes fue muy dificil de determinar debido a la presencia de una
actividad contaminante de ATPasa muy alta por lo que las actividades calculadas de
dichas enzimas correspondian aproximadamente al 8-11% del consumo de ATP total
en la mezcla de reaccién. La manera en que se validé el método fue que la actividad
especifica de la GS y TryS tuviera un comportamiento lineal con respecto a la
cantidad de proteina utilizada en el ensayo (lo que no ocurre con la actividad de
ATPasa) y ademas de que hubiera una menor produccién de ADP en ausencia de
uno de los sustratos especificos de la TryS o GS. Ambos controles son
indispensables incluso cuando se determina la actividad de una enzima purificada.
Sin embargo, para validar aiun mas el método, se decidié explorar el uso de una
mezcla de inhibidores para F y P ATPasas que incluia azida, oligomicina, molibdato y
vanadato con el objetivo de que la actividad contaminante de ATPasa disminuyera y
por lo tanto, las actividades de la GS y TryS representaran mas del 11% de la

actividad ATPasa total en la reaccidon haciendo mas confiable la medicion.

La presencia de los inhibidores promovié una disminucién del 30-60% de la
actividad contaminante de la ATPasa a los diferentes tiempos (Tabla 5). Esto hizo
que la actividad correspondiente a la enzima de interés pasara de ser del 6-8% a ser
del 10-20% del consumo total de ATP en la reaccion, lo que le dio mas confiabilidad
al método. En el caso de la TryS, utilizando el doble de la proteina se obtuvo el doble
de la actividad de la enzima solamente en el tiempo de 30 min de reaccién. A
menores tiempos no se pudo obtener una correlacion lineal con la proteina utilizada.

Por otro lado, la reaccion de GS sdlo se pudo detectar incubando 30 minutos.
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A pesar de que los valores de actividad que se presentan en la Tabla 5 no
varian en presencia de los inhibidores, en algunas repeticiones experimentales, los
compuestos parecen ejercer un efecto inhibitorio sobre las enzimas que se quieren
medir lo cual podria depender del proceso de obtencidn del extracto clarificado.
Debido a lo anterior, lo mas conveniente es que las actividades de estas enzimas se
sigan determinando en ausencia de la mezcla de inhibidores de actividad de
ATPasas. Sin embargo estos experimentos nos permitieron validar mas la técnica

desarrollada para medir estas enzimas en extractos del parasito.



Tabla 5. Actividades de GS y TryS en extractos de epimastigotes de T. cruzi en ausenciay presencia de

inhibidores de ATPasas

Condicion experimental GS TryS
incubacién (min) 30 15 30
mg prot extracto 0.1 0.2 0.1 0.2 0.1 0.2
mezcla de Inhibidores - + - + - + - + - + - +

nmoles de ADP producido
Reaccion con todos los 200 78 282 109 | 119 82 204 124 182 99 224 121
sustratos
Reaccion en ausencia de 203 84 265 97 120 84 194 110 181 87 231 97
uno de los sustratos
Reaccion especifica de NR NR 17 12 NR NR 11 14 15 12 NR 24
GS o TryS

Actividad especifica

mU/mg de proteina NR NR | 28 2 | NR NR | 18 23 | NR 1.95] NR 2%

116

NR, No hubo reaccién. La actividad especifica se obtuvo dividiendo los nmoles de ADP producidos entre el tiempo y la

cantidad de proteina. * Para TryS las U equivalen a nmol de T(SH), producido/min y se utilizan 2 moléculas de ATP por

T(SH), producido.



117

Un aspecto muy importante es el hecho de que con este protocolo de
determinacion de la actividad de GS se obtienen valores en el mismo intervalo de
actividad que los reportados por otras metodologias para otros modelos bioldgicos tal
como se discute en el articulo. Por lo tanto, a pesar de la dificultad en medir estas
actividades, se obtuvieron algunos valores que pudieron utilizarse para construir el

modelo de la via metabdlica.

8.2.2 Polimorfismos del gen de la GS en diferentes cepas de Trypanosoma cruzi
Como parte de la realizacion de este proyecto de tesis, se tuvo que caracterizar
tanto genéticamente como cinéticamente a la GS de T. cruzi debido a que no habian
reportes en ningun tripanosomatido. Considerando que la cepa CL Brener la cual es
la que se secuencio su genoma tiene dos marcos de lectura abiertos (ORF, por las
siglas en inglés de open reading frame) que codifican para GS, la caracterizacion
genética en las cepas mexicanas que utilizamos permitiria determinar si la actividad
de GS presente en los parasitos correspondia al producto de uno o dos genes. Por
otro lado, la caracterizacion cinética aportaria los pardmetros cinéticos necesarios
para la construccion del modelado cinético. Los resultados de este trabajo se
prepararon en un articulo que tenia como titulo “Glutathione synthetase and
antioxidant metabolism in Trypanosoma cruzi”. Este trabajo no se publicé debido a
que los revisores del articulo publicado en FEBS J (seccién 8.1) demandaron la
inclusion de todos los datos bioquimicos de la GS en este ultimo. Es por ello que los
resultados de los polimorfismos del gen que codifica para esta enzima no se
incluyeron en este articulo por quedar fuera del objetivo principal del trabajo. Estos

resultados, se describen a continuacion.

Los dos marcos de lectura que codifican para GS en la cepa de referencia CL
Brener de T. cruzi (Tc00.1047053508865.10, GS1 ORF; Tc00.1047053506659.30,
GS2 ORF) comparten una identidad del 97.9% y del 98.5% a nivel de nucleotidos y
de secuencia de aminoacidos, respectivamente. Algo importante de resaltar fue que
uno de los genes (GS1) contenia dos sitios de reconocimiento para la enzima de
restriccion Hind 11l en los nucledtidos 262 y 677 mientras que el gen GS2 carecia de

éstos.
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Para determinar la posible presencia de estos polimorfismos en las cepas de
origen mexicano Ninoa y Querétaro (Bosseno et al, 2002), se disefiaron cebadores
basados en la secuencia idéntica del extremo 5’ y 3’ de ambos ORFs reportados
para CL Brener. Al amplificar el gen de GS a partir del DNA gendmico de las dos
cepas nacionales, se obtuvo solamente un producto de PCR de 1600 bp.
Posteriormente, este gen amplificado se digirié con la enzima Hind Il obteniéndose
Unicamente dos bandas de ~ 900y 700 bp (Figura 7A). Por otro lado cuando se
realizé el mismo analisis utilizando DNA gendmico de la cepa CL Brener se obtuvo el
patrén de restriccion correspondiente a la presencia de ambos ORFs (1600, 900 y
700 bp). Esto sugirié que las cepas Ninoa y Querétaro presentaban un gen dnico que

codificaba para la GS el cual presentaba un solo sitio de corte para Hind IlI.

Posteriormente, los genes de GS de las cepas Ninoa y Querétaro se clonaron
en el vector pGEM T-Easy y se secuenciaron. La secuencia demostré que los genes
de GS de estas dos cepas presentaban un 99.9% y 100% de identidad en las
secuencias de nucleotidos y aminoacidos, respectivamente. Ademas, se encontro
que ambos genes carecian de un codon que codificaba para alanina en la posicién
372 la cual esta presente en ambos ORFs de CL Brener (datos no mostrados). No se
ha reportado alguna funcién catalitica o de unién de sustratos de la Ala-372 por lo
gue, hasta el momento, no podemos saber si la carencia de este amino acido en las

cepas Ninoa y Querétaro puede tener un efecto sobre la actividad enzimatica.

Por otro lado, para determinar si existian mas copias de genes de GS en la
cepa Querétaro (en la cual se determinaron los parametros in vivo para el modelo),
se realiz6 un andlisis tipo Southern blot utilizando como sonda el gen de GS clonado
y el DNA gendmico digerido con Hind Il (Figura 7B). El resultado de este analisis
mostré dos bandas de hibridacién con un peso molecular alto lo que sugeria la
presencia de un solo gen para GS en esta cepa. Se demostro la especificidad de la
hibridacién hacia el gen de GS al digerir el DNA gendmico con Pst I, el cual contenia
4 sitios de restriccion en el gen. El patrén de hibridacién mostré bandas con tamafios
de ~730, 400 y 300 bp y una de peso molecular muy alto, las cuales correspondian al
patrén de restriccion esperado para un gen de copia Unica a pesar de que la banda

que correspondia al extremo 3’ del gen no aparecio probablemente debido al tamario
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tan pequefio. Esta informacion fue suficiente para corroborar que el gen se
encontraba en copia Unica en el genoma. Considerando que T. cruzi es diploide, es

necesario corroborar la presencia de este gen en uno o ambos alelos.

Para determinar la expresion de el/los genes de GS en las 3 cepas, se aislo
RNA total de las tres cepas crecidas en ausencia de estrés oxidante, se sintetizo el
cDNA y se amplificd el cDNA de la GS. Posteriormente, el producto de PCR se digirio
con Hind Ill. Estos resultados demostraron que las cepas Querétaro y Ninoa
expresaban un solo gen de GS y que la cepa CL Brener expresaba los dos ORFs
reportados en el proyecto del genoma (Figura 7C).

La conclusion de este analisis fue que las cepas Ninoa y Querétaro contienen
un solo gen para la GS el cual es transcripcionalmente activo en condiciones no
oxidantes mientras que la cepa CL Brener posee dos genes que codifican para la GS

los cuales también se expresan en condiciones de no estrés.

Las diferencias en la organizacion de los genes de GS en estas tres cepas
también se han observado para proteinas de respuesta a estrés por calor (SHSP16).
Esto se debe principalmente a que la cepa CL Brener es un hibrido de al menos dos
grupos de cepas de T. cruzi (Brisse et al, 1998). Esto se ha demostrado mediante
diferentes analisis en donde se pudieron detectar en la cepa CL Brener dos
isoformas de la fosfoglucosa isomerasa, fosfoglucomutasa y de la glutamato
deshidrogenasa dependiente de NADP* mientras que en otras cepas solo se

encuentra una isoforma.
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Figura 7. Polimorfismos del gen de la GS en diferentes cepas de T. cruzi

A) Los genes de gs de T. cruzi se amplificaron a partir de DNA genémico de las cepas Ninoa
(Nin), CL Brener (Bren) y Querétaro (Qro) (Carriles 1,3 y 5). Con el objetivo de confirmar la

presencia de los polimorfismos, los productos de amplificacién se cortaron con Hind Il (Carriles
2,4y 6).

B) Southern Blot of T. cruzi cepa Qro. EI DNA gendmico se digirié con Hind Ill y Pst I.
Posteriormente los fragmentos se separaron por electroforesis en geles de agarosa y se
hibridaron con el gen de la GS de la cepa Ninoa.

C) Transcritos de gs en las diferentes cepas de T. cruzi. Se aislé el RNA de los parasitos y

posteriormente se sintetizd el cDNA. Los cDNAs de GS se amplificaron (Carriles 1,3y 5) y se
cortaron con Hind Il (Carriles 2,4 y 6).
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9. DISCUSION GENERAL

El MCA permite determinar la proporcion en la que cada una de las enzimas de
una via controla el flujo de sintesis asi como la concentracién de sus intermediarios.
Por otro lado, el objetivo de la biologia de sistemas es construir modelos
matematicos con la capacidad de predecir el comportamiento de una via metabolica
de un organismo. El enfoque “bottom up” en biologia de sistemas pretende crear
modelos a partir de las propiedades basicas (caracteristicas cinéticas) de sus
elementos mas fundamentales que son las enzimas (Westerhoff, 2011). La
combinacion del modelado metabdlico y MCA nos permite conocer los mecanismos
de control de una via metabdlica y puede ser una herramienta poderosa muy util para
la identificacion de blancos terapéuticos (Hornberg, 2007). Por lo tanto, la
construccion de este primer modelo cinético del metabolismo del T(SH), pudo ayudar
a categorizar de entre las enzimas esenciales aquellas que pudieran tener el mayor

potencial terapéutico de acuerdo a sus capacidades de control de la via metabdlica.

A diferencia de otros modelos cinéticos del metabolismo de los tioles en los
cuales los parametros utilizados para su construccion se tomaron de distintos
reportes cientificos en donde se determinaron en distintas condiciones
experimentales (pH, temperatura, cepas, estadio, etc.) (Mendoza-Co6zatl y Moreno-
Sanchez, 2006), el trabajo experimental que se realiz6 en esta tesis involucro la
obtencion de la base de datos completa. Estos incluyen la obtencién de las enzimas
recombinantes de la misma especie; los parametros cinéticos determinados bajo las
mismas condiciones de pH y temperatura las cuales fueron cercanas a las
fisiolégicas; las actividades enziméticas, las concentraciones de metabolitos y los
flujos hacia T(SH). determinados in vivo en epimastigotes de T. cruzi de la misma
cepa. Asi mismo, la determinacién de todos estos parametros se llevd a cabo en tres
condiciones experimentales. Esto nos permitié construir un modelo cinético validado
con una alta capacidad predictiva, ya que puede modelar el comportamiento de la via

en diversas condiciones experimentales.

Los resultados del modelo permitieron identificar que el control del metabolismo

del T(SH), se encuentra repartido entre varias enzimas y que no existe una unica



122

etapa limitante en esta via. El control de la sintesis de T(SH), esta distribuido
principalmente entre la YECS, la TryS y SpdT en las tres condiciones estudiadas
aunque en distintas proporciones. La razon de su alto control de flujo se debe
principalmente a que son las enzimas con las menores eficiencias cataliticas
(Vm/Km) en el parésito las cuales a su vez se deben a que sus actividades
enzimaticas son bajas en los parasitos y a que las concentraciones de sus sustratos
en la célula se encuentran alrededor de su valor de Km, lo que limita mucho su
actividad y por lo tanto el flujo total de la via. Algo importante de resaltar es que el
control que ejerce la YECS no es debido a la retro-inhibicion competitiva ejercida por
el GSH respecto al glutamato (Grifith y Mulcahy, 1999) ya que las concentraciones
tan altas del sustrato glutamato contrarrestan el efecto del inhibidor. Lo anterior
resalta la importancia de eliminar el concepto de “paso limitante” asi como el de que
las enzimas que controlan una via metabdlica son Unicamente aquellas que son
moduladas alostéricamente (enfoques de la bioquimica clasica), ya que su actividad
dependera de las concentraciones de sustratos, productos y efectores presentes en
la célula (Moreno-Sanchez et al, 2008). Lo anterior fue uno de los motivos por los
gue se desarrollé el MCA (Westerhoff, 2004) que hace un analisis integral de la via lo
gue resalta la importancia de la biologia de sistemas para entender los mecanismos

de control, regulacién y organizacién subcelular.

Por otro lado, las enzimas que controlan la concentracién de T(SH), son el
blogue de enzimas que lo demandan asi como la TryR. Sin embargo, cuando las
actividades de la YECS y TryS se inhiben méas de un 70% o en ausencia de la TryR
(modelo sin TryR), estas enzimas también controlan la concentracion del metabolito
reducido. Estos experimentos virtuales de inhibicién sugieren que la TryR parece ser
la enzima en la primera linea de defensa ante un estimulo antioxidante inicial, sin
embargo, en periodos prolongados de estrés cuando ya se requiere de una mayor
concentracion de T(SH),, la YECS y TryS tendran mayor relevancia. Ademas,
considerando que el bloque de enzimas de demanda de T(SH), asi como la TryR
tienen una concentracion intracelular y actividades mayores que las enzimas del
blogue de sintesis, presenta limitaciones para considerarlas buenos blancos
terapéuticos ya que, por ejemplo, inhibir en un 50% a una enzima abundante en la

célula requiere de mayores concentraciones de inhibidor que inhibir en la misma
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proporcidn a una enzima poco abundante o cataliticamente poco eficiente (como

se analizo en la revision y en el articulo experimental de esta tesis). Esta informacion
es importante ya que la enzima a la cual se le han disefiado mayor nimero de
inhibidores es a la TryR (Austin SE et al, 1999; Martyn et al, 2007; Holloway et al,
2007; Holloway et al, 2009; Duyzend MH et al, 2011; Patterson et al, 2011)

Lo anterior demuestra que considerar solamente las caracteristicas cinéticas de
las enzimas, su esencialidad en el parasito, o la ausencia de ésta en el hospedero
como Unicos criterios para proponer un blanco terapéutico es una aproximacion
incompleta debido a que solo se esta considerando a la enzima de manera individual
excluyéndose el analisis de la enzima como parte de un sistema. Esto puede ser una
de las razones por las que no han tenido éxito clinico muchos inhibidores (Wyatt et
al, 2011) y resalta la importancia de también aplicar enfoques integrales como el SB

para la identificacion de blancos terapéuticos.

Una de las ventajas mas importantes de los modelos mateméticos es que
permiten realizar experimentacion in silico con el cual se puede predecir el
comportamiento de una via bajo diferentes condiciones. Esto es muy util en la
identificacion y validacién de blancos terapéuticos debido a que se pueden sugerir
estrategias terapéuticas. Con el modelo del T(SH), que se obtuvo en este proyecto
de tesis se pudo determinar que es mas efectivo inhibir simultdneamente a la yECS y
TryS para poder inhibir el flujo de la via y que incluso la inhibicién de la TryR puede

ser una estrategia terapéutica siempre y cuando se apligue una terapia multisitio.

Un inconveniente que puede surgir de proponer a la yECS como un blanco
terapéutico es su presencia en el hospedero. Cabe resaltar que, aunque la via
metabdlica sea muy parecida en ambos organismos, la distribucion del control en el
hospedero puede ser diferente (como se observé en los diferentes modelos de
glucdlisis en diferentes organismos) por lo se requeririan concentraciones distintas
de inhibidor para afectar a ambas enzimas. Otra manera de hacer mas especifica la
inhibicion seria estudiando las diferencias sutiles entre la YECS de los parasitos y del
hospedero. Por ejemplo, el farmaco difluorometilornitina (DFMO) tiene un efecto
toxico mayor para T. brucei porque su enzima blanco, la ornitina descarboxilasa tiene

una vida media mayor que la de las células humanas (Heby and Persson, 1990;
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Carrillo et al, 2000); o también el disefio de un farmaco que se active por
mecanismos especificos del parasito (Luscher et al, 2007).

A diferencia de la enzima anterior, la TryS puede ser considerada como el mejor
blanco terapéutico debido a que, ademas de tener un control importante sobre el flujo
y la concentracion de T(SH), debido a su poca abundancia y eficiencia catalitica,
ésta no se encuentra presente en el hospedero y se ha demostrado que es esencial
para el parasito (Olin-Sandoval et al, 2010). Considerando esto, el inhibidor que se
disefie para esta enzima seré especifico y se requeriran bajas concentraciones de
éste para afectar a la via de sintesis de T(SH),, lo que disminuird los efectos

secundarios sobre el hospedero.

Por otro lado, otra utilidad de este modelo es que puede ser utilizado como
base para predecir la distribucion de control de esta via en otros estados
estacionarios o para otros modelos biolégicos como tripomastigotes de T. cruzi, o
para T. brucei y Leishmania para los cuales se requeriria solamente determinar
concentracion de metabolitos y actividades enziméticas presentes en esas nuevas
condiciones 0 en esos parasitos. Los resultados que se pueden esperar en estos
casos son que las enzimas con mayor control de flujo y de concentracion de T(SH);
sean las mismas, y que la unica diferencia radique en la proporcion en la que
controlan. Asi, integrando estos estudios con lo que se ha observado por ensayos de
inhibicién genética en T. brucei y Leishmania spp en donde se demuestra que la
YECS y la TryS son esenciales para el parasito (Olin-Sandoval et al, 2010), estas
enzimas podrian estar cumpliendo uno de los requisitos propuestos por Wyatt et al
(2011) para proponerlas como blancos para el disefio de farmacos clinicamente

exitosos.

Por ultimo, uno de los mayores impactos que tiene el trabajo es haber
identificado los blancos con mayor potencial terapéutico para un tripanosomatido en
el que las herramientas de manipulacién genética son limitadas comparado con las

gue se cuentan para T. brucei y Leishmania

Una perspectiva importante de este trabajo es validar experimentalmente los
resultados obtenidos del modelo para asi corroborar la potencialidad como blanco

terapéutico de las enzimas que controlan de manera importante el flujo de la via.
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Considerando esto, otros grupos de investigacion han comenzado a validar
quimicamente como blanco a la TryS en T. brucei (Torrie et al, 2009). En ese trabajo
utilizaron un inhibidor no competitivo de la TryS identificado a partir de una biblioteca
de farmacos. Este inhibidor logré disminuir la concentracién de T(SH); intracelular y
el crecimiento del parasito pero en concentraciones micromolares, las cuales aun son
muy altas desde el punto de vista terapéutico. Sin embargo, considerando los
resultados obtenidos en esta tesis podemos sugerir que para mejorar la efectividad
de ese inhibidor, se podria combinar con la inhibicién de la yECS. De hecho, ya se
ha reportado que combinar el uso de un inhibidor de la YECS (butionina sulfoximina;
BSO) con NFX o BNZ, promueve una disminucion en los valores de ICso de éstos
ultimos ensayados en cultivos de epimastigotes y tripomastigotes, disminuyendo
también las concentraciones intracelulares de GSH y T(SH), en los tres estadios del
parasito (Faundez et al, 2005). Por lo tanto, aunque el disefio de inhibidores es dificil
incluso para las enzimas que tienen mayor potencial terapéutico, aplicar varios
criterios, incluyendo de manera importante el enfoque metabdlico (utilizado en este
trabajo) y de biologia de sistemas, facilitara el disefio de farmacos para los mejores

blancos asi como de estrategias terapéuticas.
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10. CONCLUSIONES

La sintesis de T(SH), esta controlada principalmente por la yECS > TryS >
SpdT.

La concentracion de T(SH), esta determinada principalmente por la demanda
de T(SH). y la TryR; sin embargo la yECS y TryS también controlan cuando se
disminuye su actividad mas del 70%.

La enzima con mayor potencial terapéutico es la TryS debido a su baja
actividad, a su alto control en el flujo asi como a su ausencia en el hospedero.
Una terapia multi-sitio tendra mayores efectos sobre la via de sintesis de
T(SH)2.

El uso de inhibidores de la TryR sélo sera util siempre y cuando se combine con
la intervencion farmacoldgica de otros procesos celulares [p ej sintesis de

T(SH),] o generacion de estrés oxidante.
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PERSPECTIVAS

Validar experimentalmente los resultados obtenidos por el modelo cinético
utilizando inhibidores de las enzimas que tienen un mayor control sobre la via.
Determinar si la distribucion de control de esta via recae en las mismas
enzimas en parasitos sometidos a exposiciones prolongadas de estrés en
donde el parasito tiene la oportunidad de sintetizar proteinas para
contrarrestar el estrés y por lo tanto cabe la posibilidad de que la cantidad de
enzima activa cambie. Asi las enzimas que controlan podrian validarse como
blancos terapéuticos.

Determinar la distribucion de control en los estadios de T. cruzi que afectan al
humano. Enfocandose en determinar los parametros experimentales mas
esenciales del modelo requerird menor material bioldgico de estos estadios.
Aumentar la complejidad del modelo integrando la cinética de cada una de las
reacciones del sistema enzimatico de desintoxicacion de peréxidos asi como
las vias de sintesis de novo de Spd y del suministro de NADPH para
determinar el aporte que tienen al control de la sintesis y concentracion de
T(SH)..

Determinar por otras estrategias experimentales la distribucion del control de
la via, por ejemplo utilizando inhibidores especificos para algunas de las

enzimas.
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1. INTRODUCTION

Is an effort to manipulate the metabolism of an organism
worthy and reasonable, knowing that this cellular process has
been continuously modified and refined through evolution
and natural selection for adapting, in the most convenient
manner, to the ongoing environmental conditions? The
answer to this question seems obvious when three broad
areas of research and development are identified in which
manipulation of metabolic pathways is relevant: (a) drug
design to treat diseases, (b) genetic engineering of organisms
of biotechnological interest, and (c) genetic syndromes
therapy.

Historically, drug design was the first area in which
modification of metabolism was tried: the primary goal of
drug administration is the inhibition of essential metabolic
pathways, for example, in a parasite or a tumor cell. Thus, any
metabolic pathway can be a potential therapeutic target. In

the absence of a solid theoretical background that may build
a strategy for the rational design of drugs, the pharmaceutical
industry has applied the knowledge of inorganic and organic
chemistry for the arbitrary and rather randomized modi-
fication of metabolic intermediaries by replacing hydrogen
atoms in a model molecule with any other element or
compound. This approach has been successful in the battle
against many diseases. However, in many other instances
such an approach has been unsuccesstul.

The era of rational drug design probably started in
the 50s when Hans Krebs proposed that, after having an
exact description of a metabolic pathway, the “pacemaker”
enzyme or “rate-limiting step” had to be identified. This
approach certainly decreased the amount of intermediaries
to be chemically modified, focusing only on the substrates,
products, and allosteric effectors of the “rate-limiting step,”
instead of dispersing efforts on all the metabolic pathway
intermediates. The experimental approaches used in the
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identification of the pacemaker, key enzymes, “bottlenecks.”
limiting steps, or regulatory enzymes |1, 2] were

(i) inspection of the metabolic pathway architecture: due
to cell economy and for reaching the highest effi-
ciency, pathway control must reside in the enzymes
localized at the beginning of a pathway or after a
branch (teleological approach);

(ii) determination of nonequilibrium reactions: those
reactions in which the quotient between the mass
action ratio (I') and its equilibrium constant (Keq)
is low, I'/Keq < 1 (thermodynamic approach);

(iii) identification of the steps with the lowest maximal
rates (Vi) in cellular extracts: the key enzyme of
the pathway is the one that has the lowest rate (kinetic
approach);

(iv) enzymes with sigmoidal kinetics: steps that are
susceptible to alteration in their kinetic properties by
compounds different from substrates and products
and which may coordinate the entire metabolism
(NADH/NAD*; NADPH/NADP*, ATP/ADP; acetyl
CoA/CoA; Ca®/Mg™*; high pH/low pH) or at least
two metabolic pathways (citrate, Pi, AMP, malonyl-
CoA);

(v) crossover theorem. Comparing the intermediary
concentrations between a basal and an active steady-
state pathway flux, the rate-limiting step in the basal
condition will be that for which its substrate con-
centration diminishes and its product concentration
increases when the system changes from the basal to
the active state or vice versa (crossover point on a
histogram of each intermediary versus its normalized
variation in concentration);

(vi) the shape of the metabolic flux inhibition curve: a
sigmoidal curve on a plot of inhibitor concentration
versus flux shows that the sensitive step to the
inhibitor exerts no control, that is, there is not
proportionality between enzyme activity inhibition
and pathway flux inhibition because there is an
“excess” of enzyme. On the other hand, a hyperbolic
curve indicates that the enzyme susceptible to the
inhibitor controls the flux.

2. CONTROLLING SITES IN A METABOLIC PATHWAY

Once a site in a metabolic pathway has been identified with
at least one of the criteria described above as “the rate-
limiting step,” researchers have frequently concluded that
such enzyme or transporter is the only limiting step of the
metabolic flux and extend this conclusion to all cell types and
to all conditions.

For example, inspection of the glycolytic pathway (tele-
ological approach) suggests that hexokinase (HK) and
phosphofructokinase-1 (PFK-1) (which are at the beginning
and after a branch of the pathway) are the key steps of
glycolysis. However, all studies on glycolysis in the 60s,
70s, and 80s were performed by taking into account only

the intracellular reactions from HK to LDH (ie., without
including the glucose transport reaction through the plasma
membrane) and by considering glycolysis as a linear pathway
without branches. To this regard, it is recalled that the
glucose transporter (GLUT) includes a family of proteins
and genes that are susceptible of regulation. Thus, if the
extracellular glucose is considered as the initial glycolytic
substrate, then another potential key step would be GLUT.
Hence, if all the branches of the pathway are considered
(Figure 1), then according to the teleological approach there
will be additional potential rate-limiting sites.

Application of the thermodynamic and kinetic approach-
es to glycolysis reveals that HK, PFK-1, and pyruvate kinase
(PYK) are the rate-limiting steps because in the living cell
they catalyze reactions that are far away from equilibrium
(I'/Keq = 1073-107*), and they are also the slowest enzymes
in the pathway by at least one order of magnitude (they have
the lowest V. values).

The use of the enzyme cooperativity approach has
established that the regulatory steps of glycolysis are (i)
PFK-1 and PYK because they are allosteric enzymes and
(ii) HK because it is inhibited by its products (G6P and
ADP, or AMP as an ADP-analogue). The application of
the crossover theorem (approach no. v) to glycolysis has
shown a consistent variation in the PFK-1 substrate (F6P)
and product (F1,6BP). Up to now, there are few studies
on control of glycolysis using the shape of the inhibitor
titrating curve (approach no. vi), due to the lack of specific
inhibitors for any of the three presumed key steps. An
exception is iodoacetate which is indeed a potent inhibitor
of GAPDH, but also of other highly reactive cysteine-
containing enzymes [3-5]. By using iodoacetate as specific
inhibitor, both GAPDH activity and flux showed identical
titration curves, leading to the conclusion that GAPDH
was the rate-limiting step of glycolysis in Streptococcus lactis
and S. cremoris [6] (see, however, Section 3.2; Glycolysis in
lactobacteria below).

All together, these results constitute the main reason
why many intermediary metabolism researchers, including
the authors of biochemistry text hooks, have proposed HK,
PFK-1, and PYK as the rate-limiting steps of glycolysis. In
consequence, to vary the glycolytic flux, one of these enzymes
has to be modified.

Although the above-described experimental approaches
are qualitative, full control has been automatically assigned
to the “key” steps because the concept of the rate-limiting
step assumes that there is only one single enzyme controlling
the metabolic pathway flux (and the concentration of the
final product of the pathway) and, in consequence, assigns
values of zero to the control exerted by the other enzymes and
transporters. However, as analyzed for glycolysis, researchers
have commonly “identified” more than one limiting step.
In the case of oxidative phosphorylation (OXPHOS), in
the 70s and 80s some researchers considered cytochrome ¢
oxidase as the rate-limiting step, whereas others preferred
the ATP/ADP translocator or the Krebs cycle Ca®*-sensitive
dehydrogenases (for a review, see [7]).

Rephrasing the initial question, which could be the aim
of manipulating a metabolic pathway such as glycolysis,
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transaminase. S. cerevisiae lacks the LDH gene.

knowing its universal distribution in the living organisms?
From a clinical standpoint, the inhibition of glycolysis is
relevant for the treatment of human parasitic or patho-
logical diseases such as cancer. The glycolytic reactions are
almost identical in all organisms; in addition, the enzymes
catalyzing these reactions are highly conserved throughout
the evolutionary scale (their amino acid sequences are highly
similar). In mammals, the genes of the 12 glycolytic enzymes
are scattered throughout the genome, generally in different
chromosomes, whereas in bacteria many of the glycolytic
enzymes are clustered in operons [8]. However, there are
organisms (like some human parasites) that contain enzymes
with remarkable differences in their biochemical proper-
ties (substrate selectivity, catalytic capacity, stability, and
oligomeric structure), or in genetic expression regulation in

comparison to the human enzymes, which could be consid-
ered as drug targets.

Furthermore, some glycolytic products are of commer-
cial interest such as ethanol for wine, beer, and other
alcoholic beverages; CO; for bread manufacturing; and
lactic acid and other organic acids for cheese production.
Thus, from a biotechnological standpoint, it is convenient
to accelerate the pathway flux to diminish the processing
time and it is also desirable to increase the concentration of
the metabolite to obtain robust commercial products. Here,
it is important to emphasize that the metabolic pathways
are designed to attain changes in flux with minimal dis-
turbances in the intermediary concentrations. For example,
the glycolytic flux in skeletal muscle can increase from rest
to an active state by 100 fold, without large changes in
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TapLE 1: Overexpression of glycolytic enzymes in different cell types.
Activity
Fl % Control
Cell type Enzyme {ovsrexpreasioniaki) ux (% Control) Reference
HK 13.9 107 [12]
PFK-1 3:5:375 102 [9,10,12]
PYK 8.6 107 [12]
Saccharomyces PDC 37 85 [13]
cerevisiae ADH 48 89 [12]
PFK-1 + PYK 5.6+1.3 107 [12]
GAPDH + PGK +
PGAM + ENO + PYK ié:ﬁf@f&“ 121 [12]
+PDC + ADH & E i
GAPDH + PGK +
PGAM + ENO + PYK é'éii'?i?é”‘“ 04 [11, 14]
+PDC + ADH : : :
Escherichia coli LEK 2 72 3]
PYK 29,42 91,95 [16]
Lactococcus lactis GAPDH 14-210 100 [17]
Aspergillus niger S : 1o
PYK 5 100 18]
Chinese hamster ovary PFK 2.2,34,37 100 [19]

Flux to ethanol was for S. cerevisiae and E. coli; flux to citrate was for A. niger; and flux to L-lactate was for hamster.

metabolites. Then, it is physiologically more common to
change a metabolic flux and the production of the final
metabolite in the pathway than varying the intermediary
concentrations [2]. However, we will see that, by using a
suitable approach of metabolic control analysis, it is possible
to design strategies to manipulate not only fluxes but also
metabolic intermediary concentrations.

3. INVIVO OVEREXPRESSION EXPERIMENTS
OF ENZYMES

3.1. Glycolysis in yeasts

‘When the yeast Saccharomyces cerevisiae is exposed to high
glucose (>2%; 0.11 M), the genes of all glycolytic enzymes
are induced (PDC and ENO increase their expression by 20
fold; PGK, PYK, and ADH, 3-10 times; and the others, 2
fold in average) [8—11]. However, when the methodological
development of genetic engineering allowed modulating the
expression of enzymes within cells, researchers turned to the
rate-limiting step concept to manipulate a metabolic path-
way to increase flux and/or its intermediates, hypothesizing
that the overexpression of only one, or of a few key glycolytic
genes, should increase the flux.

Historically, Heinisch [9] in Germany was the first author
to obtain a 3.5 fold overexpression of PFK-1 in S. cerevisiae,
but surprisingly he observed that the rate of ethanol
production was not modified. Subsequent experiments for
increasing the ethanol production rate by overexpressing
either each of the presumed limiting steps, or in combination
with other glycolytic enzymes (Table 1), have been unsuc-
cessful and, even in some cases, a slight decrease in flux has

been attained. For instance, the simultaneous overexpression
of seven enzymes of the final section of glycolysis induced
only a 21% increase in ethanol production after 2 hours of
culture (Table 1) [11]. This was accompanied by a 10-20%
decrease in PFK-1 expression, which might have attenuated
the flux increase.

In yeasts, HK is not product inhibited by G6P or ADP;
instead, it is strongly feedback inhibited by trehalose-6-
phosphate (Tre6P). This metabolite is synthesized from G1P
by Tre6P synthase and Tre6P phosphatase. Deletion of the
Tre6P synthase gene does not bring about an increased
ethanol production, but it rather induces a defective cellular
growth on glucose and fructose and a lowered ethanol
production, as a result of a highly active HK that leads to
hyperaccumulation of hexose phosphate metabolites (partic-
ularly F1,6BP) and fast depletion of ATP, Pi, and downstream
metabolites. The explanation for this event is that, in the
Tre6P synthase mutants, the rate of glucose phosphorylation
exceeds the rate of glycolytic ATP synthesis (named “turbo
effect”). Heterologous expression of a Tre6P-insensitive
HK does not recover completely the wild-type phenotype.
Furthermore, deletion of the Tre6P synthase gene in the
Tre6P-insensitive HK strain did affect growth, suggesting
other interactions and functions of Tre6P synthase in the
control of sugar metabolism, at least in Schizosaccharomyces
pombe [20].

Davies and Brindle [10] obtained a 5-fold overexpression
of PFK-1 in S. cerevisiae, but the increase in ethanol
production was not attained under anaerobic conditions.
There was a slight increase in ethanol production in resting
cells in aerobic conditions, under which the mitochondrial
metabolism contributes to the ATP supply. In all these works,
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it may be noted that enzyme overexpression indeed affects
the concentration of several intermediarizs, but this effect has
not been further examined.

It is worth noting that the experiments described in
Table 1 do not rigorously reproduce the physiological situ-
ation, in which overexpression of all the enzymes should be
carried out in the proportions found in the organisms. The
rationale behind this observation is that overexpression of
only one “limiting” step leads to a flux control redistribution,
a condition at which other steps now become rate limiting.
Thus, the concept of “rate-limiting step” offers no simple
answer to the question of increasing the yeast glycolytic
flux, and it rather makes this problem to appear as a
difficult task to solve. In contrast, it seems that all relevant
controlling steps have to be overexpressed, thus reproducing
what natural selection has already successfully accomplished.

In addition to S. cerevisiae, overexpression of glycolytic
enzymes in other organisms such as E. coli [15, 16],
lactobacteria [17], tomato [21], potato [22], and hamster
ovary cells [19] has been accomplished, although without
increasing flux (Table 1). It is somewhat surprising to note
that in the glycolytic enzyme overexpression experiments,
the strong inhibitory effect of G6P (or Tre6P in S. cerevisiae),
and citrate on HK and PEK-1, respectively, have been
neglected. This regulatory mechanism does not disappear in
the cells overexpressing the enzymes but, on the contrary, itis
exacerbated. Then, what would be the aim of overexpressing
HK, PFK-1 or any other allosteric, or strongly product-
inhibited enzyme if they will be more inhibited?

A successful experiment of increasing the glycolytic flux
was performed in primary cultures of rat hepatocytes [23].
HK and glucokinase (GK) were overexpressed by using
adenovirus as carrier. The transformed hepatocytes showed
higher activity of 18.7- and 7.1-times for HK and GK,
respectively, at 3mM glucose, and of 6.3- and 7.1-times
at 20 mM glucose. However, at 20 mM glucose, the flux to
lactate was not modified in HK-transformed cells, just like
the experiments described above (Table 1). In contrast, with
GK overexpression, a 3-fold increase in flux was achieved.
The mechanistic difference is the HK inhibition by G6P
(10 mM G6P inhibits HK activity by 90%), whereas GK is
not product inhibited.

3.2. Glycolysisin lactobacteria

Lactococeus lactis is used in cheese production. For this
purpose, L. lactis ferments lactose to lactic acid by glycolysis.
The end products, lactate and H", are expelled and acidify
the external medium which contributes to cheese flavor and
texture and inhibits the growth of other bacteria. Similarly
to yeast, the lack of carbon source in lactobacteria promotes
a metabolic change that leads to the production of formic
and acetic acids, ethanol, and, in a lower proportion, L-lactic
acid, altering the product quality. Thus, from a commercial
point of view, it does not seem important to know what
controls the flux to lactate (because its rate of production is
adequate), but what controls the branching flux.

To understand the process, and to eventually inhibit
the production of secondary acids, Andersen et al. [24]

constructed LDH mutants, using a synthetic promoter
library for tuning the gene expression. In mutants lacking
this enzyme, most of the pyruvate was transformed into
acetic and formic acids (Figure 1). In turn, flux to lactate was
affected in mutants expressing only 10% or less of wild-type
LDH levels, which indicated that LDH exerts no control of
the glycolytic flux in wild-type bacteria. Only with a normal
content of this enzyme (100%), flux toward secondary acids
was prevented. Therefore, the flux to formic and acetic acids
is negatively controlled by LDH, and positively by PYK
[17,25]. Asin S. cerevisiae, overexpression of PFK-1, PYK, or
GAPDH in lactobacteria did not increase the flux to L-lactic
acid [17, 25]. Similarly to E. coli glycolysis [26], glycolysis in
L. lactis was controlled by the ATP demand when working
below its maximum capacity [27, 28], whereas, under
high-rate conditions, the glucose and lactate transporters
exerted the main flux control [28]. Furthermore, this kind
of observations indicates that the flux control may reside
outside the pathway [27-29], and it also supports the
proposal by Hofmeyr and Cornish-Bowden [30] that the
end-product demand (which is usually overlooked in studies
of metabolism because these metabolites are frequently not
considered as part of the pathway) might be essential in flux
control.

3.3. Glutathione and phytochelatin synthesis in plants

Glutathione (y-Glu-Cys-Gly; GSH) is the most abundant
nonproteinaceous thiol compound (1-10mM) in almost
all living cells. GSH is involved in the oxidative stress
processing, xenobiotic detoxification, and, in some plants
and yeasts, in the inactivation of toxic heavy metals (for
a recent revision see [31]). GSH is synthesized by two
enzymes: y-glutamylcysteine synthetase (y-ECS) and glu-
tathione synthetase (GS) (Figure 2), which catalyze reactions
with high-equilibrium constants (Keq > 1000). Under a
low GSH demand (unstressed conditions), the producing
block of enzymes has to receive information from the last
part of the pathway to (i) avoid the excessive and toxic
accumulation of the intermediary y-EC and (ii) reach a
stable steady state [32]. This information transfer is mediated
by GSH, which exerts strong competitive inhibition of y-
ECS [33] (Figure 2). GSH and Cys also exert inhibition
on the ATP-sulfurylase {ATPS) and on sulfate transporters
(Figure 2) (for a review, see [31]). The feedback inhibition
of y-ECS has led several researchers to propose that this
enzyme is the rate-limiting step of GSH synthesis [33-35].
Although there are no studies about the pathway’s behavior
under stressed conditions, which means under a high GSH
demand, the proposal that y-ECS is the key enzyme has been
automatically extended to any environmental condition such
as heavy metal exposure.

By assuming that y-ECS is the rate-limiting step, many
research groups have tried to increase, in plants and yeasts,
the rate of synthesis and the concentration of GSH and
phytochelatins (PCs) with the aim of fortifying their heavy
metal resistance and storage capacity, mainly toward Cd™*.
The development of organisms able to grow in soils and
water systems contaminated with heavy metals, which may
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Figure 2: Sulfur assimilation and glatathione and phytochelatins synthesis in plants ATPS, ATP sulfurylase; APS, adenosine 5’
phosphosulphate; y-ECS, y-glutamyl cysteine synthetase; y-EC, y-glutamyl cysteine; GS, glutathione synthetase; GSH, reduced glutathione;
GSSG, oxidized glutathione; GPx, GSH peroxidase; GR, GSH reductase; PCS, phytochelatin synthase; PCs, phytochelatins; GT, GSH-S-
transferases; Xe, xenobiotic; GS-Xe, glutathione-xenobiotic complex. The reactions are not shown stochiometrically. GR uses the cofactor
NADPH. The Cd**-GSH complex formation (cadmium bis-glutathionate) is fast and spontaneous and does not require enzyme catalysis.
Modified from [31].

have the ability of accumulating toxic metal ions, is of
biotechnological interest for bioremediation strategies.

With this goal in mind, researchers have then over-
expressed y-ECS and other pathway enzymes, including
phytochelatin synthase (PCS) (Table2). Some of these
experiments have been partially successful in increasing
GSH levels, although this has been rather marginal with no
correlation between enzyme levels and GSH concentration.
Unfortunately, these overexpression experiments have not
been accompanied by determinations of fluxes or other
relevant metabolite concentrations such as PCs or Cys. On
the other hand, the overexpression of PCS has surprisingly
induced oxidative stress and necrosis instead of increasing
Cd** accumulation and resistance [36]. This result suggests

that, under high GSH demand (i.e., for PCs synthesis and
for direct heavy metal sequestration by GSH), the GSH
concentration does not suffice for maintaining the other
essential GSH functions such as oxidative stress management
and xenobiotic detoxification.

Another problem in the study of GSH biosynthesis for its
eventual manipulation is that the pathway has been analyzed
considering only the GSH-synthetic reactions without taking
into account the GSH-consuming reactions (Figure 2), [31].
The analysis of an incomplete pathway leads to misleading
conclusions about the control of flux. Metabolic modeling
has shown that only with the incorporation of the consuming
reactions of the pathway end products, a true steady state can
be established [30]. In conclusion, without a solid theoretical
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Tasire 2: GSH and phytochelatin synthesis enzymes overexpression in plants and yeasts.

Ovelre.xpressed enzyme Orga}n:sm (experimental Metabalite Reference
(activity fold) condition) (increment fold)
ATP sulfurylase (2.1) Brassica juncea 2.1 [GSH] [37]
ATP sulfurylase (4.8) Tobacco (unstressed) 1.3 [S07] [38]
O-acetyl-serine thiol-lyase 2 [Cys]
Tobacco {unstressed) 39
(2.5) 0]GSH] el
Serine acetyl transferase Potato chloroplasts 2 [Cys]
(>10) (unstressed) 0 [GSH] [40]
e Populus tremula
E. coli GS (90) P Smm— 0 [GSH] [34]
GS (3) S. cerevisiae (unstressed) 0 [GSH] [41]
Brassica juncea
0 [GSH
E. coli y-ECS (>2) (unstressed) I I [35]
B. juncea (+100 pM Cd*") 4 [GSH]™
y-ECS (2.1) S. cerevisiae (unstressed)) 1.3 [GSH] (42]
" Populus tremula
E. coli y-ECS (50) (unstressed) 4.6 [GSH] [34]
. Brassica juncea 35 |GSH|™
E. cli y-ECS (4.9) (unstressed) B. juncea 1.5 [GSH]® [43]
(+200 uM Cd*)
E. coli y-ECS (40) Tobacco (unstressed) >4 [GSH] [44]
y-ECS (9.1) + GS (18) S cerevisine (unstressed) 1.8 [GSH] [45]
Arabidopsis thaliana
PCS (>2) (485 uM Cd*) 0[GSH] [36]
Vacuolar transporter of Higher Cd**
PC-Cd complexes (>2) S b resistance [46]

{a)The increase was only in roots with no effect on shoots. ' The increase was only in shoots with no effect on roots.

framework, the overexpression of only one enzyme (the
“rate-limiting step”), or of many arbitrarily selected enzymes
(Tables 1 and 2), the problem of increasing the flux or
metabolite concentrations cannot be solved.

3.4. Overexpression of proteins from other
metabolic pathways

There are some successful examples of the genetic engineer-
ing approach to manipulate metabolism:

(i) overexpression (approx. 23 fold) of the five genes of
the tryptophan synthesis pathway in S. cerevisiae, to
increase (9-fold) flux [47];

(ii) increase in amino acids (Trp, lle, Lys, Val, Thr)
and trehalose production in Corynebacterium glu-
tamicum, in which some proteins of each metabolic
pathway are simultaneously overexpressed, but some
of them with mutations that confer insensitivity to
feedback inhibition [48-53]. In these transformed
bacteria, the end products are indeed overproduced
and their excretion is accelerated;

(iii) overexpression of PFK and PyK to increase ethanol
production by 35% in E. coli, although lactic acid
formation was not modified [16];

(iv) mannitol 1-phosphate dehydrogenase and mannitol
1-phosphatase overexpression to increase mannitol

production by 27-50% in LDH-deficient Lactococcus
lactis [54];

(v) increase in sorbitol production (5 fold) in LDH-
deficient Lactobacillus plantarum through the over-
expression of sorbitol 6-phosphate dehydrogenase
(activity up to 250 fold in mutants versus wild type)
[55];

(vi) overexpression of PFK (14 fold) or LDH (3.5 times)
to increase 2-3 times the homolactic fermentation
flux in Lactococcus lactis growing on maltose, and in
parallel decrease fluxes toward secondary acids and
ethanol [56].

4. DOWNREGULATION OF ENZYMES TO
MANIPULATE METABOLISM

4.1. Glycolysis in tumor cells

Clycolysis is enhanced in human and animal cancer cells
(reviewed in [57]). Several glycolytic enzymes are overex-
pressed in at least 70% of human cancers [58]. Except for glu-
cose transporter I (GLUT-1), the other 11 glycolytic enzymes
(HK to LDH) are overexpressed in brain and nervous system
cancers. Prostate and lymphatic nodule cancers (Hodgkin
and non-Hodgkin lymphomas; myelomas) overexpress 10
glycolytic enzymes (except for HK; in prostate cancer GLUT]
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Freure 3: Trypanothione synthesis in trypanosomatids. The trypanothione producing enzymes are y-ECS, GS, ODC, aminopropyl
transferase (PAT), and TryS. The trypanothione consuming enzymes are ascorbate peroxidase (APX); tryparedoxin peroxidases (TXNPx);
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enzyme is TryR. APX, thiol transferase, and GPX II have only been described in T. cruzi. This last parasite lacks ODC activity, but it has
developed high-affinity transporters for putrescine, cadaverine, and spermidine [71].

is also overexpressed). There is a second group of cancers that
overexpresses 6—8 glycolytic genes (skin, kidney, stomach,
testicles, lung, liver, placenta, pancreas, uterus, ovary, eye,
head and neck, and mammary gland). A third group includes
those cancers overexpressing 1 or 2 glycolytic genes (bone,
bone marrow, cervix, and cartilage) [58].

In animals, gene expression of glycolytic enzymes is reg-
ulated (both coordinately and individually) under hypoxic
conditions by hypoxia-responsive transcription factors such
as HIF-1a (hypoxia-inducible factor 1«), SP family factors,
AP-1, and possibly MRE (metal response elements) [8, 59—
61]. HIF-1a is probably the principal coordinator in gene
induction. There are binding sites (consensus sequence
ACGT) for HIF-la in the promoters of genes for HK
[62], PFK-1, ALDO, GAPDH, PGK, ENO, PYK, and LDH
(reviewed in [8]). TPI and perhaps HPI and PGAM are
also induced by hypoxia, but it is not clear whether HIF-
la mediates this induction [8], and whether this factor
regulates other metabolic pathways associated with glucose
catabolism. For example, although glycogen phosphorylase

is overexpressed under hypoxia in human tissues [63], the
role of HIF-1 has not been demonstrated.

If direct manipulation of pathway genes becomes diffi-
cult, then the overexpression or repression of transcription
factors such as HIF-la, AP1, and MREs might solve the
problem of changing flux, although overexpression of tran-
scription factors may also be difficult due to the numerous
upstream and downstream factors involved.

4.2, Glycolysis in Trypanosoma brucei

The kinetoplastid parasites Trypanosoma cruzi, Trypanosoma
brucei, and Leishmania are the causative agents of Chagas
disease, African trypanosomiasis, and leishmaniasis, respec-
tively. The available drugs to treat these diseases are highly
toxic for humans. Moreover, the parasites may become
resistant, and hence the search for new drugs and drug targets
is relevant for solving these public health problems.

In these parasites, the metabolism is organized in a pecu-
liar way; they have a subcellular structure called glycosome
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in which several metabolic pathways take place: gluconeo-
genesis, reactions of the pentose phosphate pathway, purine
salvage and pyrimidine biosynthesis, S-oxidation of fatty
acids, fatty acid elongation, biosynthesis of ether lipids, and
the first seven steps of glycolysis. In fact, approximately
90% of glycosome enzyme content corresponds to glycolytic
enzymes [64]. Glycosomal glycolytic enzymes have unique
structural, kinetic, and regulatory features not found in their
human counterparts, and therefore have been the subject of
extensive biochemical studies to use them as drug targets
[65]. The rationale behind this is to synthesize inhibitors that
affect mainly the parasitic enzymes with relatively low effect
on the human enzymes since the infective parasite stages rely
mostly on glycolysis for ATP supply.

There are reports on the design of presumed specific
inhibitors for some of the T. brucei glycolytic enzymes: GLUT
(bromoacetyl-2-glucose) [66], HK, HPI, PFK, ALDO, TPI,
GAPDH, PGK, PYK, and glycerol-3-phosphate dehydroge-
nase [67]. Although the purified enzymes display very low Ki
values for these inhibitors and some of them inhibit parasite
growth or infective capabilities, their effect on inhibiting the
glycolytic flux has not been explored. Therefore, it is not yet
possible to directly ascribe the effects seen in parasite culture
with the in vitro effects on the isolated enzymes. To identify
the best drug targets, determination of the flux control steps
of glycolysis in T. brucei has been recently initiated [68].

4.3. Trypanothione synthesis in

kinetoplastid parasites

Trypanothione (TSH2) is a reducing agent present in try-
panosomatids that is synthesized from one spermidine and
two GSH molecules by TSH; synthetase (TryS) (Figure 3).
This metabolite and its reducing enzyme, TSH, reductase
(TryR), replace the antioxidant and metabolic functions of
the more common GSH/GSH reductase system present in
mammals. In fact, most of the antioxidant metabolism of
these parasites depend on TSH, (Figure 3) [69, 70]. Thus,
the enzymes of this metabolic pathway have been proposed
as drug targets for killing the parasites.

Several studies have focused in assessing TryR as drug
target. Diminution in its gene transcription yields a loss
of activity between 56-90%, depending on the genetic
technique [72-75]. In knockdown T. brucei cells (i.e., when
TryR activity has diminished to less than 10% of the wild-
type level), the parasites show growth diminution and higher
sensitivity to H,O; in culture and loss of infectiveness in
mice. However, TSH; and thiol compound contents were not
affected [75]. TryR downregulation by >85% in Leishmania
species causes inability to survive under oxidative stress
inside macrophages [72-74]. In contrast, when TryR is
14- and 10 fold overexpressed in Leishmania and T. cruzi,
respectively, there are no significant differences in H,O,
susceptibility between control and transfected cells; both
types of cells are also equally resistant to the oxidative
stress-inducers gentian violet, and nitrofurans [76]. Intrigu-
ingly, the cellular levels of TSH;, GSH, and glutathionyl-
spermidine, determined in both types of experiments (TryR

suppression and overexpression) were similar in control and
transformed cells.

Other studies have proposed TryS as an alternative
drug target. Knockdown of TryS by siRNA in procyclic
T brucei causes (i) viability impairment and arrest of
proliferation when TSH; levels decrease to 15% of the
wild-type level, (ii) increased sensitivity to H2O: and alkyl
hydroperoxides, (iii) damage to the plasma membrane, and
(iv) diminution of the TSH: content and accumulation of
GSH and glutathionyl-spermidine [77]. A similar metabolite
variation (lower TSHy; higher GSH) was attained with a
TryS knockdown induced by siRNA in the bloodstream form
of T. brucei [78]. This TryS knockdown also induced an
increased sensitivity to different compounds that affect TSH,
metabolism such as arsenicals, melarsen oxide, trivalent
antimonials, and nifurtimox [78]. Indeed, western blot
analysis showed, in addition to the expected (10-fold)
decrease in TryS protein, a 2-3-folds increase in y-ECS
and TryR. The changes in expression of other enzymes
suggest unveiled compensatory or pleiotropic effects on
TSH; metabolism.

Other researchers have selected p-glutamylcysteine syn-
thetase (y-ECS), the presumed rate-limiting step of GSH
synthesis, as an alternative drug target of TSH, synthesis
in T. brucei (Figure 3). Knockdown of y-ECS gene in the
parasite induces cell death and depletion of GSH and TSH,
only after 80% decrease in the enzyme content [79]. The
y-ECS knockdown cells are rescued from death by adding
external GSH, which elevates the cellular GSH and TSH>
levels [79].

Glutathione synthetase (GS) has not been manipulated in
trypanosomatids, or in any other organism, perhaps because
it has been considered as a nonrate-limiting step of GSH and
TSH; biosynthesis. However, DNA microarray analysis of
antimonite-resistant Leishmania tarentolae shows increased
transcription of y-ECS, GS, and P-glycoprotein A RNAs
[80]. Although it was not evaluated whether increase in
gene transcription correlated with an increase in enzyme
activity, it may be possible that under high GSH demand (i.e.,
under oxidative stress conditions) GS might exert control of
TSH, synthesis. On the other hand, ornithine decarboxylase
(ODC) overexpression in T. brucei (the presumed limiting
step of spermidine synthesis) causes no change in TSH; levels
[81]. Therefore, ODC does not seem to be a controlling step
of TSH: synthesis.

Although almost full inhibition (>80%) of gene tran-
scription or activity of any of these enzymes results in par-
asite death, the question remains of how TSH, metabolism is
affected when the enzymes are less inhibited. For example,
in the therapeutic treatment of patients it is certain that
drugs have to be administered for long periods of time. If
the parasites are not completely cleared from the patient,
disease recurrence and generation of drug-resistant parasites
are possible. The results described above indicate that each
enzyme by itself has low control on TSH; synthesis and
concentration; therefore, highly specific and very potent
inhibitors have to be designed in order to attain the required
full activity blockade to affect TSH; metabolism in these
parasites.

142



10

Journal of Biomedicine and Biotechnology

5. THEORY OF METABOLIC CONTROL ANALYSIS

The metabolic control analysis (MCA) was initially devel-
oped by Kacser and Burns in Scotland [82, 83] and by
Heinrich and Rapoport in East Germany [84, 85]. This
analysis establishes a theoretical framework that explains
the results observed with the enzyme overexpression and
downregulation experiments. In addition, it helps to identify
and design experimental strategies for the manipulation of a
given process in an organism (heavy metal hyperaccumula-
tion; increased production of ethanol, CO;, lactate or acetate;
or inhibition of a metabolic pathway flux with therapeutic
purposes). MCA rationalizes the quantitative determination
of the degree of control that a given enzyme exerts on
flux and on the concentration of metabolites. Different
experimental approaches have been developed to detect and
direct what has to be done and measured, in order to identify
and understand why an enzyme exerts a significant or a
negligible control on flux and metabolite concentration in
a metabolic pathway. Thus, the application of this analysis
avoids the “trial and error” experiments for identifying and
manipulating the conceptually wrong “rate-limiting step.”

To understand how a metabolic pathway is controlled
and could be manipulated, its control structure has to be
evaluated. The control structure of a pathway is constituted
by the flux control coefficient (C‘i-), which is the degree
of control that the rate (v) of a given enzyme i exerts on
flux J; the concentration control coefficient (Cﬁ), which
is the degree of control that a given enzyme i exerts on
the concentration of a metabolite (X); and the elasticity
coefficients. The control coefficients are systemic properties
of the pathway that are mechanistically determined by the
elasticity coefficients (£}), which are defined as the degree
of sensitivity of a given enzyme v; (i.e., the enzyme’s ability
to change its rate) when any of its ligands (X: substrate,
products or allosteric modulators) is varied.

The flux control coefficient is defined as

dl v
] , Jio
e de Iu ’ (1)

in which the expression dJ/dv; describes the variation in
flux (J) when an infinitesimal change is done in the enzyme
i concentration or activity. In practice, the infinitesimal
changes in v; are undetectable, and hence measurable
noninfinitesimal changes are undertaken. If a small change
in v; promotes a significant variation in J, then this enzyme
exerts an elevated flux control (Figure4, position 1). In
contrast, if a rather small or negligible change in flux is
observed when v; is greatly varied, then the enzyme does not
exert significant flux control (Figure 4, position 2). To obtain
dimensionless and normalized values of C\{, the scaling factor
vio/l; is applied, which represents the ratio between the
initial values from which the slope dJ/dv; is calculated. If all
C,{,- of the pathway enzymes and transporters are added up,
the sum comes to one (summation theorem).

The MCA clearly distinguishes between the control
exerted by a given enzyme on flux (flux control coefficient)
and on the metabolite concentration (concentration control
coefficient). Thus, an enzyme can have significant control

Flux (J)

Enzyme activity

Figure 4: Experimental determination of flux control coefficient.

on a metabolite concentration but not on the pathway flux.
This distinction is important for biotechnology purposes.
On one hand, the use of the rate-limiting step concept
for manipulating metabolic pathways does not make such
differentiation, which probably has contributed to the many
unsuccessful experiments reported in the literature; on
the other hand, it should be clearly defined whether the
aim of the project is to increase flux and/or a metabolite
concentration since MCA establishes for each aim a different
experimental design.

To determine the flux control coefficient of a given
enzyme, small variations in the enzyme content, or prefer-
entially, in activity are required, without altering the rest of
the pathway, and then the changes in flux are determined.
The experimental points are plotted as shown in Figure 4
to calculate the slope at the reference point vj,/J,. This
experiment, apparently easy to perform, has demanded great
intellectual and experimental effort. Several experimental
strategies have been developed to determine C‘{,:

(1) formation of heterokarionts and heterocygots (classi-
cal genetics),

(ii) titration of flux with specific inhibitors,

(iii) elasticity analysis,

(iv) mathematical modeling (in silico biology),
(v) in vitro reconstitution of metabolic pathways,

(vi) genetic engineering to manipulate in vivo protein
levels.

5.1. Classical mendelian genetics

The arginine biosynthesis in Neurospora crassa was the
first metabolic pathway in which flux control coefficients
were experimentally determined by Kacser’s laboratory [86].
This fungus forms multinucleated mycelia that facilitate the
generation of polyploid cells. By mixing different ratios of
spores containing genes encoding wild (active) and mutant
(inactive) enzymes of this pathway, it was possible to
generate heterokaryont mycelia with different content, and
activity, of four pathway enzymes. The authors built plots of
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enzyme activity versus flux (see Figure 4) for acetyl-ornithine
aminotransferase, ornithine transcarbamoylase, arginine-
succinate synthetase, and arginine-succinate lyase. All the
experimental points of these heterokaryonts localized near
to position 2 of Figure 4 with CJ;“E = 0.02-0.2 (flux control
by these enzymes was only 2-20%), which indicated that
none of these enzymes exerted significant control on arginine
synthesis. The authors did not determine the remaining flux
control (75%), which might reside in carbamoyl-phosphate
synthetase I (this mitochondrial ammonium-dependent iso-
form can be bound to the mitochondrial inner membrane or
form complexes with ornithine transcarbamoylase [87, 88])
and in mitochondrial citruline/ornithine transporter, both of
which have been proposed as limiting steps, or might be in
the arginine demand for protein synthesis.

Organisms with many alleles of one enzyme may form
homo-and heterozygotes expressing different activity levels.
Drosophila melanogaster has three ADH alleles encoding
for isoforms with different Vmax. When three natural
homozygotes, a null mutant, and some heterozygotes were
generated, different ADH activities were attained but the
ethanol consuming rate did not change (Figure 4, position
2). It was concluded that the ADH flux control was near zero
[89].

5.2. Titration of flux with inhibitors (control of
oxidative phosphorylation)

Oxidative phosphorylation (OXPHOS) is the only pathway
for which specific and potent inhibitors for many enzymes
and transporters are available. OXPHOS is divided in two
segments (Figure 5): the oxidative system (OS) formed by
substrate transporters (pyruvate, 2-oxoglutarate, glutamate,
glutamate/aspartate, dicarboxylates), Krebs cycle enzymes,
and the respiratory chain complexes; and the phospho-
rylating system (PS) constituted by the ATP/ADP (ANT)
and Pi (PiT) transporters, and ATP synthase. The proton
electrochemical gradient (Ap~;; ") connects the two systems.

When the flux (ATP synthesis) is titrated by adding
increasing concentrations of each specific inhibitor, plots
are generated in which the enzyme activity is progressively
diminished by increasing inhibitor concentration. Hence, the
C{.,— value depends on the type of inhibitor used

(a) for irreversible inhibition,

_I]TIEIX dj
o (=)@),, o
w77, )& il 2)
(b) for simple noncompetitive inhibition,
—Ki\ /d]
(B, . o
' Jo J\dLjpo @)

(c) for simple competitive inhibition,

C‘r" N (_Ki[(l;SVKm})(%)”po’ o

where [, is the pathway flux in the absence of inhibitor;
Imax, minimal inhibitor concentration to reach maximal flux
inhibition; K1, inhibition constant; S, substrate concentra-
tion; Krm, Michaelis-Menten constant; and dJ/dl, initial slope
([I] = 0) of inhibition titration curve.

To estimate flux control coefficients from inhibitor
titration of ADP-stimulated (state 3) respiratory rates (i.e.,
mitochondrial O; consumption coupled to ATP synthesis),
(2) for irreversible inhibitors was used because researchers
assumed that mitochondrial inhibitors such as rotenone,
antimycin, carboxyatractyloside, and oligomycin were “pseu-
doirreversible,” due to the enzyme’s high affinity for them.
However, under this assumption flux control coefficients
were usually overestimated [90, 91]. To solve this problem,
Gellerich et al. [92] developed (5) for noncompetitive
tightly-bound inhibitors and, by using nonlinear regression
analysis, it was possible to include all experimental points
from the titration curve thus increasing accuracy in calcu-
lating CL-'.

Y nUo_]{)Z'E" I
" [Co'fvﬁo"[(n —Co)*lo - {n-m-Ewl] ol (5)

B+ (Kd+1—E,)»E— Kd«E, =0,

in which J, and J; are the respiration fluxes in the nonin-
hibited (E = E,) and inhibited (E = 0) states; Kd is the
dissociation constant of the enzyme-inhibitor complex, and
n is an empirical component that expresses the relationship
between substrate concentration and the reaction catalyzed
by the enzyme E.

The analysis of data in Table 3 shows that OXPHOS is not
controlled by only one limiting step, but the flux control is
rather distributed among several enzymes and transporters.
It is worth noting that the value of the flux control coefficient
depends on the content of enzyme or transporter, which
varies from tissue to tissue. Perhaps the ATP/ADP translocase
in AS-30D hepatoma mitochondria might reach the status of
being the “OXPHOS limiting step” with a Clpsr™® — 0,70,
or the Pi transporter in kidney mitochondria [93], or the
ATP/ADP translocase and the respiratory chain complex 3
in liver mitochondria [94], but it should be noted that other
steps also exert significant control (Table 3). Although the
distribution of control varies between tissues, the flux control
mainly resides in the PS of organs with high ATP demand

such as the heart (C{gﬁ'}ﬁhﬂpmmm = (G = 73),

kidney (C}J?xphos = 0.75; Cz;%xphm = 0.31), and fast-growing
tumors (Cég"”“" = 0.98). In contrast, in the liver (Cg‘;xph"s -

0.80; Ch2™ _ 0,65) and brain (Che™ = 0.35; Chare —
0.41), the control is shared by both systems.

The situation in skeletal muscle appears controversial.
Wisniewski et al. [97] determined that the OXPHOS control
was shared by the PS (dgxl’hus = 0.62) and the ATP demand
(purified ATPase). In turn, Rossignol et al. [95] concluded
that the OS exerted the main control ( OOSXPhOS = 0.68),
but these authors apparently used low-quality mitochondria
(low respiratory control values that lead to low rates of ATP
synthesis associated with high rates of respiration) that were
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TasLe 3: Control distribution of oxidative phosphorylation.
Rat organ Specific Inhibition
e 5 P Ref
Enzyme i mitochondria inhibitor mechanism elerence
Heart (0.5 mM pyr +
0.15 Bea Gt [93]
NADH-CoQ- 0.26 %Zﬁ H ‘I’)M Dyt [95]
oxidoreductase (Site 1 s r([;as i
of energy 0.31 ney 1% mALpyr + Noncompetitive [93]
conservation or 0.2pM Ca™) Katenong tightly bound
Complex I of 0.06 Kidney (10 mM pyr + 95
respiratory chain) 10 mM mal) 1951
Brain (0.05 mM pyr +
0.06-0.10 0.44M Ca®) [91]
Brain (10 mM pyr +
025 10 mM mal) (951
Tumor (10 mM glut +
0 96
3mM mal) %]
Liver (10 mM pyr +
0.27 95
10 mM mal) Lol
Skeletal muscle
0.13 (10mM pyr + [95]
10 mM mal)
0.01 Heart [93]
0.19 Heart [95]
G(::Q.cy‘mchrome £ 0.02 Kidney [95]
oxidoreductase (Site 2 0.05-0.11 Brain B [o1]
of energy ) e Noncompetitive
conservation or 0.02 Brain ¥ tightly bound 195]
Complex IT1 of 0 Tumor [96]
respiratory chain) Liver (5 mM Succ +
.43 =
0.4 1 4M Ca®*) [94]
0.07 Liver [95]
0.22 Skeletal muscle [95]
0.11 Heart [93]
0.13 Heart [95]
Cytochrome c oxidase 0.04 Kidney [95]
(Site 3 of energy 0.02-0.07 Brain ) ) Noncompetitive [91]
conservation or 0.02 Brain Cyanide or azide sicnh [95]
Complex IV of SHHPE
~ ] 0.04 Tumor [96]
respiratory chain)
0.23 Liver [94]
0.03 Liver [95]
0.20 Skeletal muscle [95]
0.24 Heart [93]
0.04 Heart [95]
0 Kidney [93]
ATP/ADP transporter 0.07 Kidney [95]
(ad;;;u]i ]r;l;cienndes 0.08 Brain C‘art;n?r— s Noncompetitive [91]
or ) 0.08 Brain I e tightly bound [95]
transporter, carrier or 0.60-0.70 T (CAT) [96]
exchanger) - i AHor
0.48 Liver [93]
0.01 Liver [93]
Skeletal muscle
0.37 (10 mM Glut + [97]
3mM mal)
0.08 Skeletal muscle [95]
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Tasie 3: Continued.
Bpinyine ait iaiiscrlfzidria if}ficblﬁzr Imni‘:lt:;?:m Refzenics
0.34 Heart [93]
0.12 Heart [95]
0.32 Kidney [93]
0.27 Kidney [95]
ATP synthase OID:;‘_;;. 4 ];::i Oligomycin g;ﬁ;:?fj:;ive {2;}
0.28 Tumor [96]
0.05 Liver [94]
0.20 Liver [95]
0.10 Skeletal muscle [97]
0.10 Skeletal muscle [95]
0.15 Heart [93]
0.14 Heart [95]
043 Kidney (93]
0.28 Kidney [95]
.13 i L.
Pi transporter g;é ]]::2 Mersalyl g;‘;zlnpetluve {3;}
0 Tumor [96]
0.05-0.12 Liver [54]
0.26 Liver [95]
0.15 Skeletal muscle [97]
0.08 Skeletal muscle [95]
0.15 Heart [95]
0.03 Kidney P [95]
Pyruvate transporter 0.08 Fii hylci);oxyf b_Ioncompetitive o1]
0.26 Brain S omeme suipie [95]
0.21 Liver [95]
0.20 Skeletal muscle [95]
Dicarboxylates 0.05-0.14 Liver Malate or C.ompetitive [94]
transporter butyl-malonate simple
External ATPase 0.40 Skeletal muscle Puri.ﬁ_ed AlLrase [94]
addition

not incubated under near physiological conditions (10 mM
pyruvate, 10 mM malate, 10 mM Pi, pH 7.4 in Tris buffer),
and the authors incorrectly assumed that rotenone and
antimycin were irreversible inhibitors. It is notorious that in
all works shown in Table 3 at least one of these mistakes is
evident.

There are some inhibitors for enzymes and transporters
from other pathways, but they are not quite specific and
may affect other sites. Due to the fact that there are no
inhibitors for every step in these pathways, only one flux con-
trol coefficient has been determined by inhibitor titration.
Examples of these inhibitors are 6-chloro-6-deoxyglucose
for glucose transporters in bacteria, 2-deoxyglucose for
HPI, iodoacetate for GAPDH [6], 1,4-dideoxy-1,4-imino-
D-arabinitol for glycogen phosphorylase [98], oxalate and
oxamate for LDH, 6-amino nicotinamide for the phosphate

pentose pathway [99], amino-oxyacetate for aminotrans-
ferases and kirureninase (tryptophan synthesis), norvaline
for ornithine transcarbamylase, mercaptopycolinate for PEP
carboxykinase, acetazolamide for carbonic anhydrase, and
isobutyramide for ADH (compiled by Fell [2]).

Potential uses of the experimental approach

Mitochondrial pathologies are a heterogeneous group of
metabolic perturbations characterized by morphological
abnormalities and/or OXPHOS dysfunction [100]. Mito-
chondrial DNA analysis has revealed specific mutations for
some mitochondriopathies. Although the specific OXPHOS
mutations causing the disease may appear in all tissues,
the functioning of only some of them is altered. The
organ’s sensitivity might be related to the different flux
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control coefficients of the mutated enzyme in the different
tissues (Table 3) and to their ATP supply dependence from
OXPHOS versus glycolysis.

MCA allows for the analysis of a metabolic flux or
intermediate concentration by focusing either on one step
or by grouping enzymes in blocks or in pathways. Thus,
a comparative analysis of OXPHOS control distribution
reveals that heart, kidney, some fast growing tumors (rat AS-
30D hepatoma, mouse fibrosarcoma, human breast, lung,
thyroid carcinoma, melanoma) [101], and perhaps skeletal
muscle are more susceptible to mitochondrial mutations
in ATP synthase, which is the only PS site with subunits
encoded in the mitochondrial genome. On the other side,
liver and brain might be more susceptible to mitochondrial
mutations of the respiratory chain enzymes (see Table 3).
Considering that the brain is a fully aerobic organ [102],
whereas the liver depends on both OXPHOS (70-80%) and
glycolysis (20-30%) for ATP supply [103], then it can be
postulated that the brain is more sensitive to mutations in
the mitochondrial genome than the liver because subunits of
complexes I, III, and IV are encoded by the mitochondrial
genome.

Titration of flux with specific inhibitors to determine
the flux control coefficients of OXPHOS has been applied
to intact tumor cells [90]. The results showed that the
flux control resided mainly in site 1 of the respiratory
chain (C';?t:f BoS _ 0,30), whereas the other evaluated sites
exerted a marginal control [90]. This observation could have
therapeutic application if site 1 does not exert control in
healthy cells, leading to less severe side effects.

The use of inhibitors in intact cells to determine control
coefficients might pose two problems: hydrophilic inhibitors
such as carboxyatractyloside (for ANT) and a-cyano-4-
hydroxy-cinammate (for pyruvate transporter) cannot read-
ily enter the cell due to the presence of the plasma membrane
barrier; the other problem is that hydrophobic but slow
inhibitors, such as oligomycin, require long incubation times
to ensure the interaction with the specific sites. These
problems can be solved by incubating the cells for long
periods of time and taking care of cell viability, for instance,
AS-30D hepatoma cells are fairly resistant to this mechanical
manipulation as they maintain high viability after a lengthy
incubation under smooth orbital agitation of Lh at 37°C
[90].

5.3. Elasticity analysis
MCA defines the elasticity coefficients as

y_avi Xy
KTIX (6)

which is a dimensionless number that show the rate variation
v of a given enzyme or transporter { when the concentration
of aligand X (substrate S, product P or allosteric modulator)
is varied in infinitesimal proportions. The elasticity coef-
ficients are positive for those metabolites that increase the
enzyme or transporter rate (substrate or activator), and they
are negative for the metabolites that decrease the enzyme

or transporter rates (product or inhibitor). An enzyme
working, under a steady-state metabolic flux, at saturating
conditions of § or P, is no longer sensitive to changes in these
metabolites. Thus, its elasticity is close to zero (Figure6,
ey = 0). In turn, an enzyme working at § or P concentrations
well below the Michaelis constant (Kms or Kmp) is expected
to be highly sensitive to small variations in these metabolites
(Figure 6, £ = 1).

The elasticities are intrinsically linked to the actual
enzyme kinetics. If the kinetic parameters of an enzyme
are known (Vmg, Vm,, Kms, and Kmp), then the enzyme
elasticity for any given metabolite concentration may be
calculated as shown in the following equations.

For substrate,

—8Km, 1

Vi
& ~1+9YKm,+P/Km, ' 1-T/Keq’ @)
and for product,
& = —P/Kmp [/Keq )

1+ 8/Kms+ P/Kmp 1 —I/Keq

in which I' is the mass action ratio, and Keq is the equilib-
rium constant preferentially determined under physiological
conditions.

An enzyme with low elasticity cannot increase (or
decrease) its rate despite large variations in § (or P)
concentration; in consequence, such enzyme exerts a high
flux control. In turn, an enzyme with a high elasticity can
adjust its rate to the variation in § or P concentrations, and
thus it does not interfere with the metabolic flux, exerting
a low flux control. This inverse relationship between the
elasticity and the flux control coefficients is expressed in
a formal equation denominated connectivity theorem. A
metabolic pathway can be divided in two blocks around an
intermediary X: the producing (synthetic, supply) and the
consuming (demand) enzyme blocks of X are i; and i,
respectively. Thus, the connectivity theorem for this two-
block system is

J 2
Ch _ £X 9
= i 9
v2 X

The negative sign of the right part of the equation cancels
with €}, which is negative because X is a product of enzyme
block #; (Figure 6).

To obtain the flux control coefficients, this approach
requires experimental determination of the elasticity coef-
ficients. How can this be done? Many strategies have been
designed [90, 103-108], but the most used and probably
more trustworthy is that in which the initial pathway
metabolite (S,) concentration is varied to increase the
X concentration (any intermediary in the pathway), and
measuring in parallel the variation in flux. Under steady-
state conditions, the flux rate is equal to the rate of end-
product formation (ie., lactate or alcohol for glycolysis;
oxygen consumption for OXPHOS) and to the rate of any
partial reaction. Then, plots of X versus flux (Figure 7) are
generated. The slope, calculated at the reference coordinate
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Figure 5: Mitochondrial oxidative phosphorylation. ST, exidizable substrate transporter; KC, Krebs cycle; RC, respiratory chain; (Ap=, '),
proton electrochemical gradient; ANT, adenine nucleotide translocator; PiT, phosphate transporter; ATP Sint, ATP synthase.
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Frcure 6: Elasticity coefficients.

(X5, Ip) that is equivalent to (S, vjo), yields the elasticity
coefficient of the consuming block of X. In another set
of experiments, an inhibitor is added to block one or
more enzymes after X. The X concentration and flux are
determined and plotted as shown in Figure 7, from which the
elasticity coefficient of the producing block is calculated.
The flux control coefficients are determined by using the
connectivity theorem and considering that the sum of the
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Figure 7: Experimental determination of the elasticity coefficients
for substrates and products.

control coefficients comes to 1, C; + C; = 1 (summation
theorem):
o
o=
LR
; (10)
oo &
vz vZ vl
Ex —Ex

This method for determining ol using the elasticities
of the two blocks was called double modulation by Kacser
and Burns [83]. Years later, Brand and his group [103, 104]
renamed this method as top-down approach. By applying
the procedure shown in Figure 7 and using (10) for different
metabolites along the metabolic pathway, it is possible
to identify those sites that exert a higher control (which
may be the sites for therapeutic use or biotechnological
manipulation) and those that exert a negligible control under
a given physiological or pathological situation.

Elasticity analysis has been used to evaluate the OXPHOS
control distribution in tumor cells [90]. Almost all studies on
this subject have been carried out with isolated mitochondria
incubated in sucrose-based medium at 25 or 30°C or with
the more physiological KCl-based medium but still at 30°C
(Table 3). Furthermore, these studies did not consider that
the product, ATP, never accumulates in the living cells,
which does occur in experiments with isolated mitochondria.
Under such a condition, a steady state in ATP production
can never be reached as in living cells. In other words, the
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distribution of control in mitochondria (Table 3) has been
determined in the absence of an ATP-consuming system.
A remarkable exception to this incomplete experimental
design was the work done by Wanders et al. [105], in which
isolated liver mitochondria were incubated with two different
ATP-consuming systems (or ADP-regenerating systems):
HK + glucose and creatine kinase (CK) + creatine. Under
this more physiological setting, the OXPHOS flux control
distributed between ANT and the ATP-consuming system;
however, flux control by the other pathway components was
not examined. Therefore, to accurately evaluate OXPHOS
control distribution, mitochondria should be incubated in
the presence of an ATP-consuming system or in their natural
environment (1.e., inside the cell).

The rate of OXPHOS in intact cells is determined from
the rate of oligomycin-sensitive respiration: in the steady
state, the enzyme rates are the same and constant; in
branched pathways the sum of the branched fluxes equals the
flux that supplies the branches. The global elasticity of the
ATP-consuming processes (e.g., synthesis of protein, nucleic
acid, and other biomolecules, as well as ion ATPases to main-
tain the ionic gradients, mechanical activity such as muscular
contraction or flagellum and cilium movement, and secre-
tion of hormones, digestive enzymes and neurotransmitters)
is estimated by inhibiting flux with low concentrations of
oligomycin or a respiratory chain inhibitor. To determine the
elasticity of the ATP—producing block, flux, and [ATP] are
varied with streptomycin, an inhibitor of protein synthesis
(Figure 7). The elasticity coefficients are calculated from
the initial coordinate slopes (without inhibitors) of each
titration. With this procedure, it has been determined that
the ATP-consuming block exerts a significant flux control of
34% [90]. Remarkably, this flux control value obtained in
cells is quite similar to the flux control coefficients of the
ATP-consuming system (HK or CK) reported by Wanders
et al. [105] with isolated mitochondria.

Elasticity analysis by enzyme blocks allows the inclusion
of the end-product demand as another pathway block. The
conclusions obtained from this analysis have formulated the
supply-demand theory [30], which proposes that when flux
is controlled by one block (demand), the concentration of
the end-product is determined by the other block (supply).
The ratio of elasticities determines the distribution of flux
control between supply and demand blocks. For instance,

if si"pply > gfemand (i e demand becomes saturated by
the end-product X, and hence its elasticity is near zero),
then the demand block exerts the main flux control. For

Demand __Supply
£x

concentration control, at larger &y , smaller

abseolute values of both Cé‘:lpply and cl)gemamd are attained;
hence, under demand saturation, the supply elasticity fully
governs the magnitude of the variation in the end-product
concentration. On the other hand, when demand increases,
it loses flux control and induces a diminution in the end-
product concentration. In turn, supply gains flux control
and loses concentration control. In the presence of feed-
back inhibition, the system can maintain the end-product
concentration orders of magnitude away from equilibrium
(at a concentration around the Ky 5 of the allosteric enzyme).

As mentioned before, the demand is not usually included
in the pathway because it is erroneously thought that it is
not part of it. But then, is it valid to analyze the control
of a metabolite synthesis if its demand is not considered?
When the demand block is not included, it is assumed that
the metabolic pathway produces a metabolite at the same
rate regardless whether the metabolite demand is high or
low. This reasoning is incorrect because a metabolic pathway
indeed responds to changes in the metabolite demand
and, more importantly, a pathway without end-products
consumption reactions is unable to reach a steady state.

Therefore, a metabolic pathway can be divided in supply
and demand blocks. The intermediary X linking the two
blocks is one of the end-products of the producing block
(e.g., pyruvate or lactate or ethanol, and ATP for glycolysis).
The variation in rate of the two blocks in response to
a variation in X can be theoretical or experimentally
determined (Figure 8(a)). It is worth noting that, for this
supply-demand approach, it is not necessary to know the
kinetics of each pathway enzyme because the rate response
of each block reflects the global kinetics of all participating
enzymes. When the X concentration is increased, the rate
of the supply block decreases (i) because X is its product
and (ii) because usually an enzyme within this block receives
information from the final part of the pathway, decreasing
its rate through feedback inhibition. In turn, the rate of the
demand block increases as X is its substrate.

To better visualize the effect of large rate changes, the
kinetics of both blocks are plotted in a logarithmic scale.
Figure 8(b) shows the kinetics described in Figure &(a) con-
verted to natural logarithm. The intersection point between
kinetic curves, at which the supply and demand rates are
identical, represents the pathway steady-state flux (in the
Y axis) and end-product concentration (in the X axis).
Since the elasticity is also defined as £ = dlnv/dInX,
the slope at the intersection point represents the elasticity
of each block towards the intermediary X. Here, the use
of the scalar factor is not necessary because it is included
in the logarithmic equation. With the elasticity coefficients
calculated from plots like those shown in Figure 8, and the
connectivity theorem, the flux control coefficient of each
block is determined. The example in Figure 8(b) shows that
the demand exerts a high flux control (and has low elasticity)
and the supply block exerts low control (and has high
elasticity).

The fact that the demand may exert a high flux con-
trol in metabolite pathways has at least three important
implications: (a) the supply block responds to variations
in the demand (high elasticity); (b) the demand block has
information transfer mechanisms towards the supply block
that avoid the unrestricted intermediary accumulation under
a low demand, particularly when the supply block has
reactions with large Keq (>100; AG” > 3Kcalmol™ at
37°C); and (c) if the main flux control resides in the demand
block, then the supply block may only exert control on the
intermediary concentration but not on the flux [30, 32]. This
last conclusion explains why it is incorrect to consider that an
enzyme that controls flux must also control the intermediary
concentration.
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Fiure 8: (a) Kinetics of the synthesis (supply) and consuming
(demand) blocks of the intermediary X. The kinetic parameters
are from enzymes in tobacco glutathione (GSH) synthesis. X
represents the intermediary concentration, in this case GSH. (b)
Rate plots of the supply and demand blocks in a natural logarithmic
scale.

Regulatory mechanisms of enzyme activity are modula-
tion of protein concentration by synthesis and degradation,
as well as covalent modification and variation in the substrate
or product concentrations (which are components of the
pathway). In addition, another regulatory mechanism is the
modulation by molecules that are not part of the path-
way, that is, through allosteric interaction with cooperative
(sigmoidal kinetics) or noncooperative enzymes (hyperbolic
kinetics) (e.g., Ca’' activates some Krebs cycle dehydro-
genases; citrate inhibits PFK-1; malonyl-CoA inhibits the
mitochondrial transporter of acyl-carnitine/carnitine; or the
initial substrate of a pathway that has not entered the
system). For these last cases, Kacser and Burns [83] proposed

the use of the response coefficient R which is defined by the
following expression:

Rl = Clocli, (11)
where M is the external modulator of the i enzyme. The
response coefficient is dJ/dMeM,/],. 1f the elasticity of
the sensitive enzyme toward the external effector is also
determined, then it is possible to calculate @, by using
(11). Unfortunately, due to the experimental complexity
for determining the elasticity coefficient, this coefficient is
often calculated in a theoretical way by using the respective
rate equation (Michaelis-Menten or Hill equations) and the
kinetic parameters Km and Vp,, determined by someone
else under optimal assay conditions, which are commonly
far away from the physiological ones. Therefore, for this
theoretical determination of elasticity only the value of
the external modulator concentration is required. It is
convenient to emphasize that the determination of the
flux control coefficients becomes more reliable when they
are calculated from several experimental points (Figure 7),
instead of only one, as occurs with the theoretical elasticity
analysis.

Groen et al. [106] determined the flux control distri-
bution of gluconeogenesis from lactate in hepatocytes by
using both theoretical and experimental elasticity analysis
and the response coefficient. These authors concluded that
gluconeogenesis stimulated by glucagon was controlled by

the pyruvate carboxylase (C;C * = 0.83); in the absence
of this hormone, the control was shared by PC, PYK, ENO-
PGK segment, and TPI-fructose-1,6-biphosphatase segment
[106].

Elasticity analysis has been applied to elucidate the flux
control of ATP-producing pathways in fast-growing tumor
cells. For OXPHOS, this approach showed that respiratory
chain complex I and the ATP-consuming pathways were
the enzymes with higher control (C,'-, = 0.7) [90]. For
glycolysis, the main flux control (C}, = 0.71) resided in
GLUT + HK reactions because HK is strongly inhibited by
its product G6P despite extensive enzyme overexpression
[107]. Examples of elasticity analysis on other pathways are
photosynthesis [108], ketogenesis [109], serine [110] and
threonine synthesis in E. coli [111], glycolysis in yeast [112],
glucose transport in yeast [113], DNA supercoiling [114],
glycogen synthesis in muscle [115], and galactose synthesis
in yeast [116].

In conclusion, the elasticity analysis is the most fre-
quently used method for determining flux control coeffi-
cients because it does not need a group of specific inhibitors
for all the enzymes and transporters of the pathway, neither
does it require knowledge of the inhibitory mechanisms or
kinetic constants. It is only necessary to produce a variation
in the intermediary concentration X by using an inhibitor of
either block or by directly varying the X concentration.

5.4. Pathway modeling

In agreement with Fell [2], it seems impossible for a
researcher to analyze one by one the rate equation of each
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enzyme in a metabolic pathway to predict and explain the
system behavior as a whole. To deal with this problem,
in the last three decades some scientists have constructed
mathematical models for some metabolic pathways using
several software programs. Thus, the specific variation
of a single enzyme activity without altering the rest of
the pathway (Figure 4), which has been an experimentally
difficult task for applying MCA, becomes easier to achieve
with reliable computing models. The term “in silico biology”
has been coined for this approach.

There are two basic types of modeling: (a) structural
modeling and (b) kinetic modeling. The former is related to
the pathway chemical reaction structure and does not involve
kinetic information. The use of reactions is based on their
stoichiometries. The information obtained with structural
modeling is the description of the following:

(i) the exact determination of which reactions and
metabolites interact among them;

(ii) the conservation reactions. There are metabolites for
which their sum is always constant or conserved (e.g.,
NADH + NAD*; NADPH + NADP"; ubiquinol +
ubiquinone; ATP + ADP + AMP; CoA + acetyl-CoA).
The identification of conserved metabolites might
not be obvious;

(iii) enzyme groups catalyzing reactions in a given rela-
tionship with another group of enzymes;

(iv) elemental modules, which are defined as the minimal
number of enzymes required to reach a steady state,
which can be isolated from the system (for a review
about structural modeling; see [117]).

Kinetic modeling is more frequently used. In addition
to an appropriate computing program, this approach
requires  the knowledge of the
equations, and Keq values of each reaction in the pathway
(or the Vimax in the forward and reverse reactions), as
well as the intermediary concentrations reached under
a given steady state. Some currently used softwares
are Copasi (http://www.copasi.org/tiki-index.php)
based on Gepasi (http://www.gepasiorg/; [118]);
Metamodel [119]; WinScamp [120] and Jarnac [121]
(both available at http://www.sys-bio.org/); and PySCeS
(http://pysces.sourcesforge.net/; [122]). For other programs
and links, go to http://sbml.org/index.psp. To reach a
steady-state flux, it is necessary to fix the initial metabolite
concentration to a constant value and the irreversible and
constant removal of the end products. Except for the final
reactions in which their products have to be removed from
the system, all pathway reactions have to be considered as
reversible, notwithstanding whether they have large Keq
(if there is an irreversible reaction under physiological
conditions, then a reversible rate equation that includes
the Keq suffices to maintain the reaction as practically
irreversible). Care should be taken to include the enzyme’s
sensitivity toward its products because this property is
related with the enzyme elasticity and hence with its flux
control; omission of this parameter may very likely lead to
erroneous conclusions.

stoichiometries, rate

It should be pointed out that the purpose of kinetic mod-
eling is not merely to replicate experimental data but also to
explain them [117]. Thus, pathway modeling is a powerful
tool that allows for (i) the detection of those properties of the
pathway that are not so obvious to visualize when the indi-
vidual kinetic characteristics of the participating enzymes
are examined; and (ii) the understanding of the biochemical
mechanisms involved in flux and intermediary concentration
control. Modeling requires the consideration of all reported
experimental data and interactions that have been described
for the components of a specific pathway, thus allowing
for the integration of disperse data, discarding irrelevant
facts [84]. Although all models are oversimplifications of
complex cellular processes, they are useful for the deduction
of essential relationships, for the design of experimental
strategies that evaluate the control of a metabolic pathway,
and for the detection of incompatibilities in the kinetic
parameters of the participating enzymes and transporters,
which may prompt the experimental revision of the most
critical uncertainties.

With the model initially constructed, the simulation
results do not usually concur with the experimental results;
in consequence, the model normally requires refinement, a
point at which the researcher’s thinking and knowledge of
biology plays a fundamental role in modifying the structure
and parameters of the model. The discrepancies observed
between modeling and experimentation unequivocally pin-
point what elements or factors have to be re-evaluated or
incorporated so that the model approximates more closely
reality (i.e., experimental data). The comparison of the
experimentally obtained intermediary concentrations and
fluxes with those obtained by simulation is an appropriate
validating index of the model; this index indicates whether
the model approximation to the physiological situation is
acceptable or whether re-evaluation of the kinetic properties
of some enzymes and transporters and/or incorporation of
other reactions or factors is required.

A reason to why the results obtained by modeling may
substantially differ from the experimental results is that the
kinetic parameters of the pathway enzyme and transporters
and the Keq values used were determined by different
research groups, under different experimental conditions
and in different cell types. Moreover, enzyme kinetic assays
are carried out at low, diluted enzyme concentrations (thus
discarding or ignoring relevant protein-protein interac-
tions), and at optimal (but not physiological) pH and “room
temperature” (which may be far away from the physiological
values). In addition, no experimental information is usually
available regarding the reactions reversibility and the product
inhibition of the enzymes and transporters (particularly for
physiological irreversible reactions, i.e., reactions with large
Keq). With worrisome frequency, the researcher has to adjust
the experimentally determined V' and Km values to achieve
a model behavior that acceptably resembles that observed
in the biological system. Apparently, this type of limitations
as well as the sometimes overwhelming amount of kinetic
data necessary for the construction of a kinetic model has
restricted the number of reliable models that can be used for
the prediction of the pathway control structure.
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Once the kinetic model stability, robustness, struc-
tural and dynamic properties have been evaluated, and
experimentally validated, the model may become a virtual
laboratory in which any parameter or component can be
modified or replaced and any aspect of the pathway behavior
can be explored within a wide diversity of circumstances or
limits [ 117]. At this stage, the model is suitable for examining
the pathway regulatory properties and control structure.

Glycolysis in S. bayanus, S. cerevisiae [113, 123, 124],
and Trypanosoma brucei [125, 126] is the metabolic pathway
that has been more extensively modeled. Both cell types
have a very active glycolysis and are fully dependent on
this metabolic pathway for ATP supply, under anaerobiosis
and aerobiosis, respectively. One advantage of modeling
glycolysis in these cell types is that most of the kinetic
parameters used have been experimentally determined by
the same groups under the same experimental conditions.
However, the kinetics of the reverse reactions has not been
determined and thus these authors used Kmp and Keq
values reported by others and obtained in other cell types
under rather different experimental conditions, or they were
adjusted to improve model fitting.

Nevertheless, the simulation results yielded relevant
information on the control of the glycolytic flux. In both
cases, the enzymes traditionally considered the rate-limiting
steps, HK, ATP-PFK-1, and PYK did not contribute to the
flux control, whereas the main control resided in GLUT
(54% in the parasite and 85-100% in yeast). Under some
conditions, HK may exert some control (15%) in S. cerevisiae
and some nonallosteric enzymes such as ALDO, GAPDH,
and PGK may also exert some flux control in T. brucei.

MCA through kinetic modeling has been applied to
several pathways:

(i) glycolysis in erythrocytes [84] in which flux control
distributes between HK (71%]) and PFK-1 (29%);

(ii) carbohydrate metabolism during differentiation in
Dictyostelium discoideum [127] with cellulose syn-
thase (86%) as the main controlling step;

(iii) sucrose accumulation in sugar cane with HK, inver-
tase, fructose uptake, glucose uptake, and vacuolar
sucrose transporter having the most significant flux
control [128];

(iv) glycerol synthesis in S. cerevisiae with GAPDH (85%)
as the main control step [129];

(v) penicillin synthesis in Penicillium chrysogenum con-
trolled (75-98%) either by d-(a-aminoadipyl) cys-
teinylvaline synthetase (short incubation times <30
hour) or isopenicillin N. synthetase (long incubation
times > 100 h) [130];

(vi) Calvin cycle [131] controlled by GAPDH (50%) and
sedoheptulose-1,7-bisphosphatase (50%);

(vii) threonine synthesis in E. coli controlled by homoser-
ine dehydrogenase (46%), aspartate kinase (28%),
and aspartate semialdehyde dehydrogenase (25%)
[111];

(viii) lysine production in Corynebacteriwm glutamicum
mainly controlled by aspartate kinase and permease
[132];

(ix) nonoxidative pentose pathway in erythrocytes mainly
controlled by transketolase (74%) [133];

(x) EGF-induced MAPK signaling in tumor cells con-
trolled by Ras-activation by EGF (21%), Ras dephos-
phorylation (43%), ERK phosphorylation by MEK
(449%), and MEK phosphorylation by RAS (143%)
[13];

(xi) Aspergillus niger arabinose utilization with flux con-
trol shared by arabinose reductase (68%), arabitol
dehydrogenase (17%), and xylulose reductase (14%)
[134];

(xii) glycolysis in L. lactis in which several end products are
generated (lactate, organic acids, ethanol, acetoin)
[135]. Model predictions indicated that flux toward
diacetyl and acetoin (important flavor compounds)
was mainly controlled by LDH but not by acetolactate
synthetase, the first enzyme of this branch.

We modeled the GSH and PCs biosynthesis (Figure 2)
to determine and understand the control structure of the
pathway and thus be able to identify potential sites for
genetic engineering manipulation that might lead to the
generation of improved species in heavy metal resistance
and accumulation. Two models were constructed, one for
higher plants and the other for yeast, both exposed to high
concentrations of Cd*' [136]. Due to the similarity in the
results, only the plant results are analyzed below.

An interesting conclusion from the GSH-PCs synthesis
modeling is that control of flux (and GSH concentration)
is shared between the GSH supply and demand under both
unstressed and Cd** exposure conditions (Table4). This
observation strongly differs from the idea that y-ECS is the
rate-limiting step [33—35]. For many researchers, the concept
of y-ECS being the key controlling step has seemed to be
correct because (a) y-ECS receives information from the final
part of the pathway, as it is potently inhibited by GSH, the
pathway end-product; and (b) p-ECS is localized in the first
part of the pathway (Figure 2). In addition, GS is usually
more abundant and efficient than y-ECS [137].

However, in most of the studies on the control of GSH
synthesis, the GSH demand has not been considered. The
GSH synthesis modeling shows that under a physiological
feedback inhibition of y-ECS by GSH a small increase
in demand increases flux because the GSH concentration
decreases and the y-ECS inhibition attenuates. In contrast,
if the demand remains constant, then an increase in y-ECS
activity or content (by overexpression) does not increase flux
because the GSH inhibition is still there and operates on both
new and old enzymes. The same pattern is also observed
when HK is overexpressed to increase glycolytic flux since it
is still inhibited by G6P (see Section 3). On the other hand, y-
ECS indeed exerts significant concentration control on GSH,
which means that a y-ECS increase results in higher GSH
concentration (Table 4). This last observation demonstrates
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TasLe 4: Control of GSH and PC synthesis in plants exposed to cd™.
Enspiie 1x y-ECS + PCS 2.5x y-ECS + PCS
G G cF™ ar e i ™ ar
y-ECS 0.58 0.60 0.68 0.76 045 0.61 0.70 0.60
GS <0.01 <0.01 0.01 0.01 0.19 <0.01 <0.01 0.97
GS-transferase 0.01 —0.06 —0.07 —0.07 <0.01 <0.01 < —0.01 —0.05
PCS 0.40 0.44 —0.63 —0.56 0.33 0.44 —0.62 0.57
vacuole PC-Cd transporter <0.01 <0.01 <0.01 -1.2 <0.01 <0.01 <0.01 -2.1
C{,',:SH, control coefficient of enzyme i in GSH synthesis; Cfc , control coefficient of enzyme Ei on PCs synthesis; CS5, control coefficient of enzyme # on

GSH concentration; CI©, control coefficient of enzyme i on PCs concentration. An enzyme with a negative flux control indicates that it is localized in a branch,
turning aside the principal flux; an enzyme with a negative concentration control indicates that an increase in its activity decreases metabolite concentration.

that an enzyme controlling a metabolite concentration does
not necessarily control the flux.

Cd** exposure promotes a high GSH demand because
significant oxidative stress surges, thus causing oxidation of
GSH through GSH peroxidases, and because GSH and PCs
are used for sequestering the toxic metal ion; hence, a higher
GSH consuming rate sets up. Under this condition, modeling
predicted that control was almost equally shared between the
supply and demand blocks, but particularly between y-ECS
and PCS (see Figure 2). Modeling was also able to explain
why PCS overexpression can have toxic effects on the cell
[36]. An increase in the GSH demand (PCS overexpression)
under high-demand conditions (Cd** stress) leads to GSH
depletion that severely compromises other processes such as
the oxidative stress control and xenobiotic detoxification.

The conclusions drawn by this model led us to pro-
pose that, to significantly increase the Cd*' resistance and
accumulation, y-ECS and PCS should be simultaneously
overexpressed (Table 4; Figure 9). This particular manipu-
lation promotes an increase in the rate of GSH and PCs
synthesis (determined by the high-to-low transition of their
flux control coefficients) and in the GSH and PCs concen-
trations (determined by their high concentration control
coefficients). The model predicts that a 2-fold increase in
the simultaneous overexpression of y-ECS and PCS brings
about a 1.9-2.4-fold increase in flux to GSH (Jgs) and
PCs (Jpcs) and in PCs concentration (Figure 9); a 5-fold
overexpression further increases by 4.5-8.1 times the fluxes
and PCs concentration.

This proposed enzyme overexpression should not exceed
the GS and the complex PC-Cd (or GS-Cd-GS) vacuolar
transporters’ maximal activities, in order to keep the cell
away from a severe oxidative stress caused by GSH depletion
or y-EC accumulation. Indeed, the concentration of GSH
was maintained high and constant although y-EC accu-
mulated with the simultaneous overexpression (Figure 9).
Furthermore, this enzyme manipulation should avoid the
increase of the PC-Cd and GS-Cd-GS complexes in cytosol
to toxic levels. In other words, excessive enzyme overex-
pression should be avoided, unless this is accompanied by
compensating overexpression of consuming enzymes (GS for
y-ECS overexpression and PCs vacuolar transporters for that
of PCS). In yeasts and plants, Cd** is ultimately inactivated
by the additional interaction with §*~ and the subsequent

Flux (J) (nmol min—1)

| Metabolite] (mM)

y-ECS + PCS simultaneous over-expression

Ficure 9: Modeled simultaneous overexpression of two controlling
enzymes, one in the supply (y-glutamylcisteine synthetase, y-ECS)
and the other in the demand branch (phytochelatin synthase, PCS),
of the glutathione and phytochelatins synthesis pathway in plants.

formation of stable high molecular weight complexes with
PCs, th, §°7,and GSH [138, 139]. In parallel to the y-ECS
and PCS overexpression, moderate repression of GSH-5-
transferases, which compete for the available GSH (Figure 2),
may also promote an increase in GSH concentration and PCs
formation flux [136].

MCA is based on infinitesimal changes in an enzyme or
metabolite concentration. In contrast, gene overexpression
induces large changes in activity; hence, further theoretical
background has been developed for predicting the effect
on flux and metabolite concentrations induced by large
enzyme changes. Such a theoretical background was initially
developed by Small and Kacser [140], who depicted (12)
based on the flux control coefficients to predict the effect
promoted by large changes in enzyme activity:

1
.=

_ ) 12
1 — Y (Cl e (ry — 1) ¥

in which f is the amplification factor (the flux increase),
and r represents how many times the enzyme is overex-
pressed. To predict the flux changes, promoted by identical
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Frgure 10: Effect on flux when one or more enzymatic activities
with different control coefficients are varied. This figure represents
an enzyme or group of enzymes in which their C{,{ sum is indicated
in parenthesis and is modified by the same r factor. Number 1
represents the reference control, thus if r < 1, there is suppression,
whereas r > 1 represents overexpression.

averexpression of two enzymes (same r value) with different
Cl, the equation is
7 1

f_E_’f,,,, Tl (C{ +C§)-((T— 1)/r)

(13)

Figure 10 shows the effect on flux when one or more
enzymes with different C), are changed by the same r factor.
If the sum of Cl of one or more enzymes is less than
0.25, the impact on flux is discrete when the expression
increases 5 folds (which is the most common variation in
the overexpression experiments analyzed in Section 2). But
for a 3-fold overexpression of a group of enzymes, for which
their sum of d, is more than 0.5, then a significant flux
change is achieved. If the sum of CJ, is 1, the flux varies in
a linear proportion with the degree of overexpression. It has
to be remarked, however, that the predicted change in flux
(Figure 10) will be valid until certain degree, the limits of
which being determined by the other pathway enzymes that
should stay as noncontrolling steps.

Figure 10 also shows the effect on flux of decreasing
an enzyme activity (third quadrant). This segment plot is
useful when inhibition of pathway flux is being pursued for
therapeutic purposes or for understanding the molecular
basis of the genetic dominance and recessivity. Like in the
enzyme overexpression experiment, only a significant effect
on flux is achieved when the enzymes with high CJ, values
are inhibited. For an enzyme or group of enzymes with .,
of 0.25, greater than 80% inhibition has to be attained to
decrease 50% the pathway flux. In this context, it seems
feasible to explain why knockdown of enzymes involved
in TSH, synthesis has to be almost total to detect an

effect on TSH> content or to alter functional or pathogenic
properties of the parasites (Section 4.3). The knockdown or
knockout experiments in trypanosomatids suggest that y-
ECS, TryS, and TryR most probably have low flux control
and concentration-control coefficients since their contents
or activities have to be reduced >80% of the normal levels
to reach changes in intermediary levels or in oxidative stress
handling.

Contrary to the several unsuccessful overexpression
experiments carried out to increase the flux or metabolites
of a metabolic pathway, modeling may allow for a more
focused and appropriate design of experimental strategies of
genetic engineering to increase flux or a given metabolite,
and for selecting drug targets to decrease flux or metabolite
concentration. For these predictions, modeling considers
that overexpression of a controlling enzyme or transporter
may promote flux or metabolite control redistributions.
Thus, a low-control step may become a controlling point
when overexpressing another step and, in consequence, the
prediction shown in Figure 10 based on (11) and (12) may be
inaccurate. By considering the whole pathway components,
modeling is also a powerful tool for predicting the effects
on flux and metabolite concentration of varying an enzyme
activity (by overexpression or drug inhibition).

Model predictions to inhibit a pathway flux

Kinetic modeling has been used to identify the flux control-
ling steps in Trypanosoma brucei glycolysis for drug targeting
purposes. Interestingly, modeling has predicted controlling
steps for the parasite pathway different from those described
for glycolysis in human host cells [ 125, 126].

Entamoeba histolytica is the causal agent of human
amebiasis. The parasite lacks functional mitochondria and
has neither Krebs cycle nor OXPHOS enzyme activities.
Therefore, substrate level phosphorylation by glycolysis is
the only way to generate ATP for cellular work [141]. An
important difference in amebal glycolysis in comparison to
glycolysis in human cells is that it contains the pyrophos-
phate (PPi)-dependent enzymes phosphofructokinase (PPi-
PFK) and pyruvate phosphate dikinase (PPDK), which
replace the highly modulated ATP-PFK and PYK present in
human cells. Moreover, both have been proposed as drug
targets by using PPi analogues (bisphosphonates) [141].

We recently described the construction of a kinetic
model of E. histolytica glycolysis to determine the control
distribution of this energetically important pathway in
the parasite [142]. The model was constructed using the
Gepasi software and was based on the kinetic parameters
determined in the purified recombinant enzymes [143],
as well as the enzyme activities, fluxes, and metabolite
concentrations found in the parasite. The results of the
metabolic control analysis indicated that HK and PGAM
are the main flux control steps of the pathway (73 and
65%, resp.) and perhaps GLUT. In contrast, the PPi-PFK
and PPDK displayed low flux control (13 and 0.1%, resp.)
because they have overcapacity over the glycolytic flux [142].
The amebal model allowed evaluating the effect on flux of
“inhibiting” the pathway enzymes. The model predicted that
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Freure 11: Modeled flux behavior when inhibiting pathway
enzymes. The predicted flux when varying the enzyme activity
was obtained using the kinetic model for Entameceba histolyt-
ica glycolysis [142]. In this case, 100% enzyme activity is the
enzyme activity present in amebal extracts, and 100% flux is
the ethanol flux displayed by amoebae incubated with glucose.
PPi-PFK, PPi-dependent phosphofructokinase; PPDK, pyruvate
phosphate dikinase; PGAM, 2,3 bisphosphoglycerate independent
3-phosphoglycerate mutase.

in order to diminish by 50% the glycolytic flux (and the ATP
concentration; data not shown), HK and PGAM should be
inhibited by 24 and 55%, respectively, or both enzymes by
18% (Figure 11). In contrast, to attain the same reduction
in flux by inhibiting PPi-PFK and PPDK, they should be
decreased >70% (Figure 11). Therefore, the kinetic model
results indicate that HK can be an appropriate drug target
because its specific inhibition can compromise the energy
levels in the parasite. They also indicate that although PPi-
PFK and PPDK remain as promising drug targets because
of their divergence from the human glycelytic enzymes,
highly potent and very specific inhibitors should be designed
for these enzymes in order to affect the parasite’s energy
metabolism.

5.5. Invitro reconstitution of metabolic pathways

Another experimental approach for determining the enzyme
control coefficients is the in vitro reconstitution of segments
of metabolic pathways. It is recalled that for determining
the flux control coefficient exerted by a given step on a
metabolic pathway the enzyme activity has to be varied,
without altering the other components in the system, and
the flux variations are to be measured (Figure 4). Such an
experiment can be readily made if a pathway is reconstituted
with purified enzymes. Some advantages of this approach
are that the pathway structure is known, in which the com-
ponents concentration may be manipulated and analyzed
separately, and the enzyme effectors can be assayed. As the
system composition is strictly controlled, the results may
be highly reproducible. The main disadvantage is that the

enzyme concentrations in the assays are diluted and thus
the enzyme interactions are not favored. If this interaction is
important for activity, the in vitro reconstitution may limit
the extrapolation to the metabolic pathway inside the cell.

There are not many studies describing this type of
experiments, most probably due to the fact that for applying
MCA the pathway must be working under steady-state
conditions. In a reconstituted system, only a quasi steady
state may be reached because there is net substrate, and
cofactors consumption, as well as product accumulation,
since it is difficult to attain a constant substrate supply and
release of products.

One of the first experimental reports on control coeffi-
cient determination in a reconstituted system was carried out
for the upper glycolytic segment with the commercially avail-
able rabbit muscle HK, HPI, PFK-1, ALDO, and TPI [144].
Each enzyme was separately titrated and the flux variation to
glycerol-3-phosphate (by coupling the reconstituted system
to an excess of a-GPDH) was measured in the presence of
CK to maintain the ATP concentration constant. The flux
control coefficients were determined as described in Figure 4.
The results showed that PFK-1 and HK exerted the main flux
control (65% and 20%, resp.), whereas the remaining 15%
resided in the other enzymes. These authors observed that
the addition of F1,6BP, a PFK-1 activator slightly diminished
the flux control exerted by PFK-1 and increases that of
HK. The validation of the summation theorem was also
demonstrated in this work [144].

The lower glycolytic segment has also been reconsti-
tuted with commercial enzymes for determining the flux
control coefficients [145]. The results showed that flux was
mainly controlled by PYK (60-100%), although under some
conditions control was shared with PGAM; ENO did not
contribute to the flux control.

Another important limitation of the reconstitution
experiments is that the commercial availability of the
purified enzymes from the same organism is restricted
or inexistent. However, by using the information from
the genome sequence projects and the recombinant DNA
technology, it is now possible to access all the enzyme
genes from a metabolic pathway in the same organism, thus
facilitating their cloning, overexpression, and purification.
With this strategy, we cloned, overexpressed, and purified
the 10 glycolytic enzymes of Entamoeba histolytica [143] for
studying the flux control distribution in this organism by
using kinetic modeling [142] and pathway reconstitution.

The reconstitution experiments of the lower amebal
glycolytic segment, under near physiological conditions of
pH, temperature, and enzyme activity (Figure 12) showed
that PGAM and, to a lesser extent, PPDK exert the main
flux control (these amebal enzymes are genetically and kinet-
ically different from their human counterparts) with ENO
exhibiting negligible control [143]. In turn, reconstitution of
the upper amebal glycolytic segment has revealed that HK
and, to a much lesser extent HPI, PPi-PFK, and ALD, exerted
the main flux control, with TPI having negligible control
[146]. These results strongly correlate with the enzyme
catalytic efficiencies previously reported [143], in which HK
is highly sensitive to AMP inhibition, ALD, and PGAM
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have the lowest catalytic efficiencies among the glycolytic
enzymes, leading to high flux control coefficients and thus
becoming suitable candidates for therapeutic intervention.
The reconstitution results also agree with the pathway
modeling predictions previously analyzed (Section 5.4), in
which HK and PGAM are two of the main controlling steps
[142].

The in vitro reconstitution experiments are also useful
for studying the effect on control redistribution of an
enzyme modulation that is particularly difficult to manage
in vivo; the main controlling steps identified with the
reconstitution experiments should be further analyzed with
other experimental strategies such as elasticity analysis in the
in vivo systems.

5.6. Genetic engineering to manipulate the in vivo
protein levels

This experimental approach for determining the control
coefficients could be part of the genetic approach analyzed
in Section 5.1, but it was separated due to its recent
methodological development and because it actually belongs
to the molecular genetics rather than to the Mendelian
genetics.

5.6.1. Repression of gene expression

This approach is based on the in vivo modulation of the
enzyme levels using the RNA antisense technology. There
are at least three strategies to inhibit gene expression: (a)
the use of single stranded antisense oligonucleotides, which
form a double stranded RNA that might be degraded by
RNAse H; (b) target RNA degradation with catalytically
active oligonucleotides, known as ribozymes that bind to
their specific RNA; and (c) RNA degradation using siRNAs
(21-23 nucleotides) [147].

The RNA antisense technology was applied for con-
trol coefficient determination of the ribulose-bisphosphate-
carboxylase (Rubisco) that fixes CO; in the plant Calvin
cycle. This enzyme considered the rate-limiting step of the
Calvin cycle and of the whole photosynthetic process, despite
its high concentration (4 mM) in the chloroplasts stroma that
compensates its low catalytic efficiency.

Attempts to make Rubisco a nonlimiting step, either by
modifying its catalytic efficiency or by overexpressing it,
have been unsuccessful. Stitt et al. [148] determined the
C’nl;g;:_?mmem of tobacco plants by decreasing its activity with
DNA antisense. The plants were transformed with DNA
antisense against the mRNA of the enzyme’s small subunit,
thus promoting its degradation. For Calvin cycle enzymes,
the pleiotropic effects were minimal. The results showed that

Rubisco may indeed be the photosynthesis limiting step with

a dﬁ;ﬁ?ﬂmﬂm = 0.69-0.83 when plants are exposed to high

illumination (1050 ymol quanta m~2s7'), high humidity
(85%), and low CO, concentrations (25Pa). However,
this flux control decreases to 0.05-0.12 under moderate
illumination or high CO, levels [148]. Unfortunately, the
authors did not determine the control coefficients of the

other pathway enzymes or the branches fluxes which may be
significant.

As described in Section 5.4, the results of the T. brucei
glycolysis modeling indicated that GLUT was the main flux
control step (Céw—; ~ 50%), [125, 126]. This model pre-
dicted a large overcapacity for HK, PFK-1, ALDO, GAPDH,
PGAM, ENO, and PYK over the glycolytic fluxleading to low
flux control coefficients [125, 126]. To validate the modeling
results, the concentrations of HK, PFK-1, PGAM, ENO,
and PYK were changed with siRNAs in growing parasites
[149]. These knockdown expression experiments showed
overcapacity of HK and PYK over the flux, although at lower
levels than predicted by the model. A good correlation for
PGAM and ENO was obtained between model predictions
and experimental results. However, a large difference (9
folds) was obtained for PFK-1. This discrepancy is perhaps
related to pleiotropic effects of PFK-1 downregulation, as
these mutants also displayed diminution in the activities
of other enzymes (HK, ENO, and PYK). The combination
of these two approaches, in silico modeling and in vivo
experimentation, is complementary: on one hand, modeling
identifies the enzymes (out of 19 that contain the model)
that display the highest flux control coefficients, whereas in
vivo experimentation validates the accuracy of the model to
establish predictions about the pathway’s behavior.

5.6.2. Finetuning of cellular protein expression

The knockdown experiments described above usually yield
only two experimental points of the plot shown in Figure 4:
the wild-type and the knockdown strain protein levels
or enzyme activities. Thus, with such an approach high
levels of inhibition (>80%) are mostly analyzed, whereas
intermediate levels of downregulation (if obtained) are
generally overlooked. Therefore, knockdown experiments
are not very useful to obtain the complete set of experimental
data (above and below the wild-type levels of enzyme activity
with the corresponding flux) for determining reliable control
coefficients.

A strategy to determine flux control coefficients
from several protein levels has been developed by us-
ing adenovirus-mediated glucose-6-phosphatase (G6Pase)
overexpression under the control of the cytomegalovirus
promoter in rat hepatocytes. A 2-fold G6Pase overexpression
did not alter ng;::gsm T CEIEWIYSB (GK, glucokinase).
However, if G6Pase is overexpressed by 4 folds, then
ngmgm_mmm diminished from 2.8 to 1.8 and there was
a 35% lowering in glycogen synthesis [150]. However, this
approach allows titration of flux only above the basal enzyme
activities found in the cell, but not below.

These experimental inconveniences have been circum-
vented by using inducible gene expression systems based in
the lac, Lambda, nisin, GAL, tetracycline, and other inducible
promoters, in bacteria and yeast [151, 152]. However, a
problem frequently encountered with inducible promoters is
that a steady-state of protein expression is difficult to attain
[151, 152].
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Ficure 12: Determination of flux control wellidents in an in vitro reconstitution of the final section of Entamoecba histolyrica glycolysis.
Enzymatic assay with the three recombinant enzymes from the ameba: EhPGAM, EhENO, and EhPPDK. LDH, commercial lactate
dehydrogenase. The flux control coefficient was determined at the *marked position. 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate.

Modified from [143].

Recently, Jensen and Hammer described the design
of synthetic promoter libraries (SPL), in particular for
L. lactis metabolic optimization [153]. These promot-
ers maintain constant the array of the known consen-
sus sequences for L. lactis gene transcription (—10 and
—35 boxes), while the nucleotide sequence between these
boxes (a spacer sequence of 17 + 1bp) is randomized,
thus producing a set of promoters with different tran-
scriptional strength. These promoter libraries allow the
transcription and protein expression several folds above
and below the wild-type levels of enzyme activity [153],

thus enhancing the usefulness of this approach for MCA
studies.

The control distribution of glycolysis in E. coli and L.
lactis, as discussed in Section 3.2 [17, 24, 27, 151], has been
determined by using the SPL technology. SPL for yeast,
mammalian and plant cells are also under development

[151, 152]. Certainly, the advances in genetic engineer-
ing in combination with MCA allow better experimental

designs for metabolic optimization of micro-organisms of
biotechnological interest.
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Concluding remarks the enzymes that are closer to the metabolite of
interest.
(1) The frequently recurred idea of manipulating the

key enzyme or rate-limiting step (a concept based ABBREVIATIONS

on a qualitative and rather intuitive background) :

to change metabolism is incorrect. As MCA has ADH; alcoh_ol de_hydrogenase
CK: creatine kinase

demonstrated, flux control is shared by multiple steps
and it is not usually localized in only one step.
MCA determines quantitatively the control that a
given enzyme exerts on the flux and on intermediary
concentration and helps to explain why an enzyme
does or does not exert control.

(2) A metabolic pathway is manipulated to change the

rate of the end-product formation (ie., the flux) or
the concentration of a relevant intermediary. As it is
demonstrated in many unsuccessful experiments, it
is not enough to overexpress one enzyme (the rate-
limiting step) or many arbitrarily selected sites of
the pathway. MCA proposes an initial experimental
analysis that determines the structural control of
the pathway and identifies the sites (enzymes and
transporters) with higher control coefficients values
(i.e., targets to be manipulated). For example, if there
is a system composed of six enzymes and three of
them have flux control coefficients with values of
0.2 or higher and the other three with values of
0.1 or lower, the three enzymes with high control
coefficients must be overexpressed (if a flux increase
is desired) or repressed (if flux inhibition is the
objective) and not only one of them. If one of the
selected enzymes is strongly inhibited by its product
or has allosteric inhibition, the overexpression of
this enzyme might not be enough to increase the
flux, as it may also be necessary to moderately vary
the product and allosteric modulator consuming

ENZYymes.

(3) If the aim of the researcher is a metabolite con-

centration increase, which is not the end product
of the pathway, MCA suggests the overexpression
of those enzymes or transporters in the supply
block with the highest control coefficients and/or the
repression of those enzymes in the demand block
with the highest control coefficients. These manip-
ulations may become complicated if the metabolite
of interest has allosteric interactions with enzymes
and transporters (inhibition and activation) of both
the supply and demand blocks. It is recalled that
ethanol production in yeast and lactate and acetate
production in lactobacteria do not increase by
overexpressing PFK-1, an allosteric enzyme and the
presumed rate-limiting step of glycolysis. In fact,
the flux was diminished with an excessive PFK-
1 overexpression. However, the analysis of these
results reveals that the F1,6BP concentration is
indeed increased many times over the control level.
Another strategy for eliminating the feedback inhi-
bition might be the introduction of mutations on

ENO: enolase

GAPDH: glyceraldehyde-3 phosphate dehydrogenase
HPL: hexose phosphate isomerase

LDH: lactate dehydrogenase

PDC: pyruvate decarboxylase

PGK: phosphoglucokinase

PGAM: phosphoglycerate mutase

TPI: triose phosphate isomerase

PPi-PFK: pyrophosphate-dependent phosphofructokinase
a-GPDH: a-glycerophosphate dehydrogenase

FeB: fructose-6-phosphate

F1,6BP:  fructose-1,6-bisphosphate

G1P: glucose-1-phosphate

G6P: glucose-6-phosphate

GSH: reduced glutathione

y-EC: y-glutamylcysteine

MCA: metabolic control analysis

siRNA:  small interfering RNA.
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1t has been assumed that oxidative phosphorylation (OxPhos) in solid tumors is severely reduced due to
cytochrome ¢ oxidase substrate restriction, although the measured extracellular oxygen concentration
in hypoxic areas seems not limiting for this activity. To identify alternative hypoxia-induced OxPhos
depressing mechanisms, an integral analysis of transcription, translation, enzyme activities and path-
way fluxes was performed on glycolysis and OxPhos in HeLa and MCF-7 carcinomas. In both neoplasias
exposed to hypoxia, an early transcriptional response was observed after 8 h (two times increased
glycolysis-related mRNA synthesis promoted by increased HIF-1a levels). However, major metabolic
remodeling was observed only after 24 h hypoxia: increased glycolytic protein content (1-5-times),
enzyme activities (2-times) and fluxes (4-6-times). Interestingly, in MCF-7 cells, 24 h hypoxia decreased
0OxPhos flux (4-6-fold), and 2-oxoglutarate dehydrogenase and glutaminase activities (3-fold), with no
changes in respiratory complexes I and IV activities. In contrast, 24 h hypoxia did not significantly affect
Hela OxPhos flux; neither mitochondria related mRNAs, protein contents or enzyme activities, although
the enhanced glycolysis became the main ATP supplier. Thus, prolonged hypoxia (a) targeted some mito-
chondrial enzymes in MCF-7 but not in Hela cells, and (b) induced a transition from mitochondrial

towards a glycolytic-dependent energy metabolism in both MCF-7 and HeLa carcinomas.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

For growth, solid tumors have developed strategies to main-
tain the carbon source and oxygen supplies. Thus, tumors exhibit
an active angiogenesis which, however, is highly inefficient gen-
erating chaotic networks, with unorganized, fragile, and leaky new
vessels (reviewed by Nagy et al., 2009). In consequence, the dynam-
ics of the blood flow is affected, leading to hypoxic regions at
100-200 pm away from a functional blood supply (Vaupel et al,
1989; Helmlinger et al., 1997; Nagy et al., 2009).

It has been determined that the oxygen concentration inside
well-oxygenated areas of several carcinomas ranges from 30 to

Abbreviations: COX, cytochrome ¢ oxidase; HIF-1a, hypoxia-inducible factor 1a;
HK, hexokinase; GA, glutaminase; OxPhos, oxidative phosphorylation; PDH, pyru-
vate dehydrogenase complex; PDK1, pyruvate dehydrogenase kinase-1; 2-0GDH,
2-oxoglutarate dehydrogenase.

* Corresponding author at: Departamenta de Bioquimica, Instituto Nacional de
Cardiologia. Juan Badiano No. 1, Col. Seccién 16, Tlalpan, México D.F. 14080, Mexico.
Tel.: 45255557329 11.

E-mail address: saren960104@hotmail.com (5. Rodriguez-Enriquez).

1357-2725($ - sec front matter © 2010 Elsevier Ltd. All rights reserved.
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80 mm Hg whereas in their hypoxic regions, it may reach a value of
2.5-10mm Hg (equivalent to 3-13 wM O3, calculated by Horan and
Koch, 2001) (Kallinowski et al., 1989; Vaupel et al., 1991; Hunjan et
al., 1998; Erickson et al., 2003 ). The development of hypoxic regions
insolid tumors is a typical characteristic linked to malignant pheno-
type, metastasis, chemo-, immuno- and radio-therapy resistance,
high genetic instability and apoptosis tolerance (Graeber et al.,
1996; Bristow and Hill, 2008), Some of these processes are modu-
lated by HIF-1c, a key transcriptional factor that regulates the gene
transcription of proteins involved in angiogenesis, cellular prolif-
eration, erythropoietic and vascularization pathways (Weidemann
and Johnson, 2008), allowing tissues to adjust to scarce oxygen
availability. At metabolic level, HIF-1a increases the gene tran-
scription of specific isoenzymes of almost all glycolytic enzymes
and transporters (reviewed in Marin-Hernandez et al., 2009); in
consequence, the glycolytic flux increases by at least 2-times in the
majority of neoplasias (Altenberg and Greulich, 2004; Walenta et
al., 2004).

In spite of the hypoxic-glycolytic activation, the tumor intracel-
lular ATP pool drastically diminishes (30-60%) whereas phosphate
augments (Mueller-Klieser et al., 1990; Heerlein et al., 2005;
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The removal, uptake and toxicity of chromium in Euglena gracilis cultured in absence and presence
of malate with Cr(V1) or Cr{lll) was evaluated. The malate extrusion and the extra- and intracellular
Cr{VI) reduction capacity were determined and the contents of molecules with thiol group and ascorbate
were also evaluated. Absence of malate in the medium decreased cell growth, increased Cr(lll) toxicity,
induced faster Cr{VI) disappearance from medium, and increased intracellular and intramitochondrial
chromium accumulation. Both chromium species induced soluble and particulate ascorbate-dependent
chromate reductase activities. Cells also secreted large amounts of malate and increased intracellular
contents of thiol-molecules to bind extracellular and intracellular Cr(1ll), respectively. The former pro-
cess was supported by significant increase in malate-producing enzyme activities and the assessment
of the Cr-complexes indicated the in situ formation with thiol-molecules. The present results establish
new paradigms regarding chromium stress on algae-like microorganisms: (i) Cr(lll) may be more toxic
than Cr(VI), depending on the culture (or environmental) conditions; (ii) several simultaneous mecha-
nisms are turned on to inactivate chromium species and their toxic effects. These mechanisms, now well
understood may further optimize, by genetically modifying E. gracilis, and facilitate the development of

strategies for using this protist as potential bio-remediator of chromium-polluted water systems.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is well documented that most organisms are susceptible to
heavy metals exposure, affecting their growth, development, and
morphology [1]. However, some plants, bacteria and microalgae
species are able to survive in heavy metal polluted environments
by means of internal and/or external detoxification mechanisms
such as: (1) diminished uptake; (2) internal binding; (3) biotrans-
formation; (4) compartmentalization; and (5) external chelation
|2,3]. Nevertheless, during acute insult or long time exposure, these
mechanisms may not suffice to avoid or neutralize the toxic effects
of heavy metals.

Cr(Ill) and Cr{VI1) discharges in wastewaters mainly originates
from metal and tanning/painting industries, respectively [1,4]. In

Abbreviations: AAS, atomic absorption spectrometry; BSA, bovine serum albu-
min; Cys, cysteine; DFC, diphenyl-carbazide; DTNB, 5,5'-dithiabis(2-nitrobenzoic
acid; yEC, y-glutamyl-cysteine; GSH, glutathione; NAD*-LDH, soluble lactate dehy-
drogenase; MDH, NAD*-malate dehydrogenase; ME, NADP*-malic enzyme; M5,
malate synthase; PCA, perchloric acid; Trp{SH;), reduced trypanothione.
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Mexico, the total chromium concentration reported in waste and
ground water bodies near to industrial, mining and tannery indus-
trial activities ranges from 1-5 pM up to 1mM [5,6], values that
are much higher than permissible. In consequence, at these ele-
vated chromium levels, high toxicity in algae [7] and zooplankton
|8] is observed.

Conventional methods for treatment of toxic chromium waste
require large amounts of chemicals and energy and are unsuitable
for small-scale leather, dye, and electroplating units [9]. Therefore,
biotransformation of Cr(V1) to the putative less-toxic Cr(Ill) by bio-
logical agents offers a viable alternative, in particular for developing
processes for Cr(V1) polluted water detoxification with bacterial
strains [10,11], which has been considered economical, safe and
sustainable [12].

The free-living flagellated protist Euglena gracilis belongs to a
select group of organisms with a proven capacity to resist and accu-
mulate heavy metals [3]. Indeed, E. gracilis is able to tolerate high
concentrations of cadmium, zinc, lead, mercury and chromium.
Cadmium is accumulated and compartmentalized into chloroplasts
and mitochondria [ 13-16]. The increased synthesis of heavy metal-
chelating molecules with thiol groups such as Cys, yEC, GSH and
phytochelatins, together with the metal compartmentalization into
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