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RESUMEN 

El tripanotión [T(SH)2] es un análogo del glutatión (GSH) presente 

principalmente en tripanosomátidos. El T(SH)2 junto con la tripanotión reductasa 

(TryR) y las enzimas desintoxicantes de peróxidos que dependen de este metabolito 

reemplazan las funciones que lleva a cabo el sistema GSH/glutatión reductasa/GSH 

peroxidasas en células humanas. Debido a esto, se han propuesto a las enzimas del 

metabolismo del T(SH)2 como sitios de intervención 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 disminuyó el 

50-90% la actividad de las enzimas de esta vía por métodos genéticos demostraron 

que todas las enzimas son esenciales para la sobrevivencia y manejo del estrés 

oxidante de los parásitos por lo que se concluyó que todas las enzimas de la vía son 

blancos terapéuticos validados. Desde el punto de vista metabólico, que todas las 

enzimas hayan resultado esenciales por este método de validación genética no son 

resultados inesperados, ya que la inhibición en altos grados de cualquier enzima de 

cualquier vía metabólica tendrá el mismo efecto de disminuir el funcionamiento de la 

vía y por lo tanto afectará la función celular del parásito. 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 inhibición 

farmacológica sea moderada pero que tenga un efecto negativo importante sobre la 

función de la vía metabólica. Esta estrategia de inhibir a las enzimas que controlan 

de manera principal a la vía metabólica puede ayudar a disminuir las dosis de los 

fármacos 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 vía.  

Tomando en consideración los fundamentos básicos de la regulación del 

metabolismo celular, en esta tesis se propone que las enzimas con mayor potencial 

terapéutico deben ser aquella(s) que además de ser esenciales controlan de manera 

prioritaria el flujo o la concentración de intermediarios de la vía. En este contexto, el 
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análisis del control metabólico (MCA) ha demostrado que el control de una vía 

metabólica está distribuido en diferentes grados entre todas las enzimas que la 

componen y por lo tanto descarta la existencia de un único paso limitante (“rate-

limiting step”) como se describe en los libros de texto de bioquímico. Mediante 

estrategias experimentales definidas a través del MCA se puede cuantificar el grado 

de control que cada enzima tiene sobre la vía metabólica. Por lo tanto, el objetivo de 

esta tesis fue determinar el grado de control que tiene cada una de las enzimas 

sobre la síntesis y la concentración de T(SH)2 en el parásito T.cruzi, mediante la 

construcción de un modelo cinético de la vía metabólica. Para construir el modelo se 

requirió determinar los siguiente parámetros experimentales: i) producción de las 

enzimas recombinantes γ-glutamilcisteína sintetasa (γECS), glutatión sintetasa (GS), 

tripanotión sintetasa (TryS) y TryR y su caracterización cinética en condiciones 

cercanas a las fisiológicas; ii) las actividades enzimáticas, concentración de 

intermediarios y flujos de la vía metabólica en los parásitos en condiciones basales y 

de estrés oxidante. Los datos cinéticos se utilizaron para construir el modelo 

empleando para ello el programa de modelado metabólico COPASI (Complex 

Pathway Simulator) y los datos de concentraciones de intermediarios y flujos 

metabólicos en los parásitos se utilizaron para validar el modelo comparando sus 

predicciones  con el comportamiento de la vía in vivo. Después de un proceso 

iterativo de experimentación-modelado-experimentación, el modelo refinado al que 

se llegó pudo predecir de manera cercana el comportamiento de la vía observada in 

vivo.  Las predicciones del modelo indican que la γECS, la TryS y el transporte de 

espermidina (SpdT) ejercen el principal control sobre el flujo de síntesis de T(SH)2.  

Por otro lado, la concentración de T(SH)2 está controlada esencialmente por la 

demanda de este metabolito (estrés oxidante) y por la TryR; sin embargo, la γECS y 

la TryS también participan en el control de la concentración de T(SH)2 cuando éstas 

se inhiben más del 70%. El modelo también permitió predecir el comportamiento de 

la vía al disminuir las actividades de cada una de las enzimas (individual o en grupos) 

de una manera análoga a la disminución de la expresión proteica por métodos 

genéticos.  Así por ejemplo, para inhibir en un 50% el flujo de la vía sería necesario 

inhibir a la γECS y a la TryS en un 58% y 63% respectivamente o simultáneamente 
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en un 50% lo cual sugiere el uso de una terapia multisitio. La conclusión de esta tesis 

es que de las 11 reacciones que componen la vía metabólica, la γECS, la TryS y el 

SpdT pueden ser las enzimas con mayor potencial terapéutico debido a que además 

de que son esenciales, son las que controlan la homeostasis del sistema antioxidante 

del parásito al determinar los flujos de síntesis y la concentración del T(SH)2. 
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ABSTRACT    

Trypanothione [T(SH)2] is a glutathione (GSH) analogue present in 

trypanosomatids. T(SH)2 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)2 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)2 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 γ-

glutamylcysteine synthetase (γECS), 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 γECS, TryS and the spermidine transporter (SpdT) exerted 

primary control on the T(SH)2 synthesis flux . The T(SH)2 concentration was 

controlled by the reactions that consume it (oxidative stress) and by TryR. However, 

γECS and TryS also exerted control on the T(SH)2 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)2 synthesis flux it was necessary to inhibit γECS 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, γECS, 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)2 synthesis flux and concentration.  
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ABREVIATURAS 

AdoMet S-adenosil metionina 

AdoMetDC     S-adenosil metionina descarboxilasa 

Apx               ascorbato peroxidasa 

Asc                ascorbato 

BNZ               benznidazol 

BSO               butionina sulfoximina 

Cad                 cadaverina 

COPASI          Complex Pathway Simulator 

Cys                cisteína 

DHA              dehidroascorbato 

γEC γ-glutamilcisteína 

γECS γ-glutamilcisteína sintetasa 

Glu glutamato 

Gly glicina 

GSH glutatión 

GSSG disulfuro de glutatión 

GS glutatión sintetasa 

HK hexocinasa 

H2O2 peróxido de hidrógeno 

LDH lactato deshidrogenasa 

MCA Análisis de Control Metabólico (Metabolic Control Analysis)  

NFX nifurtimox 

nsGPx glutatión peroxidasa no dependiente de selenio 

O2
.- superóxido 

ODC  ornitina descarboxilasa 

PK piruvato cinasa 
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Put putrescina 

RNAi RNA de interferencia 

R-NHOH intermediario hidroxilamina 

R-NO intermediario nitroso 

R-NO2
.- radical nitro 

SB Biología de Sistemas (Systems Biology) 

SOD superóxido dismutasa 

Spd espermidina 

SpdT transportador de Spd 

T(SH)2 tripanotión reducido 

TS2 disulfuro de tripanotión 

TryS tripanotión sintetasa 

TryR tripanotión reductasa 

TXN triparredoxina 

TXN-Px 2-Cys peroxirredoxina 
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1. INTRODUCCIÓN 

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 tripanosomátidos 

de importancia médica Trypanosoma brucei que causa la enfermedad del sueño 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). Éste está 

formado por 20-30 mil mini círculos de DNA (con un tamaño de 0.45 µm cada uno) 

los cuales están estrechamente unidos por varias docenas de maxi círculos con un 

diámetro de 10 µm que son análogos del DNA mitocondrial de eucariontes superiores 

(De Souza, 2002; De Souza, 2009).El k-DNA codifica para proteínas tales como la 

topoisomerasa tipo II, DNA polimerasa β, la proteína de unión al origen del 

minicírculo, proteínas de condensación y unión al k-DNA así como las proteínas 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 Hemíptera; Familia Reduviidae; Subfamilia 

Triatominae) y vertebrados (humanos, armadillos, perros, roedores).  Algunos de los 

estadios son replicativos y pueden identificarse dependiendo de la ubicación del 

cinetoplasto con respecto al núcleo (De Souza, 2002) y por diferentes aspectos 

morfológicos (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 tamaño de 16-18 µm de largo. El cinetoplasto se encuentra ubicado 

sobre el núcleo o en la parte anterior a éste (Fig. 1A). En los medios de cultivo son 

móviles 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 

sanguíneo) y en la parte posterior del intestino, heces y orina del hospedero 

invertebrado (tripomastigote metacíclico). Esta forma tiene un tamaño de 18-21 µm 

de largo y 1-4 µm de ancho, es alargado, con forma de “S” o “C”, el flagelo se 

extiende por toda la célula además que el cinetoplasto se encuentra en la parte 

posterior al núcleo (Fig. 1B). En medios de cultivo son móviles 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 µm de diámetro y son 

organismos aflagelados aunque ya se ha reportado la presencia de un pequeño 

flagelo (Fig 1C). 

 

 

 

 

 

  

A. Epimastigote B. Tripomastigote C. Amastigote

Fig 1. Estadios de desarrollo de Trypanosoma cruzi. La identificación de los estadios 

de desarrollo se basa en la morfología del parásito así como en la ubicación del 

cinetoplasto con respecto al núcleo.  La figura muestra parásitos teñidos con giemsa 

(tinción de núcleos 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 parásito (Fig. 2) inicia cuando el insecto vector se 

alimenta de la sangre del hospedero vertebrado infectado con tripomastigotes 

sanguíneos (fase infectiva). Al llegar al estómago del insecto se transforman en 

epimastigotes, y en el intestino se duplican por fisión binaria y se pueden adherir a 

las células intestinales. Los epimastigotes que llegan al recto del insecto se 

transforman en tripomastigotes metacíclicos los cuales se depositan junto con las 

heces durante una segunda alimentación de sangre. Los tripomastigotes 

metacíclicos ingresan al hospedero a través de mucosas o de una herida en la piel. 

Una vez en el hospedero vertebrado, los tripomastigotes interactúan con células del 

sistema fagocítico mononuclear transformándose en amastigotes los cuales se 

dividen por fisión binaria y se transforman en tripomastigotes sanguíneos que son 

liberados al torrente sanguíneo. Los tripomastigotes sanguíneos invaden células del 

tejido liso, estriado y fibroblastos repitiendo el ciclo tripomastigote-amastigote (De 

Souza, 2002; Salazar-Schettino y Marín y López, 2006).   

Las interacciones hospedero-parasito se llevan a cabo mediante proteínas 

expuestas en la superficie celular del parásito y el hospedero como las trans-

sialidasas; las glicoproteínas de membrana tales como gp30, gp63, gp82, gp90; 

proteasas como la cruzipaína, así como con azúcares 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 vías de señalización 

activadas por calcio, en donde se promueve el reclutamiento de lisosomas del 

hospedero en el sitio de entrada del tripomastigote fusionándose gradualmente con 

la membrana plasmática y formando un compartimento vacuolar (vacuola 

parasitófora); el otro mecanismo es mediante la invaginación de la membrana 

plasmática que genera una vacuola la cual posteriormente se fusiona con lisosomas.  

La liberación de los parásitos hacia el citoplasma depende de los lisosomas y del pH, 

de tal manera que al acidificarse esta vacuola, los parásitos secretan moléculas 

conocidas como Tc-Tox y LYT1, las cuales promueven la lisis de la membrana 
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facilitando la salida del parásito 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 sanguíneo. Estas formas del 

parásito al encontrarse en gran número 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 

sanguíneo del hospedero vertebrado, los parásitos pueden ser ingeridos por otro 

insecto, cerrándose así el ciclo de vida de este organismo (De Souza, 2002).    
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Fig. 2. Ciclo de vida de Trypanosoma cruzi.1. El triatómino ingiere tripomastigotes 

sanguíneos. 2. En el estómago, los tripomastigotes se transforman en epimastigotes. 

3. En el intestino los epimastigotes se duplican.4. Los epimastigotes que llegan al 

recto del triatómino se transforman en tripomastigotes metacíclicos los cuales salen 

junto con las heces del insecto. 5. Los tripomastigotes metacíclicos entran al 

hospedero mamífero por mucosas y heridas en la piel. 6. En el mamífero, los 

tripomastigotes se introducen en las células transformándose en amastigotes los 

cuales se multiplican por fisión binaria y se transforman en tripomastigotes 

sanguíneos. 7. Estos últimos son liberados al torrente sanguíneo en donde podrán 

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 reportó que existían 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 países 

(WHO, 2007).  A pesar de que esta enfermedad es endémica de Latinoamérica, en 

los últimos años se han reportado casos en zonas no endémicas como son Estados 

Unidos, Europa y África, como consecuencia de los patrones migratorios de la 

población humana, al trasplante de órganos, donación de sangre así como al 

transporte de los vectores triatóminos en el equipaje (Clayton, 2010).  

En el caso de México, las dos terceras partes del territorio son consideradas 

áreas endémicas. Se han reportado casos de infección en toda la República 

Mexicana, encontrándose una seroprevalencia de 1.6%. Los estados con la mayor 

prevalencia son Hidalgo, San Luis Potosí, Veracruz y Tamaulipas (Guzmán-Bracho, 

2001). 

Los principales mecanismos de transmisión de esta enfermedad son: 

a) Transmisión por vector. Esta es la forma más importante de 

transmisión. Como ya se mencionó 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 región en la 

que se encuentren estos insectos. En México,  las principales especies que resaltan 

por su capacidad de transmisión vectorial de la enfermedad son Triatoma barberi, T. 

dimidiata, T. pallidipennis, Rhodnius prolixus entre otras (Salazar-Schettino y Marín y 

López, 2006). 

b) Transfusión sanguínea. La WHO estima que el riesgo de transmisión 

por esta vía está 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) Vía congénita. El riesgo relacionado a esta vía de transmisión es de 

alrededor del 5% y se ha determinado que está limitada a las zonas rurales o en 

ciudades a donde migran las mujeres infectadas (WHO, 2007). 

La enfermedad de Chagas presenta dos fases 

(http://www.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 infección, la cual tiene una duración de aproximadamente 2 meses. El 

70% de las personas infectadas son asintomáticas y menos del 5% presentan 

síntomas tales como fiebre, edemas en el ojo (signo de Romaña- Mazza) y nódulos 

subcutáneos (Chagoma de inoculación) los cuales indican el área de entrada del 

parásito. En casos más severos, se presentan síntomas como adenopatía, edema, 

hepatoesplenomegalia, miocarditis y meningoencefalitis.  

Fase crónica.  En esta etapa se presentan las siguientes formas clínicas: 

a) Indeterminada. Es asintomática y generalmente se presenta al inicio de la 

fase crónica. Se ha observado que el 40-90% de los pacientes permanecen 

asintomáticos toda su vida. En esta etapa los electrocardiogramas así como las 

radiografías en corazón, esófago y colon son normales. Sin embargo los pacientes 

son seropositivos al parásito.  

b) Cardiaca. Se presenta hasta en el 30% de los pacientes. Aparece en la 

segunda a cuarta década de vida, después de 5-15 años de que el paciente fue 

infectado. Las cardiopatías 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 síndromes caracterizados por mega esófago y megacolon. 

También pueden presentarse formas clínicas mixtas (cardiacas más 

digestivas). 
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1.4  Tratamiento de la enfermedad de Chagas 

Los fármacos utilizados para el tratamiento de la enfermedad de Chagas son el 

nifurtimox [dióxido 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 acción de estos fármacos es diferente (Fig. 

3B), ambos compuestos se activan al reducirse sus grupos nitro por la acción de 

nitroreductasas del parásito y pasando por la formación de metabolitos electrofílicos.  

En el caso del BNZ, los intermediarios reducidos generados por la nitroreductasa tipo 

I son del tipo nitroso (R-NO) e hidroxilamina (R-NHOH) los cuales forman el ion 

nitrenio, que es precursor del compuesto más 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 proteínas, ácidos nucleicos, lípidos y tioles 

solubles tales como GSH y T(SH)2 (revisado por Maya et al, 2007; Hall y Wilkinson, 

2012).  Por otro lado, diversos estudios han demostrado que la reducción del NFX 

lleva a la formación del anión radical nitro (R-NO2
-) el cual puede formar metabolitos 

electrofílicos o bien, puede reaccionar con el O2 regenerando la molécula de NFX y 

formando el anión superóxido (O2
-). Este último puede formar peróxido de hidrógeno 

(H2O2) por la acción de la superóxido dismutasa (SOD) generando más especies 

reactivas de oxígeno (EROs) por medio de la reacción de Haber-Weiss (Maya et al, 

2007).Sin embargo, en contraste con lo anterior, recientemente se ha determinado 

que el NFX se activa también por la nitroreductasa tipo I, la cual no genera el radical 

R-NO2
- y por lo tanto EROS. De esta manera, el mecanismo tripanocida que se ha 

propuesto para el NFX es que su reducción 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 fármaco (Hall et al,  2011). Sin embargo 

este último mecanismo aún no está bien caracterizado. 
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Fig. 3 Nifurtimox y Benznidazol 

A. Estructuras de los fármacos y sus nombres comerciales. B. Mecanismo de 

acción: los fármacos son activados por nitroreductasas y su mecanismo de acción 

común es generar estrés oxidante debido a la unión a moléculas antioxidantes como 

GSH y T(SH)2.  Además el BNZ se une a macromoléculas mientras que el NFX 

genera especies reactivas de oxígeno (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 hepatotóxicos y 

nefrotóxicos http://www.who.int/neglected_diseases/diseases/chagas/en/index.html). 

Además, en el caso del primero genera anorexia, pérdida de peso, nauseas, 

alucinaciones, vómito, convulsiones, entre otros; los efectos del segundo son 

dermatitis, edema general, depleción de la médula ósea y polineuropatía periférica 

(Rodrigues, 2009).Por otro lado, estos fármacos son efectivos en la fase aguda ya 

que en un tratamiento completo de 60 días, el 80% de los pacientes se cura; sin 

embargo, la eficacia en la fase crónica varía de acuerdo al área geográfica, edad del 

paciente y dosis prescrita (Muñoz et al, 2011).  Por ejemplo, se ha observado que el 

uso de BNZ en la fase temprana de la etapa crónica tiene una eficacia del 60% en 

niños de 6 a 12 años de edad (Estani et al, 2012).  Aunado a estas inconveniencias, 

la falta de interés por parte de la industria farmacéutica de sintetizarlos ha afectado 

de manera importante la disponibilidad de estos fármacos para su uso clínico. De 

hecho, la producción 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 Organización Mundial de la Salud (OMS). Además, los 

gobiernos de las zonas endémicas invierten muy poco en investigación e 

infraestructura para esta enfermedad. La Fundación Global de Innovación para 

Enfermedades Marginadas (G-FINDER) solo invierte el 11.8% de sus recursos a la 

investigación en enfermedades causadas por tripanosomátidos, siendo 

principalmente ciencia básica y no enfocada en diagnóstico, desarrollo de fármacos y 

vacunas (Clayton, 2010). 

Debido a los inconvenientes anteriores, se continúa la búsqueda de nuevos 

blancos o estrategias terapéuticas.  Dentro de los blancos de intervención terapéutica 

que se han propuesto se encuentran las enzimas de la vía de síntesis de esteroles, 

la proteasa de cisteína cruzipaína, la hipoxantina-guanina fosforibosiltransferasa, 

topoisomerasas de ADN, hidrofolato reductasa, inhibidores del metabolismo del 

pirofosfato, de la entrada de purinas, así como las enzimas pertenecientes a la vía de 
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síntesis, consumo y regeneración del T(SH)2 (WHO, 2007; Mansour, 2002; 

Rodrigues-Coura 2002).  Esta última vía fue motivo de estudio en el trabajo de tesis. 

1.5 Metabolismo del T(SH)2 como blanco terapéutico 

El TSH2 es un conjugado de dos moléculas de GSH y una de espermidina (Spd) 

el cual está presente en todos los estadios de los tripanosomátidos (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 tripanosomátidos, el 

T(SH)2 junto con su enzima reductora tripanotión reductasa (TryR) y las enzimas 

desintoxicantes dependientes de T(SH)2 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)2 se muestra en la (Fig. 4). 

El T(SH)2 es sintetizado por la tripanotión sintetasa (TryS) a partir de dos 

moléculas de GSH y una de espermidina (Spd). A su vez, la síntesis de GSH es 

catalizada por dos enzimas: la γECS que une Cys y Glu formando γEC; 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 último metabolito es a su vez sintetizado 

por la S-adenosil metionina descarboxilasa (AdoMetDC). Además la Spd y la Put 

pueden transportarse del medio extracelular a través de transportadores de alta 

afinidad. El T(SH)2 cede sus equivalentes reductores a metabolitos oxidados tales 

como dehidroascorbato (DHA), triparedoxina oxidada (TXNox) y disulfuro de glutatión 

(GSSG) los cuales, en su forma reducida, son sustratos de las enzimas antioxidantes 

ascorbato peroxidasa (APx), 2-Cys peroxirredoxina (TXN-Px), enzimas tipo glutatión 

peroxidasa no dependiente de selenio (nsGPxA y nsGPxB) y de la tripanotión-

glutatión tiol transferasa (p52). El disulfuro de tripanotión formado (TS2) es reducido 

por la tripanotión reductasa (TryR) en una reacción dependiente de NADPH (Olin-

Sandoval et al, 2010).  
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Fig. 4. Metabolismo de T(SH)2 en Trypanosoma cruzi.  

El T(SH)2 se sintetiza por la tripanotión sintetasa (TryS) a partir de GSH y Spd. A su vez, la vía 

de síntesis de GSH está formada por la γ- glutamilcisteína sintetasa (γECS) y la glutatión 

sintetasa (GS) mientras que el suministro de Spd proviene de la vía de síntesis 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 parásito también puede sintetizar análogos de 

tripanotión que contienen cadaverina (Cad) la cual se transporta del medio extracelular. El 

T(SH)2 reduce al dehidroascorbato (DHA), a la triparredoxina oxidada (TXNox) y el disulfuro de 

glutatión (GSSG) los cuales, en su forma reducida son sustratos de las enzimas antioxidantes 

ascorbato peroxidasa (APx), 2-Cys peroxirredoxina (TXN-Px), enzimas tipo glutatión 

peroxidasas no dependientes de selenio (nsGPxA y nsGPxB) y la tripanotión-glutatión tiol 

transferasa (p52).  El disulfuro de tripanotión (TS2) es reducido por la tripanotión 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)2 como el principal 

metabolito antioxidante y a que las enzimas de este sistema antioxidante son 

exclusivas de tripanosomátidos se propuso desde el descubrimiento de la molécula 

en 1985 (Fairlamb et al, 1985; Fairlamb y Cerami, 1992) y con la descripción 

posterior de la vía metabólica en la década de los 90s, que las enzimas de esta vía 

pueden ser sitios potenciales de intervención terapéutica.   

En la siguiente revisión publicada en 2010 en la revista Current Drug Targets 

(factor de impacto 2009: 3.93; en 2010: 3.06) se realizó una recopilación de la 

información cinética reportada de cada una de las enzimas participantes en esta vía, 

además  se realizó un análisis crítico de su valoración como blancos terapéuticos 

mediante el uso de la estrategia genética de la inhibición in vivo de su expresión.   

Desde su aparición en diciembre del 2010, esta revisión 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.  
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""d drug m.tabolism. Ahentau\"dy. 00,'" , 01"0 ""d NOO'" 
cm br- gen=~d by m~ bosf . immWl. sySlem as a flfSllin~ 
of <kf"" ... ag~inSl th~ paras itr inf..,üon [8]. 

In mo" living c~Us. th~ <11ZYmaüc :wTioxid~m machinny 
primarily rd~s on rMue.-d gIUl~mion. (GSH) (Fig . 2) .. a 
soure. of d . ettons 10 redue~ ""d inaCTivaTr ROS ""d R.,'1S 
GSH, togemn with glul:lmion~ rrdUCI:IS~ (GR). whicb 
rMue~s oxidizM glutathion~ (GSSG) al tlpen", ofNAOPH 
oxidalion , rrpr",ents m~ principal cdlular m..:h:wism 10 

co¡><" wim oxid:W1 and nillosali,-~ .~sses. Funhnmor~ , 

GSH can non-""zimatically rrduc~ m~ oxidiz~d fO!ms of 
cdlular ""üoxid:W1 mol~cu!~s sueb as ",corbal~ (Ase) ""d 
,~tamin E duc '" ils higher r.-dox pol""lial (Tabl~ 1) [8. 9); 
th~ rda!iv. slo\\" "'les of th~sr non~m:l!ic rraclious may 
br- a shortcoming fO! contrnding againSl ",\"er~ oxid:r.üv~ 

olleso. 

Ikspitr m. pr=c. in u)'pano-somaTid par3Sil~s of 
oignific:W1 amounts of GSH, th~ir ""üoxidam enzymalic 
ntachinny u",. ilS funcTional :walog T(SH), (N' , N1_ bis
gluumionylspnmidin~ : Fig. 2) .. m~ pr..Jomin:W1 r.-ducing 
ag""l. Thuo. T(SHh IOg.ther with ilS rMucing <11ZYrnr. 

161-1 C." n" Dr.: Ta'l"', !010, lJ, 16H_l630 
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Trypanothione Metabolism in Trypanosomatid Human 

Viridiana Olin-SalldovaL Rafael Mon:llo-Sánchez and Emma Saaudra' 

D'ParTamenlO a. Bfoqulmfco, In5Uru ro Naclona/ a. Corot%gia, Mohlco D.F , 14080, Mv:;ca 

.-\bm<ln: Th~ dist:r,se; cau>r<l by tb~ U)lI>11OS01l1:1tid pa<a<il .. Tryponosomo broa,;, T7)ponDw"", mJ;:j:md üishmonio 
:n~ I!.iddy dimibutN tbmugbout tbt world !kcalSC: oftb~ roxic si&.-dTa-!, md ~ rcooomicill)" un\i>b~ C<>>! of tM 
rum:ntly u>r<l pbarmacalliC31 ~lm<nt., tbt s=cb ror 1lN' drug tugas e",,~. Sioct ~ 3llooxi<lant rutfabofu.m in 
~ p:n",il~ rdi~ on U)paoothiono:: [T(SH),]. 3 funcTion,.1 =>Iog of ghllathiorM:. most ef Ib~ p:l!bway enzynr.; 
involvm in it • • yn1btsis, utilintion :mil fNoction ba,.., ~ l'fIIP'l5o'd '" <hu¡¡; tuga. fu< ~Tie iru .. wnTion In tb~ 
p<=1 f~in1¡, tb. :unioxidaru mruboli<m md tbt pbeool)pie dr~ts efinhibiTing by g....nc (Rl\IA intnínmo::, knock-
0lIl) or cbnnieal 3ppf03Ch.-s. tbt T(SH), and ""lyamin~ ""lbw'-y ml)IDe; in ~ p:n",il'" 3f~ analy2rd. Altboogb tbt 
~maic .tr.ltegies :n~ hdpfu] in identifying essmtial gme; for parasit~ S\Jf\i\..trmkcti\iTy. tbry:n~ l~" "",fu] fef drug
tuga v:ilidaTion. 1k dIttti' ........ ertugaing ~.cb polb\\"3Y <n:l)'1I'" was n':Watm by C(=i<kring (i) ti>. mzy"'" kiorTic 
propnTies .00 anTioxid:mt """"boli," conemtr.llions :mil (ü) ~ c=1 tnowLmg~ :md ~tal 3JlPfOxh~ to tbt 
.rudy of tb~ control of nux.s md intmnmiary conc<:nt",Tions in m.-tabohc p.1th",.ys. Th~ mrtabolie control .malysi, 
indic:l!e; Th.1t highly pol .. 1I :md spo::ific inhibitor, 1m.., ro ~ <ksign..! fur tt)p4OOthion~ rmuet..., md tbt ptroxi&. 
daoxifk:nion oysTnQ :md bmc~ otb .. ml)= """g~ (1-g1U1amylC)'St~;n., ."..,tM¡"",. ttyp3llOthiorM: synm.~. 

omi~ ~xy)a..,. S-><In>osylmrthi~ d=uboxyw :md polyamio< tr.Inspor1=) as .ltmt.:lti\·~ mor~ suitlbl~ 

ami dIrctiv~ drug largns in tb~ :mtioxidaru mncaboli"" oftt)p>:llOSOm>tid. 

K~ywOl'd" L~;.hman;o> Trypono50mo. ttypanomion~. drug-t:lfg~ring. microbial anTioxidant m~taboli,m. 

l . Il\"TRODl:cnO,," 

Th~ uypanosomatid para,i,"" rrypono.oma bnmH> Try
!xlnosoma cro~; and L<li5hmania ar~ m~ cau.:L! agmts o r 
Ihr.., d~adly di"'a .... mat aff~t million. of JlffiPI~ aroWld 
m~ wOlld: slrcping sickn .... (.~frtcan tr)ponosomiasis). Cha
ga.' di",as~ (An..-rican U)l':wos.orniasi.). and leishmaniasis 
(entancal. ,·i. =al and lliu"" ... I). Thc Ucalmen" fo.- tb",c 
parhologi ... indrnk tb~ .dmini.tr.ltion of difluororurtbylo 
rnithin ~ (DFMO). pnIt:lluidine. ,uramin aud md:u-soprol for 
1'. brocel; nifunimox and bmznidazol fOl T cro:l; and aru 
phoTericin B. sodium ,tibog!uconal~, pmumidine. mi!t~

fosin~ and m~glumin~ antimoniat~ fOl L.tshm on;a [1] (",,~ 
Fig. l A for drug chnuieal '=TUf~). Th~ U~caunmts with 
mes<" rompound. ha\'~ <¡.n'eral di.adv."'ages: IllO'lt of tb<1ll 
ar~ highly toxic ror th~ patial1; u.ually m.-y ar~ 001 ~",ily 
affOldab!~ fOl th~ sid, JlffiPI~ who liv~ in poor eommuniti~: 
adminisuation of s.orn~ drugs r«tuires hospiuliz:¡tion: tb~· 
usually ael only in ~ panieular ,ug~: a"d resi.ta111 SlI:lin. 
hav~ ~m .. gM [2]. Hme~. tb.n is ~ public h~altb d<1ll..llld ror 
:L!Tnn:ltiv~ Ib.-rapn"ic suat~gi~. 

Drug-I:ngns h.v~ bNu ..,arehM and drug. hav~ ~m 
designM for ntZ}'IUes of glycolysis. plllin~ ",lvag~ aud pyri 
midin~ =ubolism. uuclffiSi<k uanspon, SI .. el bio"}"tlthesis. 
pro~in prrnylarion and <kgrad:llion. and "",ioxidanl pam
\\"ays [3, .tj. Th~ mzym~s tbat syntbe5ÍY, us~ ol I«)"d~ 

trypanothion~ [r(SH),] have bem consid"M potmtial 

'Addr<" corr<'p""(""'" lO t1u. auIh", ., th< o.p.ram...to cIo Bux¡uimi< .. 
Im"",to I'acionil a. Cardiologia. .hwI Baduno 1'0. 1 Col. s.ttIDa XVI. 
TIaIpan. MixX<I D.F 14080, MWco; T<I (· 'I )'IS) SHJ_291I . Ú,. 119&; 
E-mail: <mmI_ ,;u\-..drJ..!OOl ¡h moo.<()JIl 

US9--1501110 $;0.0&+.00 

talgelS for drug int .. vention bttausc: of th~ir .bsmc~ in tb~ 
huma" hosl [3-7]. 

! . TRYP.-\,,"OTmO:\"E IS THE -'L-\.Il\" .-\..'HIOXIDA. .... T 
-' IET.-\BOLlTI 1:\" TR\'P.-\SOSO-'L-HIDS 

Alllivinll o.-¡anism. ar~ ~X"""M to f~aeU\'~ oxy¡m and 
niuogm sp~~s (ROS and RNS, resp.-cuvdy) such ca, 
sup .. oxid~ anion (00,-). hydrogm p<1l>xi<k (H,O,). 
hydroxyl radie:L! (Ha·). niuic oxid~ (oNO) and p.-roxynilfit~ 
(NOO-). Th~ compounds Can ~ gn,eratM in.;& tb~ cdl. 
by ba~ m~t:Ibolic funcTion, oxidativ~ ol nilfo",tiv~ .ues ..... 
and drug m .. tabolism. AlternauHly. 00 ,- . oNO and NOO
can ~ gmn-atc<l by th .. host"s immWl~ system as a flfSllin~ 
ef &cfrn.., ag~in.t tb~ parasit~ inf.-clÍon [81-

fu moSl living cdl •. tb~ .-nzym.:¡tic antioxidant m:achin~ 
prim;uUy fdies 011 rMucM gluutbio,,~ (GSH) (Fig . 2) •• a 
""urr~ of el~CUOllS 10 H·duc~ and inacliv3l~ ROS and &'<S 
GSH. IOg~th .. witb g!utlmion~ rMUCtlS~ (GR), which 
fMUCes oxidiz~d gluuthion~ (GSSG) al expen", of NADPH 
exidaTion. f<'Pr ... mlS m~ prineipal cdlular Im"Chani,m to 
eopr wim oxidant and "ilfo.aTiv~ su~s..". . Funh.-rmor~. 
GSH can non-mzimatieally fNIuc~ th~ oxidiz~d fonru; of 
cdlular :u"ioxida'" mol~eu!~s such as ",eorbal~ (A",) :wd 
vitaruin E d"" ro its high..- r«lox polmlial (Tabl~ 1) [8. 9]; 
tb~ fdaliv~ slo\\" r."~ of tbes<" "OIl~matic "'''''limlS may 
~ a 40r1Coming for COlltnlding .gain,t ""' .... oxidariv~ 
sUes •. 

n...pi~ lb .. pr=e~ in tf)-p=osomatid para, it ... of 
significant amounlS of GSH, lb .. ir :u,tioxid:wl enzYIll3IÍc 
maehinery u",. ilS fuuction:L! 31l.1log T(SH), (N'. N1_ bis
glutlmionyl"P .. midin~ ; Fig 2) •• th~ pr«lominanl rMueing 
ag""l. Thu •. T(SH},. IOg~tb.-r wim ilS fMucmg ~. 
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"",tivity. [",~:ad. mis MlZ}'m~ .how, high p<'foxi~ activity 
wim Iinol~ic hydr~oxi<k (1 Ilmol min-l mg prot,.;,,-l). Th~ 
kishmanial TST i, localizM 011 m~ 'UIfac~ of th~ ER 
probably 10 prot~t th~ =mbran~ from oxidativ~ damag~ 
[72]. 

5. TRl'PAl\OTHlOXE REDUCTASE (TRYR). TUE 
REGEl\ER.-\ TP.iG EXZY:\ IE 

TryR (EC 1.8.1.12) is a fbvO<1lZ)m~ th:r.t catalyz .. m~ 
",duction of lIypanothion~ disulphid~ (TS,) at expnls,,, o f 
NADPH oxi<btion (Fig . 3). HMlc~, TryR i, m~ main link 
t~fV¡ttn th~ cdluLv rrouctiv~ power and th~ amioxidant 
sy,~m 

TryR from ""v ... al ttypanosomatid, has bttn darae
t ... izro. Th~ ""~ i. particularly abundant in Tero:;. 
",aching an inlr.lcdlular cOIIc""lr.Ition of U5 ).1M [73). 
TryR aeti,~ty values of 60 and 220 mnoks min-' (rng cdlular 
pro~inrl and 130 runoles min-l ( lO' cdl.r' (which i. 
'"'tuivalMlt 10 260 runoles min-l(mg cdluiar prot~inrl 
assuming th~ convffiing nlu .. d"",ribn! abov~) hav~ boo"" 
dHerminro in L. dononmi. T cm :; and T broeei cdlular 
extraet.., ",s~ti,-dy [74. 75). Th~"" activitic, ar~ high 
comparro 10 tho"" of m~ GSH- and T(SH), - synmesi. 
pathway enzymes found in L. la"""lola~ [19). Purifiro TryR 
(nativ~ or r~ombin:w.t) show, Km val"", for oxidizro TS, 
and NADPH of 18-50 [.1M and 1- 20 11M. r~sp<'Ctivdy [76-
79] and Vmox for m~ r~combinant L. dono\'an; and T cru~i 
MlZ)m .. of 112.7 and 143.2 )IDlOk, min-'(rng prot~inrl. 
",~tivdy [80. 81). No allo-stt-ric pr~ties hav~ boo~n 
<kscribro for mi, enzym~. Th~ low Km nlues for it, 
subslr.lt~, :wd th~ high TryR cOllcMlttation in th~ parasil~ . 

MlSUIes m~ main~n:wc~ of T(SH), in its ,roucro ,ta~. 

.. ~cia!1y wh~n parasi~s ar~ w"k, oxidativ~ ,tt~" 
condi!ion •. 

TryR crystal ,tructu,-", from e f mciculata and T cru~; 
hav~ booMl <k,criW [82. 83]. TryR i, a homodimn- of lOO 
kDa (50 kDa p<'f , ubw'¡t); ~"",h subunit is con,tirutro o f 
thr~ or fOUI doma;'" [82-84] in which dornain, 1 and II bind 
FAD and NADPH, resp~tivdy . Th~ "", liv~ ,it~ i, formro by 
Cyl; 53. Cys 58 and His 461 whid ar~ , iruatro in a d~ft 
found in th~ int..,-{ac~ bootwttn dornain 1 of on~ subunit :wd 
dornain III of m~ p;1ftIler subunit [83 . 84]. Th~"" cyst";"~ 
""id"", in T cro:; TryR ar~ ess~mial for cataly,i" wim Cy. 
53 dir~tly interacting ,,~m TS, and th~ thio1:r.~ of Cyl; 58 
intt-racting wim FAD [80. 85]. 

Tryp:wosotn.1tid TryRs not OIIly hav~ low identitic, 
(-35%) at th~ prim.vy =tucnc~ I~vd with human GR. but 
th~ a lso disp1:r.y g,-"at structural diff ... ""ces mainly at m~ 
Spd moi~ty binding ,it~. whid r~,ult, in a high ,p~ificity 
for th.-ir r .. p~liv~ sub,ttat~'. Wim th~ aim Of Wld..-standing 
th~ mol"""lar basi, of m~"" diff=ces. , it~ dir~Ctffl muta
g"" .. i, analysn hav~ ken conductffl to obtain GR mutant, 
with TryR acti,-ity and >1a \'''''SO [86-88] Th~ tn.1in 
diff"-Mlc~ bootwttn ooth enzymes resides in th~ charg~ of m~ 
"",tiv~ ,it~. TS, is a po,itivdy chargro:wd buIkier mol~ul~ 
than GSSG (Fig. 2) ; hMlc~ TryR ""'tiv~ ,it~ is wid..-. 
hydrophobic and n~gativdy dargro th:w m~ GR activ~ ,i~. 
Th ... do"" GSSG ha, mo", confonnational mobility freroom 
in m~ TryR activ~ , it~ whid <k<:r~ases th~ binding "" ... gy 
ani1:r.bk for cataly,is [89). B~"""" TryR i, only pr~st1It in 

1I)11:wosotn.1tid para.i~s :wd has multipk slructural 
diff ... .."ces with human GR. it has k.." th~ drug-targ~t of 
choic~ for 'lruc!UI~-b",ro drug deslgn ,rudic, . 

6. TRYPAl\OTHlOl\E :\ IETABOLlS"I AS A POTEl\
n .-\L TUER.-\PEUn C T.-\RGET FRO:\ I .-\ METABO
LIC REGUL.-\TlOl\ POIl\T OF HEW 

Sinc~ T(SH), =taOOli,m is uniqU<" in ttypano-somatid 
para,ites. al! en~, invo!vro in its synmesis and utiliza
tion h:rI'~ bttn consi<krro a. ",iu;,l~ wg~t, for therapwtic 
in~-ention. In addition 10 srudies wh= sp~ific inhibitor . 
hav~ bttn designro and ~,tffl. th. ;n ,11., ~ff~1S of down
r~gulating ,~v ... a l MlZ)mes of thi, antioxidaut "",taboli.m 
hav~ bttn analyzro by u.ing ~ither ch~mical or gMl~tic tool . 
sud a, targ~tffl gMl~ r~I""'MIl.."t. gMl~ disruption or RNA 
intt-rf ... ~!lC~ (RNAi) , th~ Lattt-r king OIIly availabl~ for T. 
broa';. In mi, "",,!ion w~ describoo and :wal,\= m~ availabl~ 
data 011 inhibition of T(SH), m~taOOlism MI"}''''''' and 
r~Latffl prot~in, (Tabl~ 2) aiming 10 ilS potMltia! as drug 
targelS basro on what is lrnO\\n aOOut m~ conttol of 
""'tabolic pathways 

6a . yEeS Inbibition 

Gen~ knockdown by using Rc"lAi of ~CS in T. bme~; 
promotes cdl <kath afler 4-6 <bys of interf ... <1lC~ inducti~ 
condition un<kr which m~ parasit~, disp1:r.y 80~~ <kcr~as~ in 
th~ GS H and T(SH), pool, [90] (Tobl~ 2). How~ver, addition 
of 80 11M GSH 10 ttan,form..d c~U, aUow. fo, cdl growth 
r~overy. lbi, result indicates that th~ parasites ar~ abl~ !O 

Ir:w5por1 GSH from th~ m..dium, thus cirrumvMlting th~ 
lack of dg novo GSH .ynth."i, [90]. A pot.."t inhibitor of 
~CS i. buthionin~ sulfoximin~ (BSO; Fig. lB). Wh.." BSO 
(30- 120 11M) is :ukkd 10 T. bmu; uninducro yECS R,'<Ai 
cdls. th~ thiol- mol~ul~ pool, dimni.h at a similar extMlt !O 

Wt .hown in th~ R,"IAi inducro para.ites: how~v ... , in th~ 
laner cas~. ""U growth i, not r~'""rtro by GSH supplernm
taliOll . lbi, ,ugg~,t, th:r.t BSO tnay a lso aff~t m~ plasma 
"",mbran~ GSH ttan'porter or ouer enzy=' involvro in 
GSH s)nth~,;, [90] 

H<1erozygous mutanlS 1:r.cking o".. alld~ copy of l ECS in 
L/lSihman;a mfan mm .howro 50"/0 d=~asro GSH and 
T(SH), pool, lIl.1!.;:ing th~ parasi~, highly suscrptibl~ !O 

oxidati,-~ ,tt~ss d:nn.1g~ causro bv H,O, and pnlto,um a. 
wdl as d~ru.ro sun~val in "",tiva/ro macropbages [118). 

A ,imilar 70-80"/0 <kcr~a"" in ;hiol-mol~les COlltMlt i, 
obuinro by ttuting any ofm~ thr~ T. ene; stag .. ,,~th 500 
11M BSO. a <k<:ru"" which corrd .. ~. wim a , lightly high~r 
suscrptibility ofth~ p;1fasit." 10 nifunimox :wd bnJmidazol~ 
[91] (Fig. lA). Mo..,.,ver , th~ rombination of BSO and 
nifunimox inCf~a""s th~ sun-ival r.u~ of tt~atffl .... "rus con
ttol mic~, although parasi~mia l.vds ar~ not significantly 
diff ... .."t boon,·ttn BSO alon~ ""d BSO plm nifurtimox 
tt~atffl mi"" [92]. lbis iUggest' th.t m~ tt~attl1<1lt with BSO 
tn.1y dimini,h m~ IOxic ~ff~ct, ~f nifurtimox. How~ver, 

""v ... ~ ,i<k-~ff~t, 011 m~ host physiology by adminis¡¡-atiou 
of mis combinatiOll of drug' migl:t <kvdop. Th~ combined 
therapy might induc~ pot.."tiatffl .i<k-~ff~t, by <kcr~asing 
th~ miol-mol~les coment in th~ p;!tiMlt, as BSO also 
inhibits human l Ees (:wd m>yboo oth... GSH-r~1:r.ted 
MlZ}'mes). Nonr-thd~s,. a promisin~ obserntion is mat BSO 

16~ : C.,,,," DI., [.'1"', : QIO, '-'lll, S •. 11 

:octivity. lmuad, litis MlZYlli~ show. high p...-oxi~ activitJ' 
wim Iinol~ic hydroperoxi<k (1 ~I mio-l mg prot..m-l). Tb~ 
láJUll3llial TST i. localized 011 th~ surfac~ of m~ ER 
probably to prot~t m~ mem~ from oxidativ~ damag~ 
[72]. 

5. TRYPAl\"OTHIO~E RIDUCTASE (TRYR). mE 
RIG E;\"ER.-\TIl\" G E~ ZY\IE 

TryR (EC L8.L12) i, a f1"H~nZ}m~ tbat catalyzrs dl~ 
=luction of tryp:wnmion<' disulphid~ (TS,) al expm.'" o f 
NADPH oxi<btion (Fig. l ). H~c~, T.yR is th~ main link 
~", .. ttn m~ ""Uula.- • ..tucti\·~ power :wd m~ antioxidant 
sy>t~m 

Tf)'R from s~veral tryp:WOSOlllAtid, ha, bttn ch..-ac
terizM. Tb~ mzyme i, panirul..-Iy abundant in 1: enei, 
",aching :w inlI:lceUu1..- conc...,tration of L2S ).1M {n]. 
Tf)'R activity \'alues of 6O:wd 210 nmol~, mio-' (mg cellular 
prouinrl :wd 130 nmolrs mio-l ( lO' c~U.r' (which i, 
~ui\"al~t to 260 nmol." min-l(mg cellula.- pfOt~inr' 
",.wning me convffiing \"alurs d=ihm above) hav~ bttn 
dtfermio..t m L don ova ni, T. crn:i :wd T. brncei cdlul .. 
extracl5. ""p<'Cti,'~1y (].t, 75]. The ... activitics ..-~ high 
comp..-..t 10 th ..... of th~ GSH- :wd T(SH), - .yntb."i, 
p3thw~ enzyt1>("5 found in L /aNllIO/oe [191- PurifiM T.yR 
(nativ~ o •• ~ombin .. llI) shows Km valUM for oxidiz..t TS, 
:wd NADPH of 18-50 [.1M ""d 1- 20 [.1M, ,~sp<'Cti\"~1y (76-
79] ""d Vmox for the .~combin""t L donovanl .nd 1: cro~1 
ellZ}mrs of 112.7 ""d 143.2 ¡unoks mio-'(mg prot~inrl , 
"'sp«:ti\"dy [80, 81]. No aU .... teric properti." ha\"~ ~en 
dtscribed fo. thi, enr,me. The lo,," Km values fo.- irn 
substra~ "ud me high TryR cOllc~tratiOll in m~ p..-asitn 
ensurrs tb~ m .. inl<1l:mc~ of T(SH), in il5 r..tuc~d suu, 
.,,~cially wh..., parasius are under oxidatiH str~ •• 
condition •. 

Tf)'R Cf)">tal 'lructu,-"s from e fmcicu/am ond T. cro~1 
ha\"e ~Ml <kscrib.-d {82, 83]. TryR i, a homodim.-r of 100 
kDa (SO kDa per subunil); each .ubunit is constitut..t of 
W.., 01 faUf domam, [82-84] in which dom.ain, l:wd II bind 
FAD and NADPH. nsp~ti\"ely. Th~ :octi,'e ,it~ i, fOflllW by 
CJ" 53. Cys 58 :wd Hi. 461 which are situatw in a oldt 
found in me inlmac~ ~IWttn domam I of on~ subunil :wd 
domain III of th~ partner subunit {83, 84]. The.., 'l'S1..m~ 
",sidu.-, in 1: cro:i TryR are e .. ...,tial for eaulysi,_ ",ith eys 
53 dir..ctly interacling with TS,:wd m~ miolat~ of Cy. 58 
interacting with FAD [80, 85]. 

Tf)l'mosotn.:ltid Tf)'Rs nol onIy ha\"~ low idenlilics 
(-350

;') at me primary SN\uenc~ I~\'el w-ith human GR. bUl 
m.-y al ... di'play g",at struerural differmc." mainly at th~ 
Spd moiel}' bindiug .it~, which ""ult, in a high ,p~ificit}' 
for m.-ir rrsp..cti,'e .ub'tr:I1"'. With m~ aim of und"-'Ianding 
me molerol..- ba,is of th~ ... differeners., .ile directed muta 
grnesis analysn ha\'~ hNn eonductM 10 obuin GR mutanrn 
w,m Tf)'R acti\'ity and )'ic~ ,'.".so {86-88] Tbe main 
differel'c~ ~IWttn bom enr,'mrs res id~s in m~ charge ofth~ 
:octin .ite. TS, 1S a po .. ti\'~1y chargM and bulLer mol~ul~ 
m:w GSSG (Fig. ! ) ; henc~ TryR ac¡¡ve site i, wid..-, 
h)'drophobic and n<'gati\'ely ch..-gw than th~ GR active siu. 
Th..-dorr , GSSG ha. mo", confonn3tioualmobility fr~wom 
in th~ TryR aC1iv~ .ite which <k<:r~as." me bindiug rn..-gy 
available for C3talysi. (89]. B..c""", TryR i. onl)' pr~ .... '1 in 

tryp:wosomatid p;u-a,iu, :wd has multipk slructural 
diff..-.."c." wim hlUlJ.1ll GR. it has ~..., m~ drug-mget of 
choice for 'lructur~-basM drug <ks'gI1 srudies. 

6. TRYP.-\_l'OTHIO~E :\ IETABOLlS" l AS A POTE;\"
TL-\L m ER.-\PEUllC TARG ET FRO\ I A :\ IETABO 
U C RIGUL.-\llO N POIl\"T O F nn" 

Sine~ T(SH), metaoolism is wllqu.- in trypanosomatid 
para,it~, all enZ}"Im's in,-olvM in i" ,yntb."i, :md utiliza
tiOll h.n'~ hNn eon,ider~d ... 5Uil:i>l~ larget' for mera~utic 
inun'..,lIwu. In additwu 10 srudi ... wh~", "p<'Cif,e inhibilOf5 
have hNn <ksignM and I~st«i, m. In ,11'0 eIf~1S of down
.egulating .~v=l enr,m ... of mi, :wtioxidam "",ubobsm 
have hNn ""alyzM by using cim..- eh~mical 01 g~etic 1001. 
such a. targ~t«i gen~ r~lac<1ll...,t, g~~ disruplion or RNA 
intnf..-...,ce (RNAi). m~ lm..- b";ng onIy '\'ailable for T. 
bn,,:m. In tbis ..-ction we <ks crib~:wd :wal~ th~ available 
data 011 inhibiMn of T(SH), m~uboli,m Mlzyme, 3Ild 
rd,ud prol~ins (Table 2) aiming 10 irn polelllial as drug 
wgern bas..t on what i, k:oO\\U 300ut th~ control of 
m"labolic pamwa}"l 

6a.l'ECS Inbibition 

Gene k:oockdown b}' u.ing R,~Ai of)'lOCS in T. b",c~i 
promot." edl <kam aft..- 4-6 <bY' of int..-f..-...,c~ induction, 
condilWn under which th~ parasit~, display 8~~ <kcr~a,e in 
m~ GSH and T(SH), pool, {90] (Tob!~ 2). Howe\'er. addiMn 
of 80 11M GSH 10 tran,formw C~U, allows for cdl growth 
.~o,'ef)'. Tbis r~ult indicat." tba, me parasit." ar~ abl~ 10 
1IlUlSport GSH &om the n",diutll, mu. ci.-rum\·~ting me 
lack of de Ml"O GSH synth."i, {90]. A potent inhibi!or of 
)'lOCS is buthionin~ sulfoximine (liSO; Fig. l B). When BSO 
(30-120 11M) is ad<kd to T. brnai unind=d yECS R,'I'Ai 
e~U" me miol-mol..cule pool, dinuüsh al a similar exlent 10 
!hat shOWll in m~ R,'1Ai inducw parasius; hnw~\'..-. in me 
lal1er cas~, c~U growth. i, uol r~"ffiw by GSH ,uppl<1ll<1l
UtiOll . Ibis suggeSlS that BSO uuy also aff..cl tb~ plasma 
n",mbrane GSH transpo""- o.- ofler mzymes in,'ol\'w in 
GSH S)u¡;h~,i. [90] . 

H ... ..-ozygou. mutan" lacking one :ule!~ ropy oflECS in 
Lesiltmanio Infonmm "¡'ow~d 5(1% d=eased GSH and 
T(SH), pools lI!.1l.;:ing the para,ilt'S highly ,u""~libl~ 10 
oxidativ~ ,tress damage caus..t bv H,O, :wd pmlOSt:lm a. 
wdl as d=us~d <rurI~\'al in :octi"a!M macrophag." [118]. 

A simil..- 70-80"/0 <kcr~a ... in miol-molerol ... eOlltelll is 
obtainM by truting ""y ofth~ weo- T. enel Slagrs with 500 
¡.¡M BSO, a <k<:ru ... which corrdn~.s with a ,bghtly high~r 
.usc~tibility ofm~ p..-asite. to nifurtimox and bmmidazole 
{9 1] (Fig. 1.-\). MOfW\'er. m~ rombinatwn of BSO :wd 
nifurtimox increa~ m~ ,urviva! raI~ of treat«i "...-su. con
ttol mie~. almough p..-asitaenlia l.vel. are not .ignificantly 
diff=t ~nvttn BSO alon~ ""d BSO pilu nifurtimox 
tteat«i mic~ [92]. This .ugg ... " m.t th~ treatm<1l1 wim BSO 
mal' diminish tb~ IOxie effecl< ~f nifunimox. How .. "er. 
.""..-~ si<k-~ff<'Cts 011 the hasl ph),aology by adminiSII:lMn 
of thi. combinaliOll of drug' migl:t <k"dop. Ibe combin~d 
m..-:q>y might induce potMltiat«i .i<k-~ff<'Crn by <kcrea,ing 
m~ miol-mol.-rules contml in th~ p3ti~l. as BSO also 
inlnbi" human l ECS (:wd m.y~ om..- GSH-rdal~d 
.-nzym~) . Nonethd~ss. a promism~ obserntiou i. tbat BSO 
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TI bio 2, Pb",o~l'ir Effo.", of Do."..aSf'd Expn"ionlInhibilion of T(SH), I nd Pnl)-amin. Pl lh" .. ~· ED~'mo. 

R . .... ;,,;. , r ... ,Ioiol , •• " a ' Pol)·. miII. u d;" p<t<U<OM 

" rid') (~ .f1 . . ... _Q , .. , .. " (~ 01, • • ,.a_ 1) 
[u~'1II' (~ .i,h. 

,.a"ol) G" T(~H), ~. h, ... ";,,, 

" y-ECS '"" ' " · · " 
'''' " m " 

,,. ., 

'o' '"" ,ro ,ro · · 
n.c;-""I " 

. . · · 
; 

" 
. . · · C)" Pr.t..-

=, ; ;ro ,ro · · 
OOC O_lO " ' " 

n • m " 
Ado11tTDC 10--.10 .. ., 

" ~ 

Ado11tTDC • ;O ., <, ,~ 

prozymt " 
"" <,. '" ., ;O ;O 

ha. km also usro 10 polt1lliat~ th~ ~ff~cl of antinMplasric 
dru&, fO[ cancer ~atmMl! [93J-

Ikcau,", yECS i. aosumw !O b~ th~ ratr--limiting ""1' of 
GS H synth~.is d~ 10 i" f=l-back inhibiriOll by GSH. drug 
""g~ting of thi. ""1' '"'el'" appropriatr- for thn-apruric • . 
How~\"er. accO[ding 10 M~tabolie Contto[ Analysi. (!vICA) 
srudi .. [94. 95) th~ m-grtt of cOllttol (eOllttol codlici ... u ) 
o,·c. thc p.athway flux or metaboli,c eonecnttahon i. DO' a 
pnm.1Il<1l!> inlrio.ic p,operty of a p~thway etlzym~: ins~ad. 
il i. a .ystemie propnty which <kpmd. on th~ functioning of 
all th~ pathway MlZ)""" and how th~y ,~spond 10 th~ 
mt1aboli!~ cone<1lttation and MI\"ironmental chang .. UlIder a 
sp<"Cifie cdlular .~ady-s!:l~ eonditioo [95). Two imponatu 
imp[icatioos of th~ MCA fra."",work is th:r.! all th~ participat 
ing Mlzynsts shar~ th~ p~thway control in differml m-gr~ . 
and thal an enzym~ = y ""m . ignifICanl flux cOllttol unm-r 
an ""p<'fUnMl!aI or in \ ' ;\'0 eondiliOD whn-u . it might uo! k 
a conttolling . ttp undn- othn- conditioo. [95]. Snch ca,", ha. 
bttn obser'l"w for yECS in a modd of m~!aI resi,tanc~ in 
plan", wher~ yECS has high contto[ on GS H cOllcMlttalion 
under uon-stres.mg condirioDS, bm i" m-~~ of cOllttol 
diminisb~. under oxidati\"~ str~ •• conditiOllS. wh~u GSH 
conlt1lt i. low and thu., f~~dback inhibi!ion OD yECS is no! 
an dlíci<1lt r~gula!ory =ch:wism [ 'Xi). Morwver. as GS H 
inhibiriou 0\"'" yECS i. of th~ co~riti,·~ ~ ~gain" G[u 
[17]. th~ highn- k\"d. of th~ laner undn- oxidativ~ stt~ •• 
condition. al", ~nMlU3tts th~ dI~c! of th~ fttd----baek 
inhibiriou [96]. Remarlr;:ably. UlIder both couditioo •. th~ 
GS H-<:ODSnming proces"". ha\"~ an importan! cOllttol OD th~ 

B;olo, ,,.1 <11"" .. , 
.\do~I.t1 

dA""~I" 

C.U <I<. lb In <U!tur< ond '" \ '.ro mf<ct«l <tU. (90_91. · !>te, .... . ""in l m lI1lI<'oph1¡!; ... lliy...-
suxtptibilny ro ow.m·, >Ir .... 11&] 

· C.U <I<. lb In <U!tur.; .. n;ilni." ro 0XId1ti", (19.981 _ " ,00 Cup;' 

· los< oipor"i" ,'lTU!tnC< In IIllC. ond ' 'l1blb'y (7 1.'19-m_ 
101 ] 

· Gro..1h mliibinon m ,ulnH; 110 "" eqllibilil)' [101] 
'o h"dlog<n F"""¡o" 

· Grow!h mliiblllOD m ailiUT.; lDCTUotd [101] 
.."etptibilil)' 'o H,O, 

· Incruotd .....unil)' ro H,Q, m <tU <U!tur< [1M] 

100/400_ e.u dt. 1h m <Illtur<. Grow!h mliibllion b" [11,107. - DFMO'TUIDtD' 10\1.1 101 

e.u dtoth m ,ultur<. O\,.,-ap=""n ofODC 
ond Ado1!ttDC prOZ}nt (7 ond 11 loId 

(17. 111 , Il0_.!OOO rt>pt<n,..,Iy). o.cr .... d puo,;1tmU. lIl ro" 
112 ] 

Improptr _iliJ'bIlOD OT 1rJ-ptnntIh" btion oi 
proTtin" n¿ D~A 

· e.u dt. 1h m ,ultur<. F" .. ·lold ",·tf<1!R' ';'''' [n. 
ofODC 111) 

lOO'U .OOO e.u dt. 1h prob.bly bj' cIAdo~ accurnw.noo [17) 

ra~ of GS H .ynth~sis and i" ccucmttalion [96]. lb';' is in 
ag<ff1ll<1lt with other :waly"". mad.- by MCA which indic~t~ 
tita! th~ study- "a!~ flux of any mrtabolic pathway drpMld. 
no! only on th~ proc~ss~. in\"olv~d in i" .ynth~.is. bU! ~Iso 
011 th~ proc .. ..,,; tltal cOll.uming it (snpply-detnand th.-ory) 
[971-

Otber cODsid...-:r.tiOllS ha\"~ 10 b.. !UMI inlO aceount wh<1l 
.dccting yECS a. drug-ta.-get. Fo< i='anec, altcmahvc "'!H
e .. of GS H supply may "" iSl .ueh a. ~xtt"" d!u[ar GSH 
transpon , as docwnt1ltffl fo, T. broui [90] . which wonld 
mak~ yECS an inad'"'lU3t~ !argr·!. How~\"er. kcau,", of th~ 
low [~\"d. of yECS "" ti"ity in lb.. parasit~ •. it mighl Sli!! k 
ad\"an!~gMu, 10 t""kl~ this <1lZ)~ , which would ''"'luir~ th~ 
design of polMl! and spreifIC inhibilOfS mam[y larg~ting 

parasi!~ ' s yECS or GSH- m..,abolism mzym .. bU! nO! th~ 
hoslrnzy""' . 

6b. Tt"yS Iuh ibitwu 

A lO-fold <k<:r~as~ in TryS bv R.c"<Ai in T. bnrcl!i induc~. 
14-fold iner~""" in fr~~ GSH ... d S-l O lirnr. d~r~""" in 
T(SH}. and glu!:lthionyi-spn-mi:lin~ [~v~1s (Tabl~ 2) [29 , 
98). R~tnalkably. W~S!nn biot lIlalysi. ,~v~al. 3-fold inc
,~""" in yECS and TryR and 2-fcld m-cr~a,", in ODC pro~in 
ir'v~1s in ,nch ttansformanl •. lb."" resnl" .uggest th~ on""t 
ora eOmp<1l.atory =chanism th.al incr~a . .. GS H eODCetltta
tion and TS, rw uction rat~ 10 prrs='ing T(SH), [~\"d. (Fig 
3). Sinc~ TryS is uot eompl~tdy absMJt in th~ U-:WS fOffil~d 
parasi!es a. analyzw by W~SI"'-" blot (in f""l. no compl~t~ 
absMJc~ of th~ pro!~in i. a eODL'IlOII result in &""Ai dowo-

C_,.. ... , Dr_: r"l"" ~ OIO, 101. 11, S., 11 16 ~J 

Tabl.!, P bfD O~l'ir Eff ... " of D' <1'u...! Expro"ionlInhibilion of T(SH), and Pol)-amin. Pllb..-a~' Enzy"' .. 

R· ... ;,,;·I r , .. ,lúol , •• ttmt P.!)' • ..,;". ud i" p<t< .... ,'" .. 

.<thi~· (~ 011 • • ,0.'I'OQ ,omt .. " (% 011 •• 'UIro]) 
[o.l~'DI' 

(~ ort • • 
,omlro!) G," T(S.H), ~. hu"", .... 

" ,,~ '"" ' " · · " 
'O' " m " '" 

., 

'O' ,." ,ro ,ro · · 
.~~ " 

. . · · , 
" 

. . · · ~,,,,-

=, , ,ro ,ro · · 
OOC ." " '" 

n • m " 
Ado~1ttDC 10-20 .. ., 

" ~ 

Ado~1ttDC • " ., ., ,~ 

prozymt " 
"" ." '" ., 

" " 
has ~en al.o u • .-d 10 polMlIial~ m~ effecl of 31IrinO'Oplastie 
drug'l for c.me", ~atm..,,1 [93J-

Ikcau", yECS i. ~"umM 10 b~ m~ r;u~- liruiTing "", of 
GSH .}"tlm~,is du~ lo il. f...-d-1=k inhihition by GSH. drug 
larg~ring of Ihi. st", "'..",. app,oprial~ for m=poItic. 
HO\\'~''-''' , according 10 M~tabo(ic Conllo( An.:r.lysis (MCA) 
,rudi .. [94, 95) m~ drgrtt of conllol (conllol c""fficienl) 
0""'- !hc p.o!hway flux or nx-taboli,c conccn""tton i. Dot a 
p<'f1IWl""l. inlrinsic prop<1ly of a pamway enz}"m~: ins~ad. 
il i, ~ ,)"slemic prop<'lly which drp.."d, on m~ functioning of 
all m~ pamway .."zyme, 31Id how 1h~y respoud 10 1h~ 

!m"Iahulil~ concenllaüon and "",'ir=131 cbm ges und", a 
'P""ific cellula< s~ady-sl3~ condi!ion [95]. Two imporunl 
imp(iealions ofm~ MCA fra""'work i. mal all m~ parTicipal 
ing .."zymes shar~ m~ palhway cOnllOl in diff",..,,1 drgrre. 
md mal 311 enzym~ tn.1y am signific31l1 flux conllol Wldr, 
m ap<'fin,.."lal or in ,-n'o condilion wh",u, il OOglu nol ~ 
" conllolling . 1", Ulule.- om", conditions [95), Such ca", has 
bttn oh""v.-d for yECS in a modd of m~lal , .. i.lanc~ in 
planl>;. wh",~ yECS ha. high conlro( on GSH concM'lIalion 
Wlder non-su ... .;"g condition. , bUl lIS <lrg",e of conllol 
dimu';,h~. under oxid:un 'e s~s. condilion •. wh",~ GS H 
ronlnll i. lo\\" and mus. f~.-dhack inhibition on yECS i. nO! 
m dlícienl ,~guLlIory =chani,m [96]. Mor..,,,,,,. as GSH 
inhihition U"", yECS is of m~ co~titi,,~ r,~ again'l G(u 
[17], m~ highe.- k,'ds of m~ laue.- Wlder OX;datiH sll~.ss 

rondiüon, al", an.."u:u .... m~ rffecl of me f...-d----bac.k 
inhibition [96), Rem:rlably . unde.- hum rondittons, d,~ 

GS H-<:on,uming proc .. ",. ha\'~ 311 importan! conllol on m~ 

Bi·IoI ,,·I . tIw . .., 
Alioli" , 
dAdo~I., 

C.U do.lb ID <U!rur.:md '" V.ro mftcttd «U ... (90_91, · Drcrn ... ,.."inl ID ma::rophl!!'" Riv><r 
..,><tptiblhty ro OW""" "'"., lIS) 

· C.U d.t.lb ID rulturt; ,,,»1"'''''' ro ",.donv. (19.981 1m" • • 0<I Cu¡i;. 

· Lo.. of" ..... .:.. \'lIU!tuc< ID ""'" o.nd \'lIbih!)' (Jl.!I9-
m~~ lO!) 

· Gro",1II mhibition ID <U!tue; tu> .usup<ibili1J· 
(103 ) 'o lrydr0Fn F"""";o" 

· Grow1h mhillIDon ID wlrur.: mcru>t<l (103 ) 
",,,,tptibllity 'o H,O, 

· !ncrt.S<d .... ,""ity ro H,o, m «ll <U!rur. (10-1 ) 

100:400_ c . n dta1h m rulturt, Growtb irilullu",n by (17,101. 
,~ DFMO Ir<a:m",,' 109.110) 

Ctll dt.th ID <U!rur. Ü\~-ap=""n orone 
andAdo~1ttDCP'"0ryDt(1 mdll fold.. 

PU l!. 110-2000 ,,,,,,,,,O\"tly). Dtcr .... dpar"'Itml1lD.r'" 
111) Imp"",,' _"'-J'latu>n OT IIJ-pt=tlhylatioD of 

prottir>'an<D~ 

· Ctll d.tath m rullurt, F,,"t,fo ld <>,.-tf<~prt,,¡,,,, [27. 
orOl)(' 1l1 ) 

lOO!IUlOO c . n dta1h prob. b1)· by dAdo~ltI ",cumulan"" (n) 

",I~ of GSH .ynm~sis and ilS ccncenllal;on [96), lhis is in 
.gr .... m ... u \\"im ume.- """Iy"" ma<k by MCA which indic"l~ 
1h.1I m~ "udy-slal~ flux of 31Iy mrubolic pam\\"~y d."..."d, 
nol only un m~ proc~ss~s involv.-d in ilS !i}·nm~si •. hUI al,o 
on m~ proc .. = WI con,uming iL (supply-<kmand m.-ory) 
[97). 

Otb", consi<kr.tlions ha.-e 10 ~ lak.." inlO accoUlU when 
.dcctinl! -yECS a. dru!\-t3<!\ct, Fo< in .. ""cc, .. hcrnattvc ""tu"
<os of GSH supply may ai,. such as ~xllac dlu(..- GSH 
u""sporL a. docwnt1lTed ror T, bntcei [90). which would 
mak~ yECS an inadequal~ I"'gel. How~\·",. ~cau", of m~ 
lo\\" (~".¡s of yECS actit·;¡y in 1M parasil", il mi!!.lll "iH ~ 
ad":WlagO'Ou. lo lackk!h;, ""zy=. whieh would requ;,~ m~ 
<ksigu of polMU and 'P""if", inhibilOrs rnaIDly taJg~ring 
parasil~ " yECS o, GSH- mtfabulisrn enzyrn .... bUl nol me 
hostenzyrnu 

6b. Tl")'S I uhibilion 

A IO-fold <kcr~",,~ in TryS hy R."'.-\.i in T. bntn!l induc~s 
!4-fold inc,~",,~ in fre~ GSH aod S-lO lim<-o deer~"", in 
T(SH), and glUl:llhionyl-sp~.-u';~in~ (n..,ls (Tahl~ 2) [29, 
98]. R<m:lIhbly. We"'"fll b)ol lIlalysis rn'~als 3-fold me
r~a"" in yECS 31Id TryR md 2-fcld <kcr~a.., in ODC prOl~in 
kvd. in mch lIan,fon",,"'., lb."" resulrs sugg"l m~ on",,1 
ofa CompMlS"IOty =chao.ism m", incr~ases GSH conc.."lI:I
lion :u,d TS, rMuction r.11~ 10 pr" ",,'ing T(S H), (n·d. (Fig 
3), Sinc~ TryS is nol compl~ldv .hsen! in 1h~ lI:UlSformed 
parasil" a. :wal.YZM hy W.."lmt b(ol (in fael, no compl~l~ 
ahS<'llc~ of m~ proTein is a com:nun ,.."ulT in R."'Ai dow,,-
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Conclusiones principales de la revisión 

Después del análisis de la literatura reportada sobre esta vía metabólica 

llegamos a la conclusión de que con los ensayos de inhibición genética se pudo 

determinar que todas las enzimas de la vía son esenciales para la supervivencia o 

manejo del estrés oxidante de los parásitos 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 inhibición genética para tener un efecto 

negativo en el funcionamiento de la vía metabólica. A qué me refiero con esto. Si se 

analiza la estructura de cualquier vía metabólica, disminuir la expresión en más del 

80% de cualquiera de sus enzimas crea una interrupción en el flujo de la vía por lo 

que en tales condiciones cualquier enzima será esencial para el parásito. Sin 

embargo, las enzimas tienen diferentes grados de participación en el funcionamiento 

de la vía metabólica; esto es, existen enzimas líderes que son capaces de 

determinarla velocidad a la que trabaja la vía; mientras que otras enzimas 

simplemente van a catalizar su reacción a la velocidad que les marcan las primeras.  

Algunas características de las enzimas líderes es que tienen inhibidores metabólicos 

(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 

catalíticamente. En el caso de la inhibición genética, los porcentajes de inhibición de 

la expresión de la proteína son tan altos que alcanzan el umbral de inhibición en que 

todas las enzimas, tanto las líderes como las que no lo son, se convierten en pasos 

limitantes.  Por lo tanto, además de los criterios de esencialidad determinada 

genéticamente se deben de considerar la abundancia de las enzimas en el parásito 

(Vm), sus afinidades por sus sustratos, productos y efectores lo cual determina su 

eficiencia catalítica (Vm/Km) en la célula, así como las concentraciones intracelulares 

de los metabolitos pertenecientes a la vía metabólica.  Esto quiere decir que si 

queremos disminuir el flujo de una vía metabólica se deben de inhibir principalmente 

aquellas enzimas que tienen esa función de líder ya que probablemente se requiera 

menor concentración de un inhibidor que al tratar de inhibir una enzima que en la 
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célula es muy abundante o muy eficiente catalíticamente. Desde el punto de vista del 

control del metabolismo, las enzimas catalíticamente menos eficientes de la vía 

determinarán o controlarán la velocidad de síntesis del metabolito de interés. 

Considerando las características cinéticas de las enzimas, su contenido de 

enzima activa en el parásito y analizando las concentraciones de metabolitos 

reportados en las células propusimos en este artículo que la γECS, la TryS, y el 

suministro de poliaminas (constituido por la ornitina descarboxilasa (ODC), la S-

adenosilmetionina descarboxilasa (AdoMetDC) y los transportadores de poliaminas) 

podrían ser las enzimas que predominantemente controlan la síntesis de T(SH)2 en 

los tripanosomátidos. Por lo anterior, se consideró que  estas enzimas tienen un 

mayor potencial terapéutico y por lo tanto su inhibición puede  afectar esta vía 

metabólica esencial para el parásito.   

Por otro lado, después de este análisis metabólico consideramos que la TryR y 

las enzimas del sistema reductor de hidroperóxidos, aún cuando pueden 

considerarse blancos terapéuticos, su inhibición puede no ser tan efectiva en 

disminuir el flujo de la vía  debido a que estas enzimas son muy abundantes y 

catalíticamente muy eficientes en el parásito. 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)2 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 parásito. A pesar de este 

último hallazgo, la TryR es la que más se estudia para el desarrollo de fármacos, ya 

sea por diseño racional o por la identificación de compuestos inhibidores a través de 

cribados de librerías de un alto número de compuestos (“high-throughput 

screenings”) (Martyn et al, 2007; Holloway et al, 2007; Holloway et al, 2009). A  la 

fecha se han reportado más de 100 trabajos al respecto y en promedio se publican 

alrededor de un artículo de investigación al mes en los que se describen inhibidores 

para esta enzima. Sin embargo, a pesar de que se han logrado diseñar o identificar 

inhibidores altamente potentes y específicos para esta enzima, muchos de ellos 

afectan el crecimiento de parásitos en cultivo a concentraciones micromolares o 
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tienen poco efecto para contrarrestar la infección en modelos animales. Nosotros 

sugerimos que debido a la gran abundancia de la enzima en los parásitos y a su alta 

capacidad catalítica esta enzima es un blanco terapéutico que presenta dificultades 

para ser considerada como tal.   

La conclusión del análisis cinético y la propuesta que se hizo en el artículo de  

revisión fue que deberían buscarse inhibidores de aquellas enzimas que de 

antemano son limitantes en los parásitos. Además se enfatizó que para la validación 

de blancos terapéuticos en el metabolismo antioxidante de los tripanosomátidos se 

requieren aplicar criterios adicionales a los de validación genética, es decir, que 

aunque las enzimas sean esenciales, deben de tener una función principal en 

controlar la vía metabólica.  

1.6.  Estrategias actuales de validación de blancos terapéuticos 

Desde la descripción inicial de las vías metabólicas y hasta la fecha, algunos de 

los criterios para seleccionar blancos de intervención terapéutica para combatir 

enfermedades tales como el cáncer o algunas generadas por organismos patógenos 

se basan en diseñar fármacos 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 parásitos que no están presentes en el 

hospedero humano o aquellas que están modificadas en el proceso patológico o, en 

último caso, a las enzimas modelo de estudio del investigador. Además de los 

problemas de accesibilidad del fármaco al blanco y de problemas de toxicidad para el 

hospedero, la selección de un blanco terapéutico inadecuado puede llevar al fracaso 

a una buena estrategia terapéutica farmacológica. Debido a esto, es necesario 

realizar una validación y caracterización adecuada de los blancos terapéuticos con lo 

cual se podrán diseñar fármacos que cumplan con las características requeridas para 

que un fármaco sea clínicamente exitoso (TPPs; Target Product Profile) (Wyatt et al, 

2011). 
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De acuerdo con la Unidad de Descubrimiento de Fármacos de la Universidad 

de Dundee, Reino Unido, la valoración de enzimas para el diseño de fármacos debe 

cumplir con las siguientes características: 

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

2) que no exista un homólogo 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 información estructural de las proteínas (cristales a una 
resolución de <2.3 Å). 

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

Sin embargo, en cuanto a este último requerimiento existen varias desventajas 

ya que existen pocos inhibidores altamente específicos que afecten solamente un 

blanco. Así mismo, desde el punto de vista genético, esta estrategia no permite 

identificar blancos que no sean genes, no distingue entre requerimientos 

estructurales y catalíticos, pueden existir genes multicopia, así como tener 

mutaciones compensatorias. Además 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 análisis de control metabólico (MCA por las siglas en 

inglés de Metabolic Control Analysis) es un enfoque bioquímico que puede ser 

adicional a la validación genética para la búsqueda de blancos terapéuticos ya que 

permite resaltar de entre todas las enzimas consideradas esenciales genéticamente, 

a aquellas que son líderes en la vía metabólica y que por lo tanto requerirán ser 

inhibidas en menor grado para obtener un efecto negativo en la vía. Además, es una 

alternativa de validación 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 utilización de inhibidores específicos para cada enzima. 
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1.6.1 Estudio de redes metabólicas para la identificación de blancos terapéuticos  

En el marco de un enfoque metabólico, las enzimas con mayor potencial 

terapéutico en una vía metabólica 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)2, son aquellas que controlan el flujo de síntesis y la 

concentración del metabolito. Por lo tanto, en lugar de analizar el potencial 

terapéutico estudiando las enzimas aisladas, se requieren análisis sistémicos, es 

decir, enfoques en los que se evalúa la participación de cada enzima en el control de 

la red metabólica completa. Por lo tanto, se decidió aplicar el MCA el cual es un 

enfoque de la Bioquímica actual que estudia el control del metabolismo de tal manera 

que permite determinar cuantitativamente la importancia relativa de cada enzima en 

el funcionamiento de la vía completa, además de que ayuda a identificar los 

mecanismos por los cuales una enzima controla o no controla una vía metabólica. 

1.6.2 Fundamentos del MCA  

 La teoría del control metabólico (MCA) cuyos fundamentos se establecieron 

formalmente desde finales de 1970 ha demostrado experimentalmente que el control 

de una vía no reside únicamente en una enzima (el rate-limiting step) sino que está 

distribuido en diferentes grados en todas las enzimas de la vía, incluyendo a las 

reacciones que suministran y consumen un metabolito. Así, este enfoque descarta la 

existencia de una única enzima o paso limitante en las vías metabólicas y el control 

del metabolismo lo analiza de una manera más dinámica (Fell, 1997; ver artículo por 

Moreno-Sánchez et al, 2008 del cual soy coautora en el anexo de esta tesis para una 

explicación más detallada del MCA). 

El MCA permite determinar de manera cuantitativa el grado de control que 

ejerce cada una de las enzimas de una vía metabólica sobre su flujo o sobre la 

concentración de un intermediario. El grado de control que una enzima tiene sobre el 

flujo de la vía se denomina coeficiente de control de flujo (   
 

) mientras que el que 

tiene sobre la concentración de un intermediario es el coeficiente de control de 

concentración (   
 ) donde C es coeficiente, J es flujo, X es la concentración del 
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metabolito y Ei es la actividad de la enzima/transportador/proceso celular i de la vía 

metabólica.   

El    
 

 se define matemáticamente (Ecuación 1) como la variación en el flujo J 

de una vía metabólica cuando la actividad de una enzima se modifica 

infinitesimalmente (dJ/dEi).  Para que el coeficiente carezca de unidades, se 

multiplica por el factor escalar (Ei0/J0) el cual representa la actividad enzimática de la 

reacción metabólica y el flujo de la vía en condiciones control previo a la 

manipulación de la actividad enzimática. 

 

La suma de los coeficientes de control de flujo de todas las enzimas de la vía 

debe de ser igual a 1 (Teorema de la sumatoria). Esto quiere decir que el 100% del 

control recae solamente en las reacciones de la vía metabólica (Fell, 1997; Moreno-

Sánchez et al, 2008).  Por ejemplo, en una vía metabólica lineal, una enzima que 

tenga un coeficiente de control de flujo de 1 (esto es, un verdadero paso limitante) 

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

metabólico variará en un 1%.  

Por otro lado, el    
  se define como el cambio en la concentración de un 

intermediario de la vía al variar la actividad de una enzima de la vía metabólica, 

multiplicado por el factor escalar 

 

La suma de los coeficientes de control de concentración 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-Sánchez et al, 2008).  Es 

necesario enfatizar que los    
 

 y    
  son propiedades sistémicas de las enzimas, es 

decir que solamente pueden determinarse cuando las enzimas están trabajando en 

la vía metabólica, por lo que sus valores no pueden deducirse estudiando las 

enzimas aisladas.  

(Ec. 1)

(Ec. 2)
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Para determinar experimentalmente el    
 

 de una enzima en la vía se debe 

variar la actividad de ésta en la célula, manteniendo constantes la actividad de las 

demás enzimas de la vía.  La gráfica teórica que se puede obtener se muestra en la 

Figura 5.  El    
 

 se calcula de la pendiente de la recta tangente (la derivada) en la 

actividad fisiológica de enzima (100% de actividad).  La figura 5 muestra la titulación 

de dos enzimas con diferente grado de control.  Cerca del punto de interés del 100% 

de actividad enzimática es claro que la variación en la actividad de la enzima E1 

tiene grandes cambios en el flujo de la vía; por otro lado, la enzima E2 es saturante 

para el flujo metabólico 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 enzimática 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 vía.  
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Los    
 

 y    
  de las enzimas están directamente relacionados con sus 

propiedades cinéticas individuales a través del coeficiente de elasticidad (  
  ), el cual 

se define como la variación en la velocidad v de una enzima i de la vía cuando uno 

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

proporciones infinitesimales.  

 

Es necesario distinguir que a diferencia de la gráfica de una cinética enzimática 

clásica en la que se varía 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 

que trabaja la enzima i en la vía metabólica completa.  Por ejemplo, para el caso de 

una vía lineal, la vi correspondería al flujo total de la vía metabólica ya que en el 

estado estacionario metabólico, todas las enzimas de la vía están trabajando a la 

misma velocidad parcial.  Los   
   pueden ser positivos si el ligando incrementa la 

(Ec. 3)
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Fig. 5. Determinación experimental del coeficiente de control de flujo Este coeficiente se 

determina modificando la actividad de una enzima y midiendo el flujo de la vía metabólica en cada 

condición.  El    
 

 será 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) 
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velocidad de la enzima en la vía 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 concentración de los metabolitos en el estado estacionario metabólico.  

Por ejemplo, si al variar la concentración 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 (  
    ) y pone 

un freno al flujo de la vía. Al contrario, si la enzima puede responder 

satisfactoriamente a los cambios en las concentraciones de sus ligandos en la célula, 

la enzima tendrá una elasticidad alta    
      y no representa una limitación al flujo 

de la vía.  Esto quiere decir que el    
 

 de una enzima con una elasticidad baja hacia 

el sustrato, tendrá un coeficiente de control alto sobre el flujo de una vía debido a que 

ya no puede variar su velocidad al presentarse un cambio en sus ligandos; por otro 

lado, una enzima con elasticidad alta tendrá un control bajo sobre el flujo de la vía ya 

que podrá ajustar su velocidad a los cambios en la concentración de sus ligandos 

dependiendo de las necesidades (Fell, 1997; Moreno-Sánchez et al, 2008).   

A partir de los coeficientes de elasticidad y aplicando el Teorema de la 

conectividad que dice que la suma de la multiplicación de los coeficientes de control 

por la elasticidades es igual a cero, se pueden obtener los    
 

 de cada enzima de la 

vía metabólica. 

 

Para determinar estos coeficientes de control se requiere de un gran esfuerzo 

intelectual para poder diseñar los experimentos de manipulación de las actividades 

enzimáticas en la célula y llevar a cabo el experimento que se muestra en la Fig. 5 o 

para diseñar la estrategia experimental para determinar los coeficientes elasticidad 

para poder calcular los coeficientes de control de cada una de las enzimas de una 

vía metabólica.  Sin embargo, el desarrollo de herramientas bioinformáticas 

poderosas y la evolución del MCA como un enfoque de Biología de Sistemas 

(Ec. 4)
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(Systems Biology) ha permitido poder construir modelos cinético-matemáticos que 

pueden replicar el comportamiento de la vía in vivo. 

 

1.6.3 Biología de Sistemas y Análisis de Control Metabólico 

La Biología de Sistemas (SB; o Systems Biology) es la ciencia que se enfoca en 

estudiar las funciones biológicas 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 vía metabólica emergen propiedades regulatorias entre ellas las cuales no se 

pueden dilucidar fácilmente cuando se analizan las propiedades cinéticas 

individuales de cada enzima. 

Se puede considerar que la biología de sistemas es la fusión de dos ramas del 

conocimiento científico, la biológica y la matemática. La rama biológica inició con el 

desarrollo de la biología molecular, desde el descubrimiento del código genético y se 

fue desarrollando hasta llegar a la secuenciación de genomas de diversos 

organismos (Westerhoff y Palsson, 2004). Esta rama se desarrolló posteriormente 

hasta la genómica funcional (Westerhoff et al, 2007). Por otro lado, la parte sistémica 

o matemática de SB ha evolucionado desde sus bases, la termodinámica alejada del 

equilibrio (la cual buscaba explicar y cuantificar la interacción entre sistemas 

acoplados) y la cinética enzimática, hasta el desarrollo de modelos matemáticos 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 vía metabólica o una vía 

de señalización (Westerhoff y Palsson, 2004; Westerhoff et al, 2007). Este tipo de  

análisis 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 biología molecular o del control de una vía metabólica sino entender los 
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mecanismo de regulación 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 biológicos.  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 empíricas 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, transcriptómica y 

metabolómica) combinados con modelos matemáticos (Bruggeman et al, 2007).  El 

otro enfoque es el “bottom-up systems biology” el cual estudia las propiedades 

individuales de los componentes más básicos, es decir las enzimas y las 

propiedades que emergen al interaccionar unas con otras, es decir al formar parte de 

vías metabólicas o de señalización (Westerhoff, 2011).  Por lo tanto, el enfoque 

bottom-up construye un modelo matemático detallado basado en las propiedades 

moleculares de los componentes individuales del sistema; este enfoque permite 

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

regulación y control que subyacen en los diferentes procesos celulares (Bruggeman 

et al, 2007).  La construcción de modelos cinéticos de vías metabólicas como el que 

se desarrolló en este proyecto de tesis de doctorado es parte del enfoque bottom-up 

SB el cual integra la información obtenida de enzimas individuales en un programa 

de cómputo para producir un modelo matemático que pueda predecir el 

comportamiento de una vía bajo ciertas condiciones fisiológicas.   

 

1.6.4. Modelado metabólico y MCA para la identificación de nuevos blancos 

terapéuticos 

Una manera de determinar la distribución de control (coeficientes de control) de 

las enzimas de una vía metabólica es a través de la construcción de un modelo 

matemático que pueda predecir el comportamiento de la vía. Estos modelos permiten 

analizar un sistema que es difícil de entender debido a la magnitud o grado de 

complejidad (Wildermuth, 2000). Los modelos cinético-matemáticos 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 así como las 

velocidades de las enzimas, concentración de intermediarios intracelulares y flujos 

metabólicos en la misma célula y en un estado metabólico específico (Moreno-

Sánchez et al, 2008). De estos datos, los parámetros individuales de las enzimas 

(cinéticos y termodinámicos) así como los valores de Vmax en el extracto se utilizan 

para la construcción del modelo, mientras que los flujos y la concentración de 

intermediarios se utilizan para su validación.  Una vez que se cuenta con esta 

información experimental se utilizan programas de computación de modelado 

metabólico 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 más utilizados es el GEPASI (http://www.gepasi.org/ 

; Mendes 1993) y su actualización COPASI (Complex Pathway Simulator 

(http://www.copasi.org; Hoops et al, 2006).   

Las ventajas que presentan la construcción de estos modelos es que pueden 

describir el comportamiento de una vía en un estado estacionario evaluado 

experimentalmente y permiten analizar la respuesta de todo el sistema a diferentes 

perturbaciones hipotéticas (Moreno-Sánchez  et al, 2008; Wildermuth, 2000).  El 

modelado metabólico 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 enzimáticas intracelulares determinadas en otros estados 

estacionarios para poder predecir el comportamiento de la vía metabólica en esa 

nueva condición.  Uno de los objetivos más ambiciosos del modelado metabólico es 

construir células virtuales (“silicon cells”) de modelos biológicos que ayuden a 

entender los mecanismos de regulación metabólica o de transducción de señales 

que subyacen en el comportamiento celular y aplicar estos modelos a la 

biotecnología 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 más importantes del MCA y de SB es la identificación 

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 vía metabólica para su intervención 

farmacológica. Por lo tanto, los mejores blancos terapéuticos son aquellas enzimas 

que tengan los coeficientes de control más altos ya que será necesario inhibirlas 

poco para obtener un efecto importante en el flujo o en la concentración de un 

metabolito (Fig. 5) (Moreno-Sánchez et al, 2008; Saavedra et al, 2011). Así, 

inhibiendo a las enzimas que mayoritariamente controlan la vía se pueden utilizar 

menores concentraciones del inhibidor o del fármaco, lo que puede disminuir los 

efectos secundarios adversos así como la inespecificidad. Además, comparando las 

diferencias entre la distribución de control de una vía por ejemplo, entre el hospedero 

y un parásito, 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 análisis integral de las vías metabólicas, este 

enfoque resalta la importancia de una terapia combinatoria para diferentes 

enfermedades (Cascante et al, 2002; Saavedra et al, 2007; Marín-Hernández et al, 

2011; Kolodkin et al, 2011). Así, un enfoque diferente de validación de blancos 

terapéuticos es el de la vía de glioxilasa en Leishmania infantum, en el cual el 

modelado descartó a las enzimas de esta vía como blancos terapéuticos adecuados 

ya que se determinó que la concentración de metilglioxal está determinada por la 

concentración de T(SH)2 y su síntesis y que las enzimas del sistema de la glioxalasa 

no participan en el control de la concentración del metilglioxal (Sousa et al, 2005). 

Debido a que se requiere de una gran cantidad de datos experimentales para la 

construcción de modelos cinéticos, existen pocos reportados en la literatura de los 

cuales la mayoría son de la glucólisis en diversos organismos (para una base de 

datos consultar http://jjj.biochem.sun.ac.za/database/). En el caso de parásitos que 

infectan  humanos, solamente se han reportado tres modelos cinéticos: para la 

glucólisis 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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glucólisis en Entamoeba histolytica construido por el grupo de investigación en el que 

realicé esta tesis (Saavedra et al, 2007).  

Actualmente existe la iniciativa para la construcción de la célula virtual de T. 

brucei cuya finalidad es construir un modelo multi-escala de la fisiología del parásito 

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

están involucrados siete laboratorios localizados en el Reino Unido, Holanda y 

Alemania. A partir del modelo de la glucólisis de T. brucei, la idea de este consorcio 

es agregar los modelos de la vía de las pentosas y el metabolismo del T(SH)2 

(Bakker, et al, 2010).  Aunque ya existen avances con respecto a la adición de la vía 

de las pentosas 

(http://silicotryp.ibls.gla.ac.uk/wiki/Main_Page#Current_model_and_extensions), la vía 

del metabolismo del T(SH)2 no la han podido modelar debido a la falta de una gran 

cantidad de información cinética y metabólica (tesis de doctorado Gu,Xu, 

2010;Universidad de Glasgow; http://theses.gla.ac.uk/1618). Por lo tanto el modelo 

que se construyó durante este trabajo de tesis de doctorado es hasta el momento el 

primero reportado para el metabolismo del T(SH)2, 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 validación de blancos terapéuticos en el metabolismo del T(SH)2 de T. brucei 

y Leishmania empleando la estrategia genética de inhibición de la expresión en las 

células permitió establecer que TODAS las enzimas de la vía analizadas son 

esenciales para el manejo del estrés oxidante, y es muy común que esta información 

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 vía que pudieran 

tener el mayor potencial terapéutico. Aunado a lo anterior, esta estrategia de 

validación genética no se ha podido utilizar para T. cruzi debido a que las 

herramientas de manipulación genética en este parásito son aún limitadas.   

La evaluación cuantitativa de la distribución del control entre cada una de las 

enzimas permitirá identificar aquellas que tienen una función primordial para su 

funcionamiento. Desde el punto de vista metabólico, las enzimas que principalmente 

controlan la vía tendrán el mayor potencial terapéutico ya que su inhibición leve o 

moderada afectarán más el funcionamiento de la vía metabólica que la inhibición de 

una enzima que controla poco la vía.  El enfoque que se decidió seguir en este 

proyecto fue determinar la estructura de control del metabolismo del T(SH)2 en T. 

cruzi a través de la construcción de un modelo cinético (enfoque bottom-up Systems 

Biology) y la aplicación de los fundamentos del MCA que permita predecir el 

comportamiento de la vía metabólica en el parásito y poder determinar los 

coeficientes de control de cada una de las enzimas de la vía metabólica. 
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3. HIPÓTESIS 

El control del flujo y de la concentración de T(SH)2 recaerá principalmente en la 

γECS y la TryS debido a su baja eficiencia catalítica (Vm/Km) en los parásitos 

mientras que el sistema de desintoxicación de peróxidos y la TryR no ejercerán un 

control significativo sobre la vía debido a su alta eficiencia catalítica en el parásito. 

 

4. OBJETIVO GENERAL DEL PROYECTO 

Determinar cuantitativamente el grado de control que cada enzima tiene sobre 

la síntesis y la concentración de T(SH)2 a través de modelado cinético y la aplicación 

del análisis del control metabólico. 

 

5. OBJETIVOS PARTICULARES 

 

 Clonar los genes, sobre-expresar en bacterias y purificar a la γECS, GS, TryS y 

TryR de Trypanosoma cruzi 

 Caracterizar cinéticamente in vitro a estas enzimas en condiciones de pH y 

temperatura cercanas a las fisiológicas (7.4/37°C) y bajo las mismas 

condiciones experimentales. 

 Determinar los parámetros de actividades enzimáticas, concentración de 

intermediarios y flujos de la vía en epimastigotes de T. cruzi para construir la 

base de datos experimentales en la misma cepa y bajo las mismas condiciones 

experimentales. 

 Construir el modelo cinético en el programa de modelado metabólico 

GEPASI/COPASI. 

 Validar las predicciones del modelo comparando con la respuesta de la vía en 

parásitos sometidos a diferentes estados estacionarios.  
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6. ESTRATEGIA EXPERIMENTAL 
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7. METODOLOGÍA 

7.1 Determinación de los parámetros necesarios para la construcción del modelo 

cinético. 

La mayor parte de la metodología utilizada en este proyecto se encuentra 

descrita de manera detallada en el artículo titulado “Drug target validation of the 

trypanothione pathway enzymes through metabolic modeling” que se incluye en la 

sección de resultados. A continuación se describe un  resumen de la metodología. 

La construcción de este modelo requirió la determinación de parámetros 

cinéticos de las enzimas involucradas en la vía así como de la determinación de la 

concentración de metabolitos, actividades enzimáticas y flujos de síntesis de T(SH)2 

en los parásitos. 

Para llevar a cabo la caracterización cinética de la γECS, GS, TryS y TryR se 

obtuvieron a las enzimas recombinantes. Los genes que codifican para estas 

proteínas se amplificaron a partir de DNA genómico 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 cromatografía 

de afinidad a cobalto y se caracterizaron cinéticamente en condiciones cercanas a 

las fisiológicas (pH 7.4 y 37°C).  

Las concentraciones de metabolitos, actividades enzimáticas de la vía y flujos 

de síntesis de T(SH)2 se determinaron en epimastigotes de T. cruzi de la cepa 

Querétaro en tres condiciones experimentales : parásitos sin incubar (condición 

basal) e incubados durante 10 minutos en buffer PBS con 20 mM de glucosa en 

ausencia (condición control) o en presencia de 50 µM de H2O2 (condición de estrés).  

Para determinar la concentración de metabolitos se obtuvo el extracto citosólico 

y desproteinizado de los parásitos. Los tioles solubles totales, Cys, γEC, GSH y 

T(SH)2, se separaron por HPLC, se derivatizaron post-columna con el reactivo de 

Ellman (ácido 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-pthalaldehído (OPA) para los dos primeros y con cloruro de dansilo para el 

tercero, se separaron por HPLC y se cuantificaron por fluorescencia. El ATP, TS2 y 

NADP+ se determinaron enzimáticamente utilizando ensayos acoplados con 

hexocinasa más glucosa-6-fosfato deshidrogenasa (G6PDH), TryR o G6PDH, 

respectivamente. 

Uno de los aportes más importantes en cuanto a la metodología desarrollada en 

este trabajo fue haber establecido protocolos para la medición de las actividades de 

la GS y TryS en extractos de los parásitos.  Los extractos citosólicos de los 

tripanosomátidos tienen una actividad de consumo de ATP contaminante muy alto 

que dificulta cuantificar la producción de ADP de las enzimas de interés utilizando el 

ensayo acoplado de la piruvato cinasa y lactato deshidrogenasa (PK/LDH). La 

determinación de este parámetro de velocidad enzimática es crítico para la 

construcción de un modelo cinético.  La falta de estos datos experimentales ha sido 

el principal impedimento por el cual el grupo que está construyendo la célula virtual 

de T. brucei no ha podido construir el bloque correspondiente al metabolismo del 

T(SH)2.  Además, los diversos grupos que estudian esta vía metabólica desde hace 

décadas no han podido medir las actividades de estas enzimas en parásitos. Las 

actividades de GS y TryS en extractos del parásito se determinaron en ensayos de 

punto final en donde la reacción se incuba durante 30 minutos, se para con ácido 

perclórico al 3% y se neutraliza con KOH y Tris. Posteriormente se cuantifica el ADP 

producido utilizando el ensayo enzimático de PK/LDH. Para cada ensayo se 

prepararon dos reacciones, la reacción control no contenía a uno de los sustratos 

específicos (Gly o Spd); la segunda reacción contenía los tres sustratos de la GS o 

TryS. De esta manera la actividad específica de la GS y TryS se calculó de la resta 

de los nmoles de ADP presentes en la reacción con todos los sustratos menos los 

nmoles de ADP en la reacción control. En el caso de la TryS, la diferencia se dividió 

entre dos debido a que la enzima produce 2 ADPs por cada T(SH)2 sintetizado. 

Como control del ensayo enzimático, siempre se aseguró que la actividad específica 

de cada enzima fuera lineal con respecto a la cantidad de proteína del extracto lo que 

nos aseguraba que la reacción que se estaba midiendo era específica 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 parásito de 

otros tripanosomátidos siempre y cuando el ensayo se realice en condiciones de 

velocidad inicial. 

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

espectrofotométricamente la oxidación de NADPH en presencia de TS2. 

Los flujos hacia T(SH)2se determinaron incubando a los parásitos en buffer PBS 

con 20 mM de glucosa en ausencia o en presencia de 50 µM de H2O2 durante 0, 5 y 

10 minutos. Posteriormente, se cuantificó el T(SH)2 presente en cada una de estas 

condiciones. El flujo se calculó a partir de la pendiente de la gráfica obtenida al 

graficar los datos obtenidos.  

Para construir el modelo se utilizó el programa GEPASI y su versión actualizada 

COPASI. Para esto, se introdujeron los parámetros cinéticos de las enzimas 

recombinantes (valores de Km, Ki para los ligandos) y la Vmax de las enzimas en el 

extracto así como las concentraciones iniciales de metabolitos en los parásitos. Las 

reacciones que se incluyeron en el modelo fueron las de síntesis de GSH (γECS, 

GS); síntesis de T(SH)2 por la TryS, el suministro de poliaminas (transportador de 

Spd); la demanda de T(SH)2 (estrés oxidante) y su regeneración  por la TryR; las 

fugas de metabolitos (Spd, GSH y T(SH)2) que se observaron experimentalmente. 

Además se incluyó el sustrato H2O2 en la reacción de demanda de T(SH)2 y la fuga 

de GSH para poder simular condiciones de ausencia y presencia de estrés. A cada 

una de las reacciones se le asignó una ecuación de velocidad que está relacionada 

con su mecanismo cinético de reacción. 

 Para validar el modelo se compararon las concentraciones de intermediarios y 

de flujos metabólicos que predecía el modelo con las determinadas 

experimentalmente en los parásitos en las distintas condiciones.   
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7.2 Metodología de los resultados no incluidos en el artículo 

7.2.1 Determinación de la actividad de la GS y la TryS en extractos del parásito 

utilizando diferentes inhibidores de ATPasas. 

A continuación se describen experimentos posteriores a la publicación del 

artículo para mejorar el método de medición de dichas actividades. Esto se debió a 

que los revisores del artículo 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 utilizó una mezcla de 

inhibidores de ATPasas que se agregó al medio de reacción enzimático.  La mezcla 

contenía 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 NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 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 KCl, 1 mM DTT y 1 mMfluoruro de fenil metil sulfonilo (PMSF)) y se 

rompieron por tres ciclos de congelación/descongelación. El lisado total se centrifugó 

a 20 817 x g durante 10 min y la actividad de las enzimas se determinó 

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 MgCl2, 2 mM de ATP, 0.4 mM 

de γEC y 8 mM de Gly para la GS; y 10 mM de MgCl2, 2 mM de ATP, 11 mM de Spd 

y 8 mM de GSH para la TryS y se inició la reacción con 0.1-0.2 mg de proteína del 

extracto.  En paralelo, se hizo una mezcla de reacción similar sin incluir Gly para la 

GS y sin Spd para la TryS las cuales se utilizaron como controles de la actividad de 

ATPasa; además se realizaron las mismas mezclas de reacción en presencia de la 

mezcla de inhibidores. La reacción se incubó durante 15 ó 30 minutos a 37 °C y se 

detuvieron con ácido perclórico al 3% (v/v) y se centrifugaron a 20 817 x g a 4°C 

durante 10 minutos para eliminar la proteína precipitada. Los extractos se 

neutralizaron con diferentes volúmenes de 3M KOH/0.1 M Tris.  El ADP se cuantificó 
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espectrofotométricamente usando el ensayo acoplado a la PYK/LDH.  La cantidad de 

nmoles producidos por la reacción de GS o TryS se obtuvieron de la diferencia entre 

la reacción que contenía todos los sustratos y su control.   

7.2.2 Polimorfismos del gen de GS en diferentes cepas de Trypanosoma cruzi  

Debido a que no existían reportes para la GS en ningún tripanosomátido, se 

caracterizó tanto genéticamente como cinéticamente a esta enzima en T. cruzi y se 

preparó un artículo para su publicación.  Sin embargo, debido a la exigencia de los 

revisores, los datos cinéticos se tuvieron que incluir en el artículo “Drug target 

validation of the trypanothione pathway enzymes through metabolic modeling” y la 

caracterización genética ya no se incluyó.  A continuación se describe la metodología 

utilizada para determinar cuántos genes de GS están presentes en las cepas Ninoa y 

Querétaro, las cuales se utilizaron para la obtención de las enzimas recombinantes y 

para la determinación de actividades en el parásito, respectivamente.  Así mismo, se 

comparó 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 genómico se aisló de epimastigotes de T. cruzi de las cepas CL Brener, 

Ninoa y Querétaro como se describió en Berzunza-Cruz et al, (2002). El DNA se 

digirió con las enzimas de restricción Hind III o Pst I y los fragmentos se separaron 

por electroforesis en geles de agarosa y se realizó el análisis tipo Southern blot como 

se describió en Palma-Gutiérrez et al (2008) usando como sonda el gen de TcGS de 

la cepa Ninoa el cual teníamos clonado y secuenciado. 

Expresión del mRNA de GS en las cepas Ninoa, Querétaro y CL Brener de T. cruzi 

a) Aislamento de RNA  

Se cosecharon 2x108 epimastigotes a 4500 x g por 15 min y se lavaron dos 

veces con buffer PBS.  Se eliminó el sobrenadante y se mantuvo el precipitado en 

hielo.  Se agregó 1 mL de Trizol (Sigma) se agitó por 1 min, se incubó por 10 min a 

4°C y después 5 min a temperatura ambiente.  Se adicionaron 200 µL de cloroformo, 

se mezcló por inversión y se incubó por 3 min a temperatura ambiente.  Pasado este 
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tiempo, la mezcla se centrifugó a 12 800 g durante 15 min a 4°C y se recuperó la 

fase acuosa. Se adicionó 1 volumen de alcohol isopropílico, se mezcló por inversión 

y se incubó por 10 min a temperatura ambiente. Se centrifugó a 12 800 g durante 15 

min a 4°C y se decantó el sobrenadante. El precipitado se lavó con 1 mL de etanol al 

75% frío, se mezcló por inversión con mucho cuidado, sin agitar, sólo se lavó por la 

superficie.  Posteriormente, se centrifugó a 12 800 x g durante 15 min a 4°C; se 

decantó el sobrenadante se dejó secar la pastilla por 10 min y posteriormente se 

resuspendió en agua tratada con DEPC y se cuantificó el RNA. 

Se trataron 18 µg de RNA con 1U de DNAsa incubando durante 15 min a 

temperatura ambiente.  Se agregó EDTA a una concentración final de 2.5 mM y se 

calentó por 10 min a 65°C. 

b) Síntesis de cDNA y amplificación del gen de la GS 

En un volumen de 20 μl se mezcló lo siguiente: 5.5 mM MgCl2, 0.5 mM de 

desoxiribonucleótidos (dNTPs), 2.5 M de random hexamers, 250 ng oligo dT16, 0.4 

U de inhibidor de RNasa y 1.25 U de transcriptasa reversa.  La síntesis de cDNA se 

llevó a cabo por incubaciones seriadas de 10 min a 25 °C, 30 min a 48ºC y 5 min a 

95ºC.  Se tomaron 5 µL de la reacción anterior y se realizó una reacción en cadena 

de la polimerasa (PCR) utilizando los cebadores diseñados para la GS descritos en 

el artículo (Olin-Sandoval et al, 2012).  Los productos de PCR se separaron por 

electroforesis, se purificaron del gel y se digirieron con la enzima de restricción Hind 

III.  Los productos de la digestión se separaron por electroforesis para verificar el 

resultado.  En paralelo, se amplificó el gen de la GS a partir de DNA genómico y se 

procesaron de manera similar a los amplificados de GS a partir de cDNA.
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8. RESULTADOS 

8.1  Validación a través de modelado metabólico de algunas de las enzimas de la vía de 

síntesis de T(SH)2 como blancos terapéuticos 

Los resultados de este trabajo se publicaron en el siguiente artículo:  

Olin-Sandoval V, González-Chávez Z, Berzunza-Cruz M, Martínez I, Jasso-
Chávez R, Becker I, Espinoza B, Moreno-Sánchez R, Saavedra E (2012) Drug 
target validation of the trypanothione pathway enzymes through metabolic 
modelling FEBS J 279, 1811-1833 

A continuación se describe un resumen de los resultados. 

Con el objetivo de validar a algunas de las enzimas del metabolismo del T(SH)2 

como blancos terapéuticos desde un enfoque de control metabólico aplicando los 

preceptos del MCA, se construyó un modelo cinético de la vía utilizando el programa 

de computadora GEPASI/COPASI. Para la construcción y validación del modelo se 

determinaron experimentalmente los parámetros cinéticos (Km y Ki) de las enzimas 

en su forma recombinante (γECS, GS, TryS, TryR); así como la Vmax, 

concentraciones de intermediarios y flujos de síntesis de T(SH)2 en epimastigotes de 

T. cruzi. 

Para la caracterización 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 proteínas se sobre expresaron en E. coli  BL21 (DE3).  Las proteínas 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 

caracterización cinética de la GS que se realizó en este trabajo es la primera que se 

reporta para tripanosomátidos. 

Como parte de la caracterización de las enzimas de la vía también se determinó 

si algún metabolito de la vía diferente a sus sustratos o productos ejercía algún 

efecto sobre su actividad (Tabla 1).  La retro-inhibición de la γECS por GSH, el 

metabolito final de la síntesis de GSH, fue el único tipo de inhibición con relevancia 

fisiológica debido a que el valor de Ki se encontraba cercano al intervalo de 

concentración fisiológica. 
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Por otro lado, se determinaron las concentraciones de metabolitos, las 

actividades enzimáticas y los flujos de la vía en epimastigotes en tres condiciones 

diferentes: sin incubar (condición basal) e incubados en ausencia (condición control) 

y presencia de 50 µM de H2O2 (condición de estrés). Los metabolitos que cambiaron 

de manera estadísticamente significativa entre las condiciones experimentales fueron 

la Spd, la cual disminuyó en un 80% debido a la incubación; y el GSH, el cual 

disminuyó 48% en presencia de estrés con respecto a la condición control. En el 

caso del T(SH)2, a pesar de no tener un cambio significativo en las diferentes 

condiciones, en la mayoría de los experimentos su concentración mantuvo una 

tendencia a disminuir en presencia de estrés con respecto a las condiciones basal y 

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

Este trabajo reporta los primeros valores de actividades enzimáticas de GS y 

TryS en tripanosomátidos los cuales se encuentran entre 4-8 mU/mg de proteína 

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 proteína 

celular.  Desafortunadamente, no se pudo determinar de manera confiable la 

actividad de γECS en el extracto debido a que su actividad debe de ser más baja que 

la de la GS y TryS y a la alta actividad contaminante de consumo de ATP en el 

extracto citosólico, aunado a que la enzima es catalíticamente poco eficiente. 
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Enzima  Tiol Co-sustrato Co-

sustrato/coenzima 

Efecto por otros 

metabolitos de la vía** 

 Vmax* Kmapp** kcat/Kmapp*** Kmapp** Kmapp**  

γECS 0.37 ± 0.1 
(3) 

Cys 0.21 ± 0.1 
(3) 

2.4x10
3 

Glu 0.13 ± 0.04 
(3) 

ATP 0.04 ± 0.012   
(3) 

KiGSH 1.6 (2) 

KiγEC 0.43 (2) 

GSSG > 0.003 

GS 2.04 ± 0.7 
(3) 

γEC 0.04 ± 0.01 
(3) 

1.1x10
5
 Gly 1.2 ± 0.3    

(3) 
ATP 0.03 ± 0.01     

(3) 
KiGSH versus Gly 

12 ± 0.6 

KiGSH versus ATP 

11 ± 1 

KiGSH versus γEC 

14.6 ± 5.6 

TS2>0.005 

GSSG > 0.003 

Spd, Spm  > 2 

TryS 1.04 ± 0.5 
(3) 

GSH 0.76 ± 0.21 
(3) 

1.6x10
3
 Spd 0.86 ± 

0.095 (3) 
ATP 0.07 ± 0.04 (3) GSSG > 0.003 

T(SH)2> 1 

TS2> 0.005 

TryR 531 ± 137 
(3) 

TS2 0.023 ± 
0.006 (3) 

4.3x10
7
  NADPH 0.009 ± 

0.005 (3) 
T(SH)2> 1 

*U/mg proteína  ** mM   ***M-1s--1

Tabla 1. Caracterización cinética de las enzimas recombinantes de la vía de síntesis y regeneración de 

T(SH)2 
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Los flujos de síntesis deT(SH)2 se determinaron en las condiciones control y de 

estrés.  Se observó que el estrés oxidante promueve un incremento en el flujo hacia 

T(SH)2 de casi el doble, de 1 a 1.9 nmol/min mg de proteína (Tabla 2, columnas 4 y 

6).  La velocidad de flujo tan baja hacia T(SH)2 se debe principalmente a la baja 

actividad de las enzimas de síntesis de este metabolito.   

Para la construcción del modelo se utilizaron los parámetros cinéticos de las 

enzimas recombinantes (valores de Km, Ki para los ligandos) y la Vmax de las 

enzimas en el extracto así como las concentraciones iniciales de metabolitos en los 

parásitos. Después de un extenso proceso iterativo de experimentación y modelado, 

el modelo se refinó comparando las concentraciones de intermediarios y de flujos 

metabólicos que predecía el modelo con aquéllas determinadas experimentalmente 

en los parásitos en las distintas condiciones. Las predicciones del modelo final dieron 

valores muy similares a los observados in vivo al variar la concentración de H2O2 (2.5 

a 20 µM) así como el valor de la constante de velocidad de la fuga de GSH, Spd y 

demanda de T(SH)2 (Tabla 2).  La fidelidad de las predicciones del modelo con el 

comportamiento de la vía in vivo es un parámetro de validez que se aplica a los 

modelos cinéticos. 

Predicciones del modelo validado 

El modelo final al que se llegó 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 distribución de control de la vía 

permaneció 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 variación en la concentración del H2O2 ya que a concentraciones 

mayores de 20 µM, la demanda de T(SH)2 agotaba las pozas de este metabolito. A 

pesar de este inconveniente, las predicciones del modelo utilizando10 µM del 

peróxido eran similares a las que se habían determinado experimentalmente en 

parásitos expuestos a 50 µM del peróxido. Esto podría sugerir que in vivo los 

parásitos pudieran haber estado expuestos a concentraciones menores a los del bolo 

inicial y el resto del H2O2 reaccionó con el medio de incubación. 
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Coeficientes de control de las enzimas de la vía 

Este modelo validado y robusto determinó que el flujo de síntesis de T(SH)2 

está controlado principalmente por la γECS, la TryS y el SpdT (Tabla 3) debido a la 

baja actividad y eficiencia catalítica de las enzimas en los parásitos; mientras que la 

concentración de T(SH)2 está 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.  

Experimentación virtual 

El modelo permitió hacer el experimento virtual de “inhibir” la actividad de las 

enzimas de la vía de manera individual o combinada.  Este tipo de experimentos no 

son posibles de realizar en T. cruzi porque no hay inhibidores específicos para cada 

enzima y los ensayos de manipulación genética son limitados y, aunque es factible 

de realizarse en T. brucei y Leishmania, se requeriría  de un gran esfuerzo 

experimental. 
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  Predicciones del modelo a # 2.5, § 5 y & 20 M H2O2.  * La concentración (mM) se determinó 

considerando que 108 epimastigotes de T. cruzi corresponden a 3 μL. Los valores son el 

promedio ± SD.  ** Metabolitos considerados fijos en el modelo. *** Flujos (J) en nmol min-1 

mg proteína-1. NI, no incluidos en el modelo.  GSHtot indica la concentración de GSH reducido 

y oxidado.  a recalculado considerando que la proporción de NADP/NADPH es igual a 0.31 en 

epimatigotes de T.cruzi de la cepa CL Brener.  b concentración de Spd en suero.  Estadística 

t-student: c p<0.01 vs t=0; d p<0.05 vs t=0; e p<0.05 vs t=10; f p<0.5 vs t=0; g p<0.2 vs t=0; h 

p<0.2 vs t=10.

condición 

(min) 

basal 

t=0 

control 

t=10 

+ estrés 

t=10 50 M H2O2 

Metabolito 

(mM)* 

In vivo Modelo
#
 In vivo Modelo

§
 In vivo Modelo

&
 

 Glu 8.3 ± 1.3    (3) 

 

** 9 ± 1           (3) ** 7.7 ± 1            (3) ** Gly 13 ± 1.6 (3) 

 

** 9 ± 1.7 (3) ** 12 ± 4 (3) ** Cys 0.3 ± 0.14 (3) ** 0.4 ± 0.1(3) 
d
 

 

** 0.3 ± 0.07(3) 
d,e

 ** 

γEC 0.15 ± 0.09 

(3) 

 

0.076 0.13 ± 0.08(3) 

 

0.082 0.1 ± 0.04 (3) 

 

0.09 

GSHtot 0.8 ± 0.26(4) 

 

0.68 0.77 ± 0.3 (3) 0.92 0.4 ± 0.05 (3) 
d, e

 0.5 

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

TS2 0.5± 0.24(3)
 

 

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

NADP
+
 0.039±0.02(3) 

 

0.026 0.026±0.012(3)
f 

 

 

0.026 0.012±0.004(3)
g,h 

 

0.025 

NADPH
 

0.12
a
 

 

0.08  0.084
a
 0.084 0.04

a
 0.085 

Spdint 1.2 ± 0.06 (3) 0.8 0.2 ± 0.08 (3)
c
 

 

0.33 0.2 ± 0.13 (3)
c
 

 

0.35 

Spdext 0.0011
b
 

 

** 0.0011
b
 

 

** 0.0011
b
 

 

** 

ATP 4 ± 0.6         

(3) 

NI 4.6 ± 0.9(3) 

 

NI 3.4 ± 1.1(3) NI 

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

JTryR/ demanda 

T(SH)2 

 252  248  246 

Tabla 2.  Metabolómica de la vía del T(SH)2 en parásitos y concentraciones de 

metabolitos predichos por el modelo  
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Tabla 3. Coeficientes de control de las enzimas sobre el flujo de síntesis de T(SH)2  

 

 

 

 

 

 

 

 

 

 

 

 

 

*El flujo que se consideró fue el de la reacción de la TryS. El signo negativo en el 

coeficiente de control de flujo indica que esas actividades no favorecen la síntesis 

de T(SH)2 porque consumen precursores para su síntesis, o son responsables de 

su regeneración. 

condición basal control + estrés 

enzima/ 

proceso (Ei) 

CJ
Ei* 

 

γECS 0.84 0.58 0.7 

GS 0.0011 6.5 x10-4 9.8x10-4 

TryS 0.14 0.49 0.58 

SpdT 0.016 0.24 0.22 

TryR -0.0029 -0.012 -0.0095 

demanda de 

T(SH)2  

0.003 0.012 0.0095 

suministro de 

NADPH  

-3 x10-5 -1.6 x10-4 -5.5x10-5 

fuga de Spd  -1.5x10-4 -0.17 -0.17 

fuga de GSH -8.2 x 10-5 -0.14 -0.35 

fuga deTS2 1.5x10-4 7.7x10-4 6.9x10-4 
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Tabla 4. Coeficientes de control de las enzimas sobre la concentración de T(SH)2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Los coeficientes negativos indican que las reacciones consumen T(SH)2 o los 

precursores para su síntesis. 

 

 

 

 

 

 

 

 

 

 

 

condición basal control + estrés 

enzima/ 

proceso (Ei) 

C[T(SH)2]
Ei 

ECS 0.04 0.038 0.053 

GS 5.7 x10-5 4.2x10-5 7.25x10-5 

TryS 0.007 0.03 0.04 

SpdT 8.8 x10-4 0.015 0.016 

TryR 0.98 0.97 0.99 

demanda de T(SH)2  -0.99 -0.99 -0.99 

suministro de 

NADPH  

0.01 0.013 0.0058 

fuga de Spd  -7.9 x10-6 -0.01 -0.013 

fuga de GSH  -4.4 x 10-6 -0.009 -0.026 

fuga de TS2 -0.05 -0.062 -0.072 
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Tomando como un punto de partida que se quisiera disminuir en un 50% el flujo 

de la vía, el modelo predijo que era necesario inhibir a la γECS, TryS o al SpdT en un 

58%, 63% y 73%, respectivamente, o en un 40% si se inhiben simultáneamente a las 

tres mientras que la TryR tendría que inhibirse en más de un 98% (Figura 6A) para 

obtener el mismo efecto lo que podría explicar el poco éxito que se ha obtenido 

utilizando inhibidores para esta enzima. Por otro lado, aunque la demanda de T(SH)2 

y la TryR controlaron la concentración de T(SH)2, el modelo predijo que la γECS y la 

TryS también controlaban la concentración del metabolito cuando se inhiben más del 

70% (Fig 6B). Otra predicción interesante fue que para inhibir la concentración de 

T(SH)2 en un 50%, era necesario aumentar la demanda de T(SH)2 (estrés oxidante) 

en un 200%; o bien, combinar un incremento en 60% de la demanda de T(SH)2 junto 

con una disminución del 25% en la actividad de la TryR (Figura 6C). En contraste, 

solamente existe un efecto sinérgico si la demanda de T(SH)2 aumenta un 200% y la 

γECS se inhibe más del 75% (Figura 6D) debido principalmente al menor control que 

tiene esta enzima sobre la concentración de T(SH)2.  La combinación del incremento 

en la demanda de T(SH)2 con la inhibición de la γECS y la TryS, no tuvo ningún 

efecto sobre el flujo hacía T(SH)2(Figura 6E y 6F).  

Con esta experimentación in silico, en este trabajo se pudo resaltar la 

importancia de la aplicación del MCA y del modelado cinético para identificar a los 

blancos con mayor potencial terapéutico en el metabolismo del T(SH)2 en T. cruzi, 

siendo la γECS ≥TryS >> SpdT los más importantes debido a su alto control en el 

flujo y en la concentración del metabolito. Las predicciones de este modelo nos 

permitirían enfocarnos en la validación experimental de estas enzimas como blancos 

terapéuticos utilizando inhibidores o plásmidos titulables como una perspectiva de 

este trabajo. 

La utilidad del modelo no solamente se circunscribe a la vía de T. cruzi.  Este 

modelo puede servir como base para evaluar la distribución de control de la vía para 

otros tripanosomátidos para lo cual se requeriría determinar menos parámetros que 

los que se tuvieron que determinar en este estudio.  Por ejemplo, midiendo las Vmax 

de las enzimas, las concentraciones de GSH, T(SH)2 y poliaminas y el flujo de 
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síntesis de T(SH)2 y hacer la modificación de la síntesis de novo de Spd por la 

reacción de la ornitina descarboxilasa se podría determinar la distribución 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 disminución en la actividad de γECS, TryS, SpdT, TryR, o de sus 
combinaciones sobre el flujo a través de la TryS. B. Efecto de la disminución de γECS, 
TryS, SpdT y TryR sobre la concentración de T(SH)2. C. Efecto del incremento en la 
demanda de T(SH)2 a diferentes actividades de TryR. D. Efecto del incremento en el 
bloque de demanda de T(SH)2 a diferentes concentraciones de γECS. E y F. No existe 
efecto sinérgico sobre la concentración de T(SH)2 cuando se combina la inhibición de 
γECS and TryS. Para C-F, las actividades en la derecha se modularon en un 100, 75, 
50, 25 y 1% de su valor original de Vmax. Algo importante de resaltar es que el 100% 
de actividad es diferente para cada enzima siendo 2 órdenes 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 γECS y la TryS. 
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Table $2. GS and Try$ acttvltle-$ determln~tlon In par;¡~ lte cytosollc extrae~ 

GS TryS 

m9 ¡;wlf:;u¡ 1.1! 0. 1 0.~ (J.1 O.:! 
r;)'l'.J'i.Oht: h <.1C'JOTI 

Rcac.tico conditicns· nn~I ,\DP lot>l nmcl ,"{)p total nmol t'DP total activit•l nmof ,\DP oo-.al ;Xtiy·Jt\· 
r ro.1ur.P.d ~rli!Ji"'t fA'Odur~ Ot:ii•áry pmd'ur~ (ml l'mg r.P.II pmd11r.P.d fmll!mg r.P.!I 

(lull'u¡
1 

(1nlJ/u;l; p1o1:• Jl!li. ) 
Ll:l;l pcul t:<:fl ,:.•el 

A•:•hhuu ' ' ' ull ~ 111 1:{/ t-1?1{ RH !'l{lf. 1~ /ll~ llo 
suhs!wl .,;~,. 

Absf!nt:H nf Olti1 ~ft!'i '1/S ·1~0 ~o ·t~ 1 1M f! 17 ¡n;.; 
~p~df$1': ::.ul\;:.l~tP. •• 

(A I I ';m; <lt;.l\'ll\'i 

c-.mol Anr ?!i ... 4!i R9 
pr<Oduced b\' es cr 
Tr•S 
Spc·cifi..:- cnz·¡mo 
ao::tivit't 8.3 g 7.s•H 7.4~~ .... 
n mol ,'flun•mg protcln 

'Th~ r<'!t: f:!'iilti \•.-...;~ ~II'IJ)j";oo;d •)ft~ J(J mili illt:Uh:."Jtii:·u; Al ~7°C ' ' fnr CS (¡fy WA~ nh~~nt \Vhl'<h'eF.t..._ k ,r Trv·S lhe rt'IF.t:'kll1 
!tJCkP.d ~=;prt Thl'< ~J'A'!dfic ..-rr7ymP. •"'<.t i'Jit•; ·.·m~ cnl<'.:u!AIP.d by <livirfirt!J l)nl\"11 .e..nr flN).11Jt:<"'li h\• e~: ~·'JI' Tr .. '$ by 30 min r.nr! 
n1tdti¡;.Mng by 1 O W.1 m¡:¡j cr 5 f0.2 mai); ••• th~ s¡;.ecifi~ ::1-:tivit't is o:Ji .. .;ide~ b·,· twc be.:aus~ two ATr nicle-cule'$ ar~ 
C(liWJmcd pcr ~·tntOO~izcd T(SHh. m U are rrnolo.::~:rnin. 
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V. M' 1'OIW . .. IUI"'G ce" pro" " 1 
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O,~)4)=oJ,~~)3 
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O.OOI!&' ;) .OO,oe·.;)') 2:-

0.0043' O .OOl~ , ;) . ·X>X 

0.:><>4' 0.21~ " 10 \ 

10010 S. En.,..., ••• , ",,_ 'n pol • • m. . , ,,. ,,, • •• ".,. ... ,. d"", . ........ _ 

VOl"" 1'CIW . .. IUI"'G ce" prOIe "1 

En"""o 

" ,~ 
,~ 

" rr. , 

o,ro:,"oIl ,~~)3 

O,~J4 )={W~)3 

0,2[>7 oIl,OOó l 

'" ~." '0,.." . ,11>, 

0.00/10' ~ .OO7=(} . il 'lD 

0.004'- 0.00 )(' , ;J .,})X , 

0.2<>4' ~ .2'~ " 10 , 
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Tabl~ $9. Elastlelty eo~tllel~nt• 

EnzymeJcon t:•" 
... '" ... ~: .. ro.llt:hall· '· c::um.d1~:lr ;¡h.: l <l~ll.lt:l 

dition 
o 10 10+ o 10 10+ o 10 10+ 

HJO;; H,O,. H;O,.. 
VE<:S (~·~. { .01!1 .,~~:: 

JnniUito• ~GSI Ij 

0.37 0.21::• 0.32 0 .12 o 17 o.' .().000?. -0.0008 , -0 .000')5, 
.().1 1 -0.1~ -0.0~ 

GS ,ce Gt;' GSI I 
0.73 0.72 0.7 0.25 0.21): 0 .27 -0.005 .1).005 -C.OOS 

TryS CSH SpcJ.,; T(SH~. 
O.V5 OAO 0.7 O"'> o.sv 0.-1C ·0 .021 -0.02{; ~l01 7 .... _ 

SpdT SJ.~IJ..., Sp<l. 
3.1 0.{•5 0.09 NA ·2.i -0.13 ·0.-10 

T(SH)z TcS-i;'l H!Ol TS2 

demand 1 1 1 1 1 ·, -2x JO'~ -l .~•lC. 'I 'Y .. - 1.-ix iC ..... 

TryR IS: N!\l lt-'H I{SH~; 
NACP 

0.05 O.OG 0.07 0 .01 0 .02 0 .01 -0.0·1: ·O.C1: -0.00·1: 
O Ulltiti \J\JCJH (! 1!{~ 

NADPH NAO~ N.6.DPI I 

9UDDIY 1 o~ 1 (¡;'i 1 o.~ NI\ .(HI:\ .() OR -(¡ (J~ 

Spd leak spc: ... 
NA tJA 

1 1 1 
GSH leak G~H H1U2 

1 1 1 1 1 1 NA 

TS2 1uk TS, 

1 1 1 NA tJA 

NA •'.Jot ;: li.-:t:tniF.o rr> 
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8.2 RESULTADOS Y DISCUSIÓN DE LOS DATOS NO PUBLICADOS 

 A continuación se describen y discuten los resultados de los experimentos que 

no se incluyeron en el artículo (Olin-Sandoval et al, 2012) 

8.2.1 Determinación de la actividad de GS y TryS en extractos del parásito 

utilizando inhibidores de ATPasas 

Como se discutió en el artículo publicado, la actividad de GS y TryS en el 

extracto de epimastigotes fue muy difícil de determinar debido a la presencia de una 

actividad contaminante de ATPasa muy alta por lo que las actividades calculadas de 

dichas enzimas correspondían aproximadamente al 8-11% del consumo de ATP total 

en la mezcla de reacción.  La manera en que se validó el método fue que la actividad 

específica de la GS y TryS tuviera un comportamiento lineal con respecto a la 

cantidad de proteína utilizada en el ensayo (lo que no ocurre con la actividad de 

ATPasa) y además de que hubiera una menor producción de ADP en ausencia de 

uno de los sustratos específicos de la TryS o GS. Ambos controles son 

indispensables incluso cuando se determina la actividad de una enzima purificada. 

Sin embargo, para validar aún más el método, se decidió explorar el uso de una 

mezcla de inhibidores para F y P ATPasas que incluía 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 más del 11% de la 

actividad ATPasa total en la reacción haciendo más confiable la medición. 

La presencia de los inhibidores promovió una disminución 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 reacción, lo que le dio más confiabilidad 

al método. En el caso de la TryS, utilizando el doble de la proteína se obtuvo el doble 

de la actividad de la enzima solamente en el tiempo de 30 min de reacción. A 

menores tiempos no se pudo obtener una correlación lineal con la proteína utilizada.  

Por otro lado, la reacción de GS sólo 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 

varían 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 podría depender del proceso de obtención del extracto clarificado. 

Debido a lo anterior, lo más 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 más la técnica 

desarrollada para medir estas enzimas en extractos del parásito. 
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Tabla 5. Actividades de GS y TryS en extractos de epimastigotes de T. cruzi en ausencia y presencia de 

inhibidores de ATPasas 

Condicion experimental GS  TryS 

incubación (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 

Reacción con todos los 
sustratos  

200 78 282 109 119 82 204 124 182 99 224 121 

Reacción en ausencia de 
uno de los sustratos  

203 84 265 97 120 84 194 110 181 87 231 97 

Reacción específica de 
GS o TryS  

NR NR 17 12 NR NR 11 14 1.5 12 NR 24 
 

 Actividad específica  

mU/mg de proteína NR NR 2.8 2 NR NR 1.8* 2.3* NR 1.95* NR 2* 

 

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

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

T(SH)2 producido. 
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Un aspecto muy importante es el hecho de que con este protocolo de 

determinación de la actividad de GS se obtienen valores en el mismo intervalo de 

actividad que los reportados por otras metodologías para otros modelos biológicos tal 

como se discute en el artículo. 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 vía metabólica. 

 

8.2.2 Polimorfismos del gen de la GS en diferentes cepas de Trypanosoma cruzi 

Como parte de la realización de este proyecto de tesis, se tuvo que caracterizar 

tanto genéticamente como cinéticamente a la GS de T. cruzi debido a que no habían 

reportes en ningún tripanosomátido. Considerando que la cepa CL Brener la cual es 

la que se secuenció su genoma tiene dos marcos de lectura abiertos (ORF, por las 

siglas en inglés de open reading frame) que codifican para GS, la caracterización 

genética en las cepas mexicanas que utilizamos permitiría determinar si la actividad 

de GS presente en los parásitos correspondía al producto de uno o dos genes. Por 

otro lado, la caracterización cinética aportaría los parámetros cinéticos necesarios 

para la construcción del modelado cinético. Los resultados de este trabajo se 

prepararon en un artículo que tenía como título “Glutathione synthetase and 

antioxidant metabolism in Trypanosoma cruzi”. Este trabajo no se publicó debido a 

que los revisores del artículo publicado en FEBS J (sección 8.1) demandaron la 

inclusión de todos los datos bioquímicos de la GS en este último. Es por ello que los 

resultados de los polimorfismos del gen que codifica para esta enzima no se 

incluyeron en este artículo por quedar fuera del objetivo principal del trabajo. Estos 

resultados, se describen a continuación. 

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 nucleótidos y 

de secuencia de aminoácidos, respectivamente. Algo importante de resaltar fue que 

uno de los genes (GS1) contenía dos sitios de reconocimiento para la enzima de 

restricción Hind III en los nucleótidos 262 y 677 mientras que el gen GS2 carecía 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 diseñaron 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 genómico de las dos 

cepas nacionales, se obtuvo solamente un producto de PCR de 1600 bp. 

Posteriormente, este gen amplificado se digirió con la enzima Hind III obteniéndose 

únicamente dos bandas de ~ 900 y 700 bp (Figura 7A). Por otro lado cuando se 

realizó el mismo análisis utilizando DNA genómico de la cepa CL Brener se obtuvo el 

patrón de restricción correspondiente a la presencia de ambos ORFs (1600, 900 y 

700 bp). Esto sugirió que las cepas Ninoa y Querétaro presentaban un gen único que 

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

Posteriormente, los genes de GS de las cepas Ninoa y Querétaro se clonaron 

en el vector pGEM T-Easy y se secuenciaron. La secuencia demostró que los genes 

de GS de estas dos cepas presentaban un 99.9% y 100% de identidad en las 

secuencias de nucleótidos y aminoácidos, respectivamente. Además, se encontró 

que ambos genes carecían de un codón que codificaba para alanina en la posición 

372 la cual está presente en ambos ORFs de CL Brener (datos no mostrados). No se 

ha reportado alguna función catalítica o de unión de sustratos de la Ala-372 por lo 

que, hasta el momento, no podemos saber si la carencia de este amino ácido en las 

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

Por otro lado, para determinar si existían más copias de genes de GS en la 

cepa Querétaro (en la cual se determinaron los parámetros in vivo para el modelo), 

se realizó un análisis tipo Southern blot utilizando como sonda el gen de GS clonado 

y el DNA genómico digerido con Hind III (Figura 7B). El resultado de este análisis 

mostró dos bandas de hibridación con un peso molecular alto lo que sugería la 

presencia de un solo gen para GS en esta cepa. Se demostró la especificidad de la 

hibridación hacia el gen de GS al digerir el DNA genómico con Pst I, el cual contenía 

4 sitios de restricción en el gen. El patrón de hibridación mostró bandas con tamaños 

de ~730, 400 y 300 bp y una de peso molecular muy alto, las cuales correspondían al 

patrón de restricción esperado para un gen de copia única a pesar de que la banda 

que correspondía al extremo 3’ del gen no apareció probablemente debido al tamaño 
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tan pequeño. Esta información fue suficiente para corroborar que el gen se 

encontraba en copia única 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 expresión de el/los genes de GS en las 3 cepas, se aisló 

RNA total de las tres cepas crecidas en ausencia de estrés oxidante, se sintetizó el 

cDNA y se amplificó el cDNA de la GS. Posteriormente, el producto de PCR se digirió 

con Hind III. 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 conclusión de este análisis 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 organización de los genes de GS en estas tres cepas 

también se han observado para proteínas de respuesta a estrés por calor (SHSP16). 

Esto se debe principalmente a que la cepa CL Brener es un híbrido de al menos dos 

grupos de cepas de T. cruzi (Brisse et al, 1998).  Esto se ha demostrado mediante 

diferentes análisis 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 genómico 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 amplificación se cortaron con Hind III (Carriles 

2,4 y 6).  

B)  Southern Blot of T. cruzi  cepa Qro. El DNA genómico se digirió con Hind III 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 aisló el RNA de los parásitos y 

posteriormente se sintetizó el cDNA.  Los cDNAs de GS se amplificaron (Carriles 1,3 y 5) y se 

cortaron con Hind III (Carriles 2,4 y 6). 
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9. DISCUSIÓN GENERAL 

 

El MCA permite determinar la proporción en la que cada una de las enzimas de 

una vía controla el flujo de síntesis así como la concentración de sus intermediarios. 

Por otro lado, el objetivo de la biología de sistemas es construir modelos 

matemáticos con la capacidad de predecir el comportamiento de una vía metabólica 

de un organismo. El enfoque “bottom up” en biología de sistemas pretende crear 

modelos a partir de las propiedades básicas (características cinéticas) de sus 

elementos más fundamentales que son las enzimas (Westerhoff, 2011). La 

combinación del modelado metabólico y MCA nos permite conocer los mecanismos 

de control de una vía metabólica y puede ser una herramienta poderosa muy útil para 

la identificación de blancos terapéuticos (Hornberg, 2007). Por lo tanto, la 

construcción de este primer modelo cinético del metabolismo del T(SH)2 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 vía metabólica. 

A diferencia de otros modelos cinéticos del metabolismo de los tioles en los 

cuales los parámetros utilizados para su construcción se tomaron de distintos 

reportes científicos en donde se determinaron en distintas condiciones 

experimentales (pH, temperatura, cepas, estadio, etc.) (Mendoza-Cózatl y Moreno-

Sánchez, 2006), el trabajo experimental que se realizó en esta tesis involucró la 

obtención de la base de datos completa. Éstos incluyen la obtención de las enzimas 

recombinantes de la misma especie; los parámetros cinéticos determinados bajo las 

mismas condiciones de pH y temperatura las cuales fueron cercanas a las 

fisiológicas; las actividades enzimáticas, las concentraciones de metabolitos y los 

flujos hacia T(SH)2 determinados in vivo en epimastigotes de T. cruzi de la misma 

cepa. Así mismo, la determinación de todos estos parámetros se llevó a cabo en tres 

condiciones experimentales. Esto nos permitió construir un modelo cinético validado 

con una alta capacidad predictiva, ya que puede modelar el comportamiento de la vía 

en diversas condiciones experimentales.  

Los resultados del modelo permitieron identificar que el control del metabolismo 

del T(SH)2 se encuentra repartido entre varias enzimas y que no existe una única 
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etapa limitante en esta vía. El control de la síntesis de T(SH)2 está distribuido 

principalmente entre la γECS, la TryS y SpdT en las tres condiciones estudiadas 

aunque en distintas proporciones. La razón de su alto control de flujo se debe 

principalmente a que son las enzimas con las menores eficiencias catalíticas 

(Vm/Km) en el parásito las cuales a su vez se deben a que sus actividades 

enzimáticas son bajas en los parásitos 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 vía. Algo importante de resaltar es que el 

control que ejerce la γECS no es debido a la retro-inhibición 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” así como el de que 

las enzimas que controlan una vía metabólica son únicamente aquellas que son 

moduladas alostéricamente (enfoques de la bioquímica clásica), ya que su actividad 

dependerá de las concentraciones de sustratos, productos y efectores presentes en 

la célula (Moreno-Sánchez et al, 2008). Lo anterior fue uno de los motivos por los 

que se desarrolló el MCA (Westerhoff, 2004) que hace un análisis integral de la vía lo 

que resalta la importancia de la biología de sistemas para entender los mecanismos 

de control, regulación y organización subcelular.  

Por otro lado, las enzimas que controlan la concentración de T(SH)2 son el 

bloque de enzimas que lo demandan así como la TryR.  Sin embargo, cuando las 

actividades de la γECS y TryS se inhiben más de un 70% o en ausencia de la TryR 

(modelo sin TryR), estas enzimas también controlan la concentración del metabolito 

reducido.  Estos experimentos virtuales de inhibición sugieren que la TryR parece ser 

la enzima en la primera línea de defensa ante un estímulo antioxidante inicial, sin 

embargo, en periodos prolongados de estrés cuando ya se requiere de una mayor 

concentración de T(SH)2, la γECS y TryS tendrán mayor relevancia. Además, 

considerando que el bloque de enzimas de demanda de T(SH)2 así como la TryR 

tienen una concentración intracelular y actividades mayores que las enzimas del 

bloque de síntesis, 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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proporción a una enzima poco abundante o catalíticamente poco eficiente (como 

se analizó en la revisión y en el artículo experimental de esta tesis). Esta información 

es importante ya que la enzima a la cual se le han diseñado mayor número 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 características cinéticas de 

las enzimas, su esencialidad en el parásito, o la ausencia de ésta en el hospedero 

como únicos criterios para proponer un blanco terapéutico es una aproximación 

incompleta debido a que solo se está considerando a la enzima de manera individual 

excluyéndose el análisis de la enzima como parte de un sistema. Esto puede ser una 

de las razones por las que no han tenido éxito clínico muchos inhibidores (Wyatt et 

al, 2011) y resalta la importancia de también aplicar enfoques integrales como el SB 

para la identificación de blancos terapéuticos.  

Una de las ventajas más importantes de los modelos matemáticos es que 

permiten realizar experimentación in silico con el cual se puede predecir el 

comportamiento de una vía bajo diferentes condiciones. Esto es muy útil en la 

identificación y validación de blancos terapéuticos debido a que se pueden sugerir 

estrategias terapéuticas. Con el modelo del T(SH)2 que se obtuvo en este proyecto 

de tesis se pudo determinar que es más efectivo inhibir simultáneamente a la γECS y 

TryS para poder inhibir el flujo de la vía y que incluso la inhibición de la TryR puede 

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

Un inconveniente que puede surgir de proponer a la γECS como un blanco 

terapéutico es su presencia en el hospedero. Cabe resaltar que, aunque la vía 

metabólica sea muy parecida en ambos organismos, la distribución del control en el 

hospedero puede ser diferente (como se observó en los diferentes modelos de 

glucólisis en diferentes organismos) por lo se requerirían concentraciones distintas 

de inhibidor para afectar a ambas enzimas. Otra manera de hacer más específica la 

inhibición sería estudiando las diferencias sutiles entre la γECS de los parásitos y del 

hospedero.  Por ejemplo, el fármaco difluorometilornitina (DFMO) tiene un efecto 

tóxico 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 diseño de un fármaco que se active por 

mecanismos específicos del parásito (Lüscher et al, 2007). 

A diferencia de la enzima anterior, la TryS puede ser considerada como el mejor 

blanco terapéutico debido a que, además de tener un control importante sobre el flujo 

y la concentración de T(SH)2, debido a su poca abundancia y eficiencia catalítica, 

ésta no se encuentra presente en el hospedero y se ha demostrado que es esencial 

para el parásito (Olin-Sandoval et al, 2010). Considerando esto, el inhibidor que se 

diseñe para esta enzima será específico y se requerirán bajas concentraciones de 

éste para afectar a la vía de síntesis de T(SH)2, lo que disminuirá los efectos 

secundarios sobre el hospedero. 

Por otro lado, otra utilidad de este modelo es que puede ser utilizado como 

base para predecir la distribución de control de esta vía en otros estados 

estacionarios o para otros modelos biológicos como tripomastigotes de T. cruzi, o 

para T. brucei y Leishmania para los cuales se requeriría solamente determinar 

concentración de metabolitos y actividades enzimáticas presentes en esas nuevas 

condiciones o en esos parásitos. Los resultados que se pueden esperar en estos 

casos son que las enzimas con mayor control de flujo y de concentración de T(SH)2 

sean las mismas, y que la única diferencia radique en la proporción en la que 

controlan. Así, integrando estos estudios con lo que se ha observado por ensayos de 

inhibición genética en T. brucei y Leishmania spp en donde se demuestra que la 

γECS y la TryS son esenciales para el parásito (Olin-Sandoval et al, 2010), estas 

enzimas podrían estar cumpliendo uno de los requisitos propuestos por Wyatt et al 

(2011) para proponerlas como blancos para el diseño de fármacos clínicamente 

exitosos.  

Por último, uno de los mayores impactos que tiene el trabajo es haber 

identificado los blancos con mayor potencial terapéutico para un tripanosomátido en 

el que las herramientas de manipulación genética son limitadas comparado con las 

que se cuentan para T. brucei y Leishmania 

Una perspectiva importante de este trabajo es validar experimentalmente los 

resultados obtenidos del modelo para así corroborar la potencialidad como blanco 

terapéutico de las enzimas que controlan de manera importante el flujo de la vía. 
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Considerando esto, otros grupos de investigación han comenzado a validar 

químicamente 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 fármacos. Este inhibidor logró disminuir la concentración de T(SH)2 intracelular y 

el crecimiento del parásito pero en concentraciones micromolares, las cuales aún 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 podría combinar con la inhibición de la γECS. De hecho, ya se 

ha reportado que combinar el uso de un inhibidor de la γECS (butionina sulfoximina; 

BSO) con NFX o BNZ, promueve una disminución en los valores de IC50 de éstos 

últimos ensayados en cultivos de epimastigotes y tripomastigotes, disminuyendo 

también las concentraciones intracelulares de GSH y T(SH)2 en los tres estadios del 

parásito (Fáundez et al, 2005).  Por lo tanto, aunque el diseño de inhibidores es difícil 

incluso para las enzimas que tienen mayor potencial terapéutico, aplicar varios 

criterios, incluyendo de manera importante el enfoque metabólico (utilizado en este 

trabajo) y de biología de sistemas, facilitará el diseño de fármacos para los mejores 

blancos así como de estrategias terapéuticas. 

.   
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10.  CONCLUSIONES 

 La síntesis de T(SH)2 está controlada principalmente por la γECS > TryS > 

SpdT. 

 La concentración de T(SH)2 está determinada principalmente por la demanda 

de T(SH)2 y la TryR; sin embargo la γECS y TryS también controlan cuando se 

disminuye su actividad más del 70%. 

 La enzima con mayor potencial terapéutico es la TryS debido a su baja 

actividad, a su alto control en el flujo así como a su ausencia en el hospedero. 

 Una terapia multi-sitio tendrá mayores efectos sobre la vía de síntesis de 

T(SH)2. 

 El uso de inhibidores de la TryR sólo será útil siempre y cuando se combine con 

la intervención farmacológica de otros procesos celulares [p ej síntesis de 

T(SH)2] o generación de estrés oxidante. 
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11. PERSPECTIVAS 

 

 Validar experimentalmente los resultados obtenidos por el modelo cinético 

utilizando inhibidores de las enzimas que tienen un mayor control sobre la vía. 

 Determinar si la distribución de control de esta vía recae en las mismas 

enzimas en parásitos sometidos a exposiciones prolongadas de estrés en 

donde el parásito tiene la oportunidad de sintetizar proteínas para 

contrarrestar el estrés y por lo tanto cabe la posibilidad de que la cantidad de 

enzima activa cambie. Así las enzimas que controlan podrían validarse como 

blancos terapéuticos. 

 Determinar la distribución de control en los estadios de T. cruzi que afectan al 

humano. Enfocándose en determinar los parámetros experimentales más 

esenciales del modelo requerirá menor material biológico de estos estadios.  

 Aumentar la complejidad del modelo integrando la cinética de cada una de las 

reacciones del sistema enzimático de desintoxicación de peróxidos así como 

las vías de síntesis de novo de Spd y del suministro de NADPH para 

determinar el aporte que tienen al control de la síntesis y concentración de 

T(SH)2.  

 Determinar por otras estrategias experimentales la distribución del control de 

la vía, por ejemplo utilizando inhibidores específicos para algunas de las 

enzimas.  
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1. INTRODUCTION 

Is an elfort to manipulate the metabolism of an organism 
worthy and reasonable, knowing that this eellular process has 
been eontinuously modified and refined through evolution 
and natural selection for adapting, in the most eonvenient 
manner, to the ongoing environmental eonditions? The 
answer to this question seems obvious when three broad 
a reas of researeh and development a re identified in which 
manipulation of metabolie pathways is relevant: (a) drug 
design to treat diseases, (b) genetie engineering of organisms 
of biotechnologieal interest, and (e) genetic syndromes 
therapy. 

Historically, drug design was the first area in which 
modifieation 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 eell. Thus, any 
metabolic pathway can be a potential therapeutie target. In 

the absenee of a solid theoretical background that may build 
a strategy for the rational design of drugs, the pharmaeeutieal 
industry has applied the knowledge ofinorganie and organic 
chemistry for the arbitrary and rather randomized modi
fieation of metabolic intermediaries by replaeing hydrogen 
atoms in a model molecule with any other e1ement or 
eompound. This approach has been successful in the battle 
against mally diseases. However, in mally other instances 
sueh an approaeh has been unsueeessful. 

lbe era of rational drug design probably started in 
the 50s when Hans Krebs proposed that, afier having an 
exact deseription of a metabolie pathway, the "paeemaker" 
enzyme or "rate-l imiting step" had to be identified. This 
approaeh eertainly deereased the amount of intermediaries 
to be chemieally modified, focusing only on the substrates, 
produets, and allosterie elfectors ofthe "rate-limiting step," 
instead of dispersing elforts on all the metabolic pathway 
intermediates. The experimental approaehes used in the 
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identification of the pacemaker, key enzymes, "bottlenecks." 
limiting steps, or regulalory enzymes [1,2] wece 

(i) inspection oflhe metabolic pathway archite<:ture: due 
lo ceH economy and foc reaching Ihe highest effi
ciency, palhway control mus! reside in Ihe enzymes 
localized al Ihe beginning of a palhway or after a 
branch (teleological approach); 

( ii) determination of nonequilibrillln reactions: Ihose 
reactions in which Ihe quotiem between Ihe mass 
action ratio (f ) and its equilibrium constanl (Keq) 
is low, r/ Keq « 1 (thermodynamic approach); 

(jii) identification of Ihe steps with ¡he lowest maximal 
rales ( V=x) in cellular extracts: Ihe key enzyrne of 
Ihe pathway is Ihe one Iha! has Ihe lowesl rate (kinetic 
approach); 

(iv) enzymes with sigmoidal kinetics: sleps thal are 
susceplible to alteration in their kinelic properties by 
compounds different from substrates and products 
and which may coordinale Ihe entire metabolism 
(NADH/NAD+; NADPH/NADP~ , ATP/ADP; acelyl 
CoNCoA; Ca2+/Mg2+; high pH/low pH ) or al least 
two metabolic palhways (citrale, Pi, AMP, malonyl
CoA); 

(v ) crossover theorem. Comparing the intermediary 
concentrations between a basal and an active steady
slale palhway flux, the rate-limiling step in the basal 
condilion will be Ihat for which its substrale con
centration diminishes and ils product concenlration 
increases when the system changes from the basal lo 
the active slale or vice versa (crossover point on a 
hislogram of each inlermediary \-ersus ils normalized 
variation in concenlration); 

(vi ) the shape of the metabolic flux inhibilion curve: a 
sigmoidal curve on a plol of inhibitor concenlration 
versus flux shows that the sensilive step lo the 
inhibitor exerts no control, that is, there is not 
proportionality belween enzyme aclivily inhibition 
and pathway flux inhibition because there is an 
"excess" of enzyme. On the other hand, a hyperbolic 
curve indicates that Ihe enzyme susceptible to the 
inhibitor controls the flux. 

2 . CONTROlllNG SITE S IN A METABOllC PATHWAY 

Once a site in a metabolic palhway has been idenlified with 
al least one of the criteria described above as "the rate
limiting step:' researchers have frequeIllly concluded that 
such enzyme or transporter is the only limiling step of Ihe 
metabolic flux and extend this conclusioIl to al! cel! types and 
to al! conditions. 

For example, inspeclion of the glycolytic palhway (tele
ological approach) suggests Ihat hexokinase (HK) and 
phosphofructokinase-I (PFK-I ) (which are at the beginning 
and after a branch of the pathway) are Ihe key steps of 
glycolysis. However, al! studies on glycolysis in the 60s, 
70s, and 80s were performed by taking inlo account only 
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Ihe intracellular reaclioIlS from HK to LDH ( i.e., without 
including the glucose transport reaction through Ihe plasma 
membrane) and by consideringglycolysis as a linear pathway 
without branches. To ¡his regard, il is recal!ed thal the 
glucose transporter (GLUT) includes a family of proteins 
and genes that are susceplible of regulation. Thus, if Ihe 
extracellular glucose is considered as the initial glycolytic 
substrale, Ihen another pOlential key slep would be GLUT. 
Hence, if all Ihe branches of the palhway are considered 
(Figure 1), then according to the teleological approach there 
wil! be addilional potenlial rate-limiting sites. 

Application oflhe Ihermodynamic and kinetic approach
es lo glycolysis reveals that HK, PFK-l, and pyruvate kinase 
(PYK) are the rate-limiting steps because in Ihe living cell 
Ihey catalyze reactions ¡hal are far away from equilibrium 
( r / Keq = 10-3_ 10-4 ), and Ihey are also the slowesl enzymes 
in Ihe pathway by alleast one order ofmagnitude (they have 
Ihe lowest Vrnll values). 

The use of the enzyme cooperalivity approach has 
established thal the regulatory sleps of glycolysis are (i) 
PFK-l and PYK became 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 
Ihe crossover theorem (approach no. v) to glycolysis has 
shown a consistent varialion in the PFK-I substrate (F6P) 
and product (FI ,6BP). Up lo now, Ihere are few studies 
on control of glycolysis using the shape of the inhibitor 
litraling curve (approach no. vi ), due to Ihe lack of specific 
inhibilors for any of Ihe three presumed key steps. An 
exception is iodoacetate which is indeed a potent inhibitor 
of GAPDH, but also of olher highly reactive cysteine
containing enzymes [3- 5]. By using iodoacelate as specific 
inhibilor, bolh GAPDH aClivily and flux showed identical 
litration curves, leading to the conclusion thal GAPDH 
was Ihe rate-limiting slep of glycolysis in Streptococcus lactis 
and S. cremoris [6 ] (see, however, Seclion 3.2; Glycolysis in 
lactobacteria below). 

Al! logelher, these results constitute the main reason 
why many intermediar}" melabolism researchers, including 
Ihe alllhnr:s nf hinchemislry lexl hnnh, have prnpnsed HK, 
PFK-l, and PYK as Ihe rale-limiling sleps of glycolysis. In 
consequence, to vary theglycolytic flux, one ofthese enzymes 
has to be modified. 

Although the above·described experimental approaches 
are qualilative, full control has been automatically assigned 
lo the "key" sleps because Ihe concept of the rate-limiting 
slep assumes that Ihere ii only one single enzyme controlling 
Ihe metabolic pathway flux (and the concentration of Ihe 
final product of the pathway) and, in consequence, assigns 
values of zero to the conlrol exerled by the other enzymes and 
Iransporters. However, as analyzed for glycolysis, researchers 
have commonly " idenlified" more than one limiting step, 
In the case of oxidative phosphorylation (OXPHOS), in 
Ihe 70s and 80s some researchers considered cytochrome c 
oxidase as the rate-limiting step, whereas others preferred 
Ihe ATPI ADP Iranslocator or the Krebs cycle Ca1+ -sensitive 
dehydrogenases (for a review, see [7 ]). 

Rephrasing Ihe inilial question, which could be the aim 
of manipulating a metabolic pathway such as glycolysis, 
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approach); 

(iv) enzymes with sigmoidal kinetics: sleps Ihal are 
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Once a site in a metabolic pathway has been identified with 
at leasl olle of the criteria described above as "the rate
limiting step;' researchers have freq uently concluded that 
such enzyme or transporter is the only limiling step of Ihe 
metabolic flux and extend this conclusion to aH cell types and 
to aH conditions. 

For example, inspection of the glycolytic palhway (tele
ological approach ) suggesls that hexokinase (HK) and 
phosphofructokinase~ 1 (PFK~ 1) (which are at Ihe beginning 
and after a branch of the pathway) are Ihe key steps of 
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the intracelluJar reactions from HK to lDH ( i.e., without 
including the glucose transport reaclion through the plasma 
membrane) and by consideringglycolysis as a linear pathway 
without branches. To ¡his regard, it is recaHed Ihat the 
glucose transporter (GLUT) includes a family of proteins 
and genes that are susceptible of regulation. Thus, if Ihe 
extracellular glucose is considered as the initial glycolytic 
substrate, Ihen another potential key slep would be GLUT. 
Hence, if all Ihe branches of the palhway are considered 
(Figure J ), then according lo the teleological approach there 
wiH be addilional potenlial rate-limiling sites. 

Application oflhe thermodynamic and kinetic approach
es to glycolysis reveals that HK, PFK- J, and pyruvate kinase 
(PYK) are the rate~limiling steps because in Ihe living cell 
they catalyze reactions ¡hat are far away from equilibrium 
(ffKeq = 10-1_ JO-4 ) , and Ihey are also the slowesl enzymes 
in Ihe palhway by alleasl one order ofmagnilude (they have 
Ihe lowesl Vmn values). 

The use of Ihe enzyme cooperativity approach has 
established Ihal Ihe regulalory sleps of glycolysis are (i) 
PFK~1 and PYK because they are aHosteric enzymes and 
(ii) HK because il is inhibiled by ils producls (GóP and 
ADp, or AMP as an ADP-analogue). The applicalion of 
Ihe crossover Iheorem (approach no. v) lo glycolysis has 
shown a consistent variation in Ihe PFK~1 subslrale (F6P) 
and prodUCI (FI,6BP). Up lo now, Ihere are few sludies 
on control of glycolysis using Ihe shape of Ihe inhibilor 
tilraling curve (approach no. vi ), due lo Ihe lack of specific 
inhibitors for any of Ihe Ihree presumed key sleps. An 
exceplion is iodoacelale which is indeed a polenl inhibilor 
of GAPDH, bul also of olher highly reaclive cysleine
conlaining enzymes [3- 5). By using iodoacelale as specific 
inhibitor, both GAPDH activity and flux showed idenlical 
tilralion curves, leading to Ihe conclusion Ihal GAPDH 
was Ihe rale-limiling step of glycolysis in Streptococcus lactis 
and S. cremoris [6 ) (see, however, Section 3.2; Glycolysis in 
laclobacleria below). 

AH logether, Ihese results conslilule Ihe main reason 
why many inlermediar}' metabolism researchers, including 
the anthnr:s nf hinchemistry text hnnks. h:lVe prnpnsed HK , 
PFK-l, and PYK as Ihe rale~limiting sleps of glycolysis. In 
consequence, lo vary Iheglycolytic flux, one oflhese enzymes 
has lo be modified. 

Allhough Ihe above·described experimenlal approaches 
are qualilative, fuU control has been aUlomatically assigned 
lo Ihe "key" steps because Ihe concepl of Ihe rate-limiling 
slep assumes Ihal Ihere is only one single enzyme conlrolling 
Ihe melabolic palhway flux (and Ihe concenlration of Ihe 
final producl of the palhway) and, in consequence, assigns 
values of zero lo Ihe control exerled by Ihe olher enzymes and 
lransporlers. However, as analyzed for glycolysis, researchers 
have commonly "idenlified~ more Ihan one limiling step. 
[J1 Ihe case of oxidative phosphorylalion (OXPHOS), in 
the 70s and 80s some researchers considered cytochrome c 
oxidase as Ihe rale~limiting slep, whereas olhers preferred 
Ihe ATPI AD P translocalor or Ihe Krebs cycle Ca2+ -sensitive 
dehydrogenases (for a review, see [7 ) . 

Rephrasing Ihe inilial queslion, which could be Ihe aim 
of manipulaling a metabolic palhway such as glycolysis, 
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knowing its universal distribution in the living organisms? 
From a clinical standpoint, the inhibition of glycolysis is 
relevant for Ihe trealment of human parasitic or palho~ 
logical dise:ase:¡ such as cance:r. The: glycolytic re:actions are: 
almost identical in all organisms; in addition, the enzymes 
catalyzing these reactions are highly conserved throughout 
the evolutionary scale (Iheir amino acid sequences are highly 
similar). In mammals, the genes of the 12 glycolytic enzymes 
are scattered throughout Ihe genome, generally in different 
chromosomes, whereas in bacteria many of the glycolytic 
enzymes are c1uslered in operons [8J. However, there are 
organisms (Iikesome human parasiles) Ihat contain enzymes 
with remarkable differences in Iheir biochemical proper~ 
ties (substrate selectivilY, catalytic capacity, stabilily, and 
oligomeric struclure), or in genetic expression regulation in 

comparison to Ihe human enzymes, which could be consid~ 

ered as drug targets. 
Furthermore, sorne glycolytic products are of commer~ 

cial inte:re:st such as c:thanol fur wine:, bc:er, and othe:1 
akoholic beverages; CO! for bread manufacluring; and 
lactic acid and other organic acids for cheese production. 
Thus, from a biolechnological slandpoinl, il is convenienl 
lo accelerate the palhway flux to diminish the processing 
time and it is also desirable to increase the concentration of 
Ihe metabolile lo obtain robust commercial products. Here, 
it is important lo emphasize thal the metabolic pathways 
are designed to attain changes in flux wilh minimal dis~ 
lurbances in the intermediary concenlrations. For example, 
Ihe glycolytic flux in skelelal muscle can increase from resl 
lo an active slale by lOO fold, without large changes in 
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Icnowing its universal distribution in Ihe 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 reaclions are 
almost identical in all organisms; in addition, the enzymes 
catalyzing lhese reactions are highly conserved throughout 
the evolutionary seale (their amino acid sequences are highly 
similar). In mammals, Ihe genes ofthe 12 glycolytic enzymes 
are scattered throughout the genome, generaUy in dilferent 
chromosomes, whereas in bacteria many of the glycolytic 
enzymes are clustered in operons [8[. However, there are 
organisms (Iikesome human parasiles) Ihat contain enzymes 
with rernarkable dilferences in Iheir biochernical proper
ties (substrate selectivilY, 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. 

Furtherrnore, sorne glycolytic products are of cornmer
cial interc::;t 5uch as cthanol fur wine, becr, and other 
alcoholic beverages; CO2 for bread manufacturing; and 
lactic acid and other organic acids for cheese production. 
Thus, from a biotechnological slandpoint, it is convenienl 
lo accelerate the palhway flux lo diminish the processing 
time and it is also desirable to increase the concentration of 
the metabolile lo obtain robust commercial products. Here, 
il is importanl lo emphasize that the metabolic pathways 
are designed to atta in changes in flux with minimal dis
turbances in the interrnediary concentrations. For example, 
the glycolytic flux in skeletal muscle can inerease from rest 
lo an active stale by 100 fold, without large changes in 
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TABLE 1: Overexpression of glyoolytic ~nzymes in different cell types. 

Cellt~ Enzym<' 
Activity 

Flux (% Control) RefeTenc"" 
(overexpression fold ) 

HK 13.9 107 ( l21 
PFK- l 3.5,3.7,5 102 [9, lO, 12 ] 

Saccharomyces 
cerevisiae 

PYK 

POC 

AOH 

8.6 

3.7 

4.8 

107 ( l21 
85 ( 131 

89 ( 12] 

PFK- l + PYK 5.6 + l.3 107 ( l21 
GAPDH + PGK + 

1.4 + 1.7+ 16+4+ 
PGAM + ENO + PYK 121 ( 12] 
+ PDe + ADH 

lOA + 1.08 + lA 

GAPDH + PGK + 
1.5 + 1.4+3.4+1.5 + 

PGAM + ENO + PYK 94 ( 11,14] 
+ PDe + ADH 

2.5 + l.l + 1.2 

Escherichia coli 
PFK 8.7 72 ( 15 ] 

PYK 2.9,4.2 91,95 (16 ) 

Lactococcus ¡actis GAPDH 14-2\0 100 ( 17) 

PFK 100 

PYK 100 [ 18 ] Aspergi/lu:; niger 

Chinese hamster ovary PFK 2.2,3.4, 3.7 100 [ 19] 

Flux lo .. lhanol was fo! S. ,",""isitle and lO. rol;; flux lo cilra!e was fo! A. "iga; and nux lo L-lactate was fo! hamster. 

metabolites. Then, il is physiologically more common lo 
change a metabolic flux and the production of Ihe final 
melabolile in Ihe palhway Ihan varying Ihe inlermediary 
coneenlrations [2J. However, we will see that, by using a 
suitable approaeh ofmetabolie conlrol analysis, it is possible 
to design strategies to manipulate not only f1 uxes but also 
metabolie inlermediary coneentrations. 

3. IN VIVO OVEREXPRESSION EXPERIMENTS 
OF ENZYMES 

3.1. Glyco/ysis in yeasts 

When the yeast Saccharomyces cerevisiae is exposed to high 
glucose (>2%; 0.11 M), the genes of all glycolytie enzymes 
are induce<! (PDC and ENO inerease Iheir expression by 20 
fold; PGK, PYK, and ADH, 3--10 times; and Ihe others, 2 
fold in average) [8--1IJ. However, when the methodologieal 
developmenl of genetie engineering allowed modulating the 
expression of enzymes within eells, researehers turned lo the 
rate-limiting step coneept to manipulate a metabolie path
way to inerease flux and/or its inlermediates, hypothesizing 
thal the overexpression of only one, or of a few key glycolytie 
genes, should inerease the flux. 

Historieally, Heiniseh [9J in Germanywas the first aulhor 
to oblain a 3.5 fold overexpression ofPFK-1 in S. cerevisiae, 
but surprisingly he observed that Ihe rate of ethanol 
produetion was not modifi ed. Subsequenl experiments for 
inereasing the ethanol produetion rate by overexpressing 
eilher eaeh oflhe presumed limiting steps, or in combination 
with other glycolytie enzymes (Table 1), have been unsue
eessful and, even in some cases, a slighl decrease in fl ux has 

been attained. For instanee, Ihe simultaneous overexpression 
of seven enzymes of the fin al seetion of glyeolysis indueed 
only a 21 % inerease in ethanol produetion afier 2 hours of 
culture (Table 1) [ II J. This was aecompanied by a 10--20% 
deerease in PFK-I expression, whieh might have atlenualed 
Ihe fl ux inerease. 

In yeasts, H K is not produet inhibiled by G6P or ADP; 
instead, il is strongly feedback inhibiled by trehalose-6-
phosphale (Tre6P). This metabolite is synthesized from GI P 
by Tre6P synthase and Tre6P phosphatase. Deletion of the 
Tre6P synlhase gene does nol bring aboul an inereased 
ethanol produetion, bul it rather induces a defeetive eeHular 
growth on glucose and fruetose and a lowered elhanol 
produetion, as a result of a highly active H K Ihat leads to 
hyperaeeumulation ofhexose phosphale metabolites (partie
ularly FI ,6BP) and fast depletion of ATP, Pi, and downstream 
melaboliles. The explanation for this evenl is thal, in the 
Tre6P synthase mutants, the rate of glucose phosphorylation 
exeeeds the rale of glycolytie ATP synlhesis (named "turbo 
eñeet"). Heterologous expression of a Tre6P-insensitive 
HK does not recover completely the wild-type phenotype. 
Furthermore, deletion of Ihe Tre6P synlhase gene in the 
Tre6P-insensitive HK strain did affeet growth, suggesting 
olher interaetions and fu netions of Tre6P synthase in Ihe 
control of sugar metabolism, at least in Schizosaccharomyces 
pombe [20]. 

Davies and Brindle [ IOJ obtained a S-fold overexpression 
of PFK-I in S. cerevisiae, but the inerease in elhanol 
produetion was nol attained under anaerobie eonditions. 
There was a slight inerease in ethanol produetion in resting 
eells in aerobie conditions, under whieh Ihe mitochondrial 
metabolism eontributes to theATP supply. In aH these works, 
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TABLE 1: Overexpression of glycolylic t't1zymes in different (eH types. 

Cell Iype Enzyml.' 
Activity Flux (% Control) Reference 
(overexpression fold) 

HK 13.9 107 [ 11) 

PFK- l 3.5,3.7,5 102 [9, lO, 12 ] 

Sacclwrornyces 
cerevi5itlc 

PYK 

PDC 

ADH 

8.6 107 [ 12) 

3.7 85 ( 13) 

4.8 89 ( 12) 

PFK-[ + PYK 5.6 + l.3 107 [ l21 
GAPDH + PGK+ 

1.4 + 1.7+16+4+ 
PGAM + ENO + PYK 12l [ 12] 
+ PDC+ADH 

lOA + 1.08 + lA 

GAPDH + PGK + 
1.5 + 1.4+3.4+ 1.5 + 

PGAM + ENO + PYK 94 [ 11,14] 
+ PDC + ADH 

2.5 + 1.1 + 1.2 

Escherichia coli 
PFK 8.7 72 [ 15) 

PYK 2.9,4.2 91,95 (16) 

LactOCOCCU!i /actis GAPDH 14-2\0 100 ( 17) 

PFK 100 

PYK 100 [18] Aspergillll5 niger 

Chinese ham5fa ovary PFK 2.2,3.4, 3.7 100 ( 19) 

Rux 10 emanol was fOT S. ,errvi.¡"r alld E. rol;; flux lo dtrale was for A "iga; and Rux lo l -lactate was for hamster. 

metabolites. Then, il is physiologically more common lo 
change a metabolic flux and the production of Ihe final 
metabolite in the pathway than varying the intermediary 
concentrations [2J. 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. IN VIVO OVEREXPRESSION EXPERIMENTS 
OF ENZYMES 

3.1. Glycolysis in yeasts 

When the yeast Sacdwromyce5 cerevisiae is exposed to high 
g1ucose (>2%; 0.11 M), the genes of all glycolytic enzymes 
are induce<! (POe and ENO increase their express ion by 20 
fold; PGK, PYK, and ADH, 3--10 times; and the others, 2 
fold in average) [8--11). However, when the methodological 
developmenl of genetic engineering allowed modulating the 
expression of enzymes within cells, researchers turne<! to the 
rate-limiting step concept to manipulate a metabolic path
way to increase flux and/or its intermediates, hypothesizing 
thal the overexpression of only one, or of a few key glycolytic 
genes, should increase the flux. 

Historically, Heinisch [9 J in Germany was Ihe first author 
to obtain a 3.5 fold overexpression of PFK-I in S. cerevisiae, 
but surprisingly he observed that the rate of e¡hanol 
production was not modified. Subsequenl experiments for 
increasing the ethanol production rate by overexpressing 
eilhereach oflhe presumed limitingsteps, or in combination 
with other glycolytic enzymes (Table 1), have been unsuc
cessful and, even in sorne cases, a slight decrease in flux has 

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

l.n yeasts, HK is nol product inhibited by G6P or ADP; 
instead, il is strongly feedback inhibiled by trehalose-6-
phosphate (Tre6P). This metabolite is synthesized from GI P 
by Tre6P synthase and Tre6 P phosphatase. Oeletion of the 
Tre6P synthase gene does not bring about an increase<! 
elhanol production, but it rather induces a defective cellular 
growth on glucose and fructose and a lowere<! elhanol 
production, as a result of a highly active HK Ihat leads to 
hyperaccumulation ofhexose phosphate metabolites (partic
ularly FI ,6BP) and fast depletion of ATP, Pi, and downstream 
melabolites. The explanation for this event is thal, in the 
Tre6P synthase mutants, the rate of glucose phosphorylation 
exceeds the rale of glycolytic ATP synlhesis (named uturbo 
eifect"). Heterologous expression of a Tre6P-insensitive 
HK does not recover completely the wild-type phenotype. 
Furthermore, deletion of Ihe Tre6P synlhase gene in the 
Tre6P-insensitive HK slrain did alfect growth, suggesting 
olher interactions and functions of Tre6P synlhase in the 
control of sugar metabolism, at least in SchizosaccharomycC5 
prJlllbe [20J. 

Oavies and Brindle [ IOJ obtained a s-fold overexpression 
of PFK-I in S. cerevisiae, but the increase in elhanol 
production was nol attained under anaerobic conditions. 
There was a slight increase in elhanol production in resting 
ceUs in aerobic conditiollS, under which Ihe mitochondrial 
metabolism contributes to the ATP supply. ln all these works, 
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il may be noled Ihal enzyme overexpres.sion indeed affecls 
Ihe concenlralion of several inlermOOiaries, bullhis effecl has 
nol been furlher examined. 

It is worlh nOling Ihal Ihe experimenls described in 
Table I do nol rigorously reproduce Ihe physiological silu~ 
alion, in which overexpression of alllhe enzymes should be 
carried oul in Ihe proporlions found in Ihe organisms. The 
ralionale behind Ihis observalion is Ihal overexpres.sion of 
only one "Iimiling" slep leads lo a flux conlrol redislribution, 
a condition al which olher sleps now become rale limiting. 
Thus, Ihe concepl of "rale~limiling slep" offers no simple 
answer lo Ihe queslion of increasing Ihe yeasl glycolylic 
flux, and il ralher makes Ihis problem lo appear as a 
difficull lask lo solve. In conlrasl, il seems Ihal all relevanl 
conlrolling sleps have lo be overexpressed, Ihus reproducing 
whal nalural seleclion has already successfully accomplished. 

In addilion lo S. cerevisiae, overexpression of glycolytic 
enzymes in olher organisms such as E. coli [ IS, 16J, 
laclobacleria [17], lomalo [21 J, polalo [22 J, and hamsler 
ovary cells [19J has been accomplished, allhough wilhoul 
increasing flux (Table 1). It is somewhal surprising lo nole 
Ihal in Ihe glycolytic enzyme overexpression experimenls, 
Ihe slrong inhibilory effecl of G6P (or Tre6P in S. cerevisiae), 
and cilrale on HK and PFK~I , respeclively, have been 
negleclOO. This regulalory mechanism does nol disappear in 
Ihe cells overexpressing Ihe enzymes bul, on Ihe conlrary, il is 
exacerbalOO. Then, whal wouId be Ihe aim of overexpressing 
HK, PFK~1 or any olher allosleric, or slrongly producl~ 
inhibiled enzyme if Ihey will be more inhibiled? 

A successful experimenl of increasing Ihe glycolytic flux 
was pcrformcd in primary cultures of rdl hcpalocylcs [23). 
HK and glucokinase (GK) were overexpressed by using 
adenovirus as carrier. The transformed nepatocytes showed 
higher activity of 18.7 ~ and 7.1~tim~ for HK and GK, 
respectively, at 3 mM glucose, and of 6.3~ and 7.1 ~times 
al 20 mM glucose. However, at 20 mM glucose, the flux to 
lactate was not modified in HK~transformed cells, just like 
the experiments describOO aboye (Table 1). In contrast, with 
GK overexpres.sion, a 3~fold increase in flux was achieved. 
The mechanistic difference is the H K inhibition by G6P 
(l OmM G6P inhibits HK activity by 90%), whereas GK is 
not product inhibited. 

3,1, GlycolY5is in lactobacteria 

Lactococcus 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 mOOium which conlributes lo cheese flavor and 
texture and inhibits the growth of other bacteria. Similarly 
to yeast, the lack of carbon source in lactobacteria promoles 
a metabolic change that leads lo the production of formic 
and acetic acids, ethanol, and, in a lower proportion, L-Iactic 
acid, altering the producl quality. Thus, from a commercial 
point of view, il does nol seem important lo know what 
controls the flux to lactate (because its rate of production is 
adequale), but what controls the branching flux. 

To understand Ihe process, and to eventually inhibit 
the production of secondary acids, Andersen el al. [24J 

5 

constructed LDH mutants, using a synthetic promoter 
library for tuning the gene expression. In mutants lacking 
Ihis enzyme, most of tne pyruvate was transformed into 
acetic and formic acids (Figure 1). In turn, flux lo lactale was 
affeclOO in mulanls expressing only 10% or less ofwild~type 
LDH levels, which indicatOO that LDH exerts no control of 
Ihe glycolytic flux in wild~type bacteria. Only wilh a normal 
contenl ofthis enzyme (100%), flux toward secondary acids 
was prevenled. Therefore, the flux lo formic and acetic acids 
is negatively conlrolled by LDH, and positively by PYK 
[17, 2S J. As in S. cerevisiae, overexpression ofPFK~I , PYK, or 
GAPDH in lactobacteria did not increase the flux to L~lactic 
acid [17, 2SJ . Similarly to E. coli glycolysis [26J, glycolysis in 
L. lactis was conlrolled by Ihe ATP demand when working 
below its maximum capacity [27, 28J, whereas, under 
high~rate conditions, Ihe glucose and laclale transporters 
exertOO the main flux control [28 J. Furthermore, Ihis kind 
of observations indicates Ihat the flux control may r~ide 
oulside Ihe pathway [27- 29J, and it airo supports the 
proposal by Hofmeyr and Cornish~Bowden [30J Ihat the 
end~product demand (which is usually overlookOO in studies 
of metabolism because Ihese metabolites are frequently nol 
considered as part of Ihe pathway) might be essential in flux 
control. 

3.3, Glutathione and phytochelatin synthesi5 in pfants 

Glutathione ( y~Glu~Cys~Gly; GSH) is Ihe most abundanl 
nonproteinaceous thiol compound (I - lOmM ) in almosl 
all living cells. GSH is involved in the oxidative stress 
processing, xenobiotic detoxificalion, and, in some plants 
and yeasts, in Ihe inaclivation of toxic heavy metals (for 
a recenl revision see [31 )) . GSH is synlhesized by two 
enzymes: y~glulamylcysleine synthelase ( y~ECS) and glu~ 
lalhione synthelase (GS) (Figure 2), which catalyze reactions 
with high~equilibrium constanls (Keq > 1000). Under a 
low GSH demand (unstres.sed conditions), the proclucing 
block of enzymes has to receive information from Ihe lasl 
parl of Ihe pathway to (i) avoid the excessive and toxic 
accumulation of Ihe intermOOiary y~EC and ( ii ) reach a 
slable steady state [32J . I his informalion transfer is medialed 
by GSH, which exerls ~trong competitive inhibition of y~ 
ECS [33 J (Figure 2). GSH and Cys aIro exert inhibition 
on the ATP~sulfurylase (ATPS) and on sulfale transporters 
(Figure2) (for a review, see [31 )) . The feedback inhibition 
of y~ECS has loo several researchers to propose Ihat this 
enzyme is Ihe rate~limiting step ofGSH synlhesis [33- 3S J. 
Although Ihere are no sludies aboul Ihe pathway's behavior 
under stres.sed conditions, which means under a high GSH 
demand, Ihe proposal thal y~ECS is the keyenzyme has been 
automatically extended to any environmental condition such 
as heavy melal exposure. 

By assuming Ihat y~ECS is Ihe rate~limiting step, many 
research groups have tried to increase, in plants and yeasls, 
Ihe rate of synthesis and Ihe concentration of GSH and 
phytochelatins (PCs) with Ihe aim of fortifying their heavy 
metal resislance and storage capacity, mainly toward Cd2+. 

The development of organisms able to grow in soils and 
water syslems contaminaled wilh heavy melals, which may 
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il may be noted that enzyme overexpression indeed affects 
the concentralion of several intermediaries, but this effect has 
not been furlher examined. 

It is worth noting that the experiments described in 
Table 1 do not rigorously reproduce the physiological si tu
alion, in which overexpression of all the enzymes should be 
carried oul in the proportions found in the organisms. The 
rationale behind this observation is Ihat overexpression of 
only one "Iimiting" step leads to a flux control redistribution, 
a condition at which olher sleps now become rale limiting. 
Thus, Ihe concept of "rate-limiting step" offers no simple 
answer to the question of increasing the yeast glycolytic 
flux, and il rather makes this probl~m to appear as a 
difficult task lo solve. In contrast, it seems Ihat all relevant 
controlling steps have to be overexpressed, Ihus reproducing 
what natural selection has already successfully accomplished. 

In addition lo S. cerevisiae, overexpression of glycolytic 
enzymes in olher organisms such as E. coli [15, 16J, 
laclobacleria [17), lomara [21 J, potalo [22 ], and hamsler 
ovary cells [19J has been accomplished, allhough without 
increasing flux (Table 1). lt is somewhal surprising lo nole 
Ihat in Ihe glycolytic enzyme overexpression experimenls, 
Ihe slrong inhibilory effect of G6P (or Tre6P in S. cerevisiae), 
and cilrate on HK and PFK-I , respeclively, have been 
neglecled. This regulalory mechanism does not disappear in 
the cells overexpressing Ihe enzymes bul, on Ihe contrary, it is 
exacerbated. Then, what would be Ihe aim of overexpressing 
HK, PFK-I or any other allosleric, or slrongly product
inhibiled enzyme iflhey will be more inhibiled? 

A successful experimenl of increasing Ihe glycolytic flux 
was pcrformcd in primary cultures of ra! hcpa!ocytcs [23). 
HK and glucokinase (GK) were overexpressed by using 
adenovirus as carrier. The transformed hepatocytes showed 
higher activity of 18.7- and 7.I-times for HK and GK, 
respectively, at 3 mM glucose, and of 6.3- and 7.I -times 
al 20 mM glucose. However, at 20 mM glucose, the flux to 
lactate was not modified in HK-transformed cells, just like 
the experiments described aboye (Table 1). In contrast, with 
GK overexpression, a 3-fold increase in flux was achieved. 
The mechanistic difference is the HK inhibition by G6P 
( IOmM G6P inhibits HK activity by 90%), whereas GK is 
not product inhibited. 

3.1. Glycolysis in lactobacteria 

Lactococcus laais is used in cheese production. For Ihis 
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 yeasl, the lack of carbon source in laclobacteria promoles 
a metabolic change that leads lo the production of formic 
and acetic acids, ethanol, and, in a lower proportion, L-Iactic 
acid, altering the product quality. Thus, from a commercial 
point of view, it does nol seem important lo know what 
controls the flux to lactate (because its rate ofproduction is 
adequale), but what controls the branching flux. 

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

5 

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

3.3. Glutathione and phytochelatin synthesis in pfants 

Glutathione (y-Glu-Cys-Gly; GSH) is Ihe most abundanl 
nonproteinaceous thiol compound (1- IOmM ) in almosl 
alJ living cells. GSH is involved in the oxidative slress 
processing, xe:nobiotic de: toxifica!ion, and, in .'lome: plan!.'1 
and yeasts, in Ihe inaclivation of toxic heavy metals (for 
a recenl revision see [31]). GSH is synlhesized by two 
enzymes: y-glulamylcysteine synthelase (y-ECS) and glu
tathione synthelase (GS) (Figure 2), which catalyze reactions 
with high-equilibrium conslants (Keq > 1000). Under a 
low GSH demand (unstressed conditions), the producing 
block of enzymes has to receive information from Ihe lasl 
part of Ihe pathway to (i) avoid the excessive and toxic 
accumulation of the intermediary y-EC and ( ii ) reach a 
slable steady state [32]. This information transfer is mediated 
by GSH, which exerts ~trong competilive inhibilion of y
ECS [33J (Figure 2). GSH and Cys also exert inhibition 
on the ATP-sulfurylase :ATPS) and on sulfale transporters 
(Figure 2) (for a review, see [31 ]) . The feedback inhibition 
of y-ECS has led several researchers to propose Ihat this 
enzyme is Ihe rate-limiting step ofGSH synlhesis [33-35 ]. 
Although there are no sludies aboul the pathway's behavior 
under stressed conditions, which means under a high GSH 
demand, the proposal thal y- ECS is the keyenzyme has been 
automatically extended to any environmental condition such 
as heavy melal exposure. 

By assuming Ihat 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 
phytochelalins (PCs) with the aim of fortifying their heavy 
melal resislance and slorage capacity, mainly toward Cd!~ . 
The development of organisms able to grow in soils and 
water syslems contaminaled wilh heavy metals, which may 
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FIGURE 2: Sulfur assimil3tion and glutathione and phytochelatins synthesis in plants ATPS, ATP sulfurylase; APS, adl'llosine S' 
phosphosulphate; y-ECS, y-glutarnyl cysteine synthetase; y-EC, y-glutamyl cysteinf.'; GS, glutathione synthetast'; GSH, reduced glutathiolll'; 
GSSG, oxidized g1utathione; GPx, GSH peroxidase; GR, GSH rrouctase; PCS, phytochelatin synthase; PCs, phytochelatins; GT, GSH-S
transf ... rases; Xe, xenobiotic; GS-Xe, g1utathione-xenobiotic complex. The re3ctions are nol showll stochioml.'trically. GR uses Ihe oofactor 
NADPH. The Cd2

+ -GSH oomplex formation (cadmium bis-glutathionate) is fas! ami spontant'Ous and does no! require enzyrne catalysis. 
Modificd from [31 ]. 

have Ihe ability of accumulating toxic melal ions, is of 
biotechnological interesl for bioremediation stralegies. 

Wilh this goal in mind, researchers have Ihen over
expressed y-ECS and other pathway enzymes, including 
phytochelatin synlhase (PCS) (Table 2). Some of these 
experimenls have been partially successful in increasing 
GSH levels, although Ihis has been rather marginal with no 
correlation belween enzyme levels and GSH concentration. 
Unfortunalely, these overexpression experiments have not 
been accompanied by determinations of fl uxes or other 
relevant metabolite concentrations such as PCs or Cys. On 
the other hand, the overexpression of res has surprisingly 
induced oxidalive stress and necrosis instead of increasing 
Cd1

+ accumulalion and resistance [36]. This result suggests 

that, under high GSH demand (i.e., for PCs synthesis and 
for direcl heavy metal sequestration by GSH), the GSH 
concentration does not suffice for mainlaining the other 
essenlial GSH funclions such as oxidalive slress management 
and xenobiotic detoxification. 

Another problem in the study ofGSH biosynthesis for ils 
eventual manipulation is that the pathway has been analyzed 
considering only the GSH-synthelic reactions without taking 
into accoun t 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 Ihe incorporalion ofthe consuming 
reactions of the pathway end producls, a lrue steady state can 
beestablished [30]. In conclusion, wilhout a solid Iheoretical 
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FIGURI! 2: Sulfur 35similation and glutathione aná phytochdatins synthesis in plants ATPS, ATP sulfurylase; APS, adenosine S' 
phosphosulphate; y-ECS, y-glutarnyl cysteine synthetase; y-EC, y-glutarnyl cysteint'; CS, gluta thionl.' synthetase; GSH, reducoo glutathiollt'; 
GSSG, oxidized glutathione; GPx, GSH peroxidase; GR, GSH reductase; PCS, phyt<x:helatin synlhase; PCs, phytoche13tins; GT, GSH -5-
Iransfl.'Tases; Xe, xenobiotic; eS-Xl', glutathione-xcnobiotic complex. The reactions are nol showll stochiomé'tricaUy. GR uses ¡he oofactor 
NADPH. The Gf---GSH complex formation (cadrnium bis-glutathionatt') is fasl alld spontant'Ous aná does no! require enzyrne Cltalysis. 
Modified fmm [31]. 

nave the ability of accumulating taxic melal ions, is of 
biolechnological inlerest for bioremedialion slralegies. 

With Ihis goal in mind, researchers have then over
expressed y-ECS and olher palhway enzymes, including 
phytochelalin synthase (PCS) (Table 2). Sorne of Ihese 
experimenls have been parliaLly successful in increasing 
GSH levels, allhough Ihis has been ralher marginal wilh no 
correlalion between enzyme levels and GSH concenlration. 
Unforlunately, these overexpression experimenls have nol 
been accompanied hy delerminalions of fluxes or olher 
relevanl melabolile concentralions such as PCs or Cys. On 
Ihe olher hand, Ihe overexpression of PCS has surprisingly 
induced oxidalive slress and necrosis inslead of increasing 
Cd1+ accumulalion and resislance [36]. This resull suggesls 

Ihal, under high GSH demand (i.e., for PCs synthesis and 
for direcl heavy melal sequestration hy GSH), the GSH 
concentration does not suffice for maintaining the other 
essential GSH functions such as oxidalive stress management 
and xenohiotic detoxification. 

Another problem in the study ofGSH 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), 131]. 
The analysis of an incomplete pathway leads to misleading 
conclusions about the control of flux. Metabolic modeling 
has shown that only with the incorporation ofthe 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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TABI.B 2: GSH ami phytochdatin synthesis enzymes overexpression in plants and yeasts. 

Overexpressed enzyrne Organism (experimental Metabolite 
Reference (activity fold) condition) (increment fold) 

ATP sulfurylase (2.1 ) Brrusiru j rmcea 2.1 (GSH ] (37 ] 

ATP sulfurylase (4.8) Tobacco (unstressed) 1.3 (50/ - ] (38 ] 

O·acetyl·serine thiol-Iyase Tobacco (unstressed) 
2 (Cys] 

(39] (2.5) O(GSH ] 

Serine acetyl transferase Potato chloroplasts 2 (Cys] 
(40] (> 10) ( unstresse<i) O(GSH ] 

E. coN GS (90) Popu/us tremu/a O(GSH ] (34 ] 
( unstresse<i) 

GS (3) S. cerevisiae (unstresse<i) O(GSH ] (41] 

Brrusiru j uncea O(GSH ] 
E. coN y-ECS (>2) ( unstresse<i) (35 ] 

B. j uncea (+I00¡JM Cdl~ ) 4 (GSH ](' ) 

y-ECS (2.1 ) S. cerevisiae (unstresse<i)) 1.3 (GSH ] (42] 

E. coN y-ECS (50) Popu/us tremu/a 4.6 (GSH ] (34 ] 
( unstresse<i) 

E. coN y-ECS (4.9) 
Bm55ica j unaa 3.5 (GSH ](b) 
(unstresse<i) B. juncea 1.5 (GSH ](b) (43 ] 
t,+200¡JM 011+) 

E. coN y-ECS (40) obacco (unstressed) >4 (GSH ] (44] 
y-ECS (9.1 ) + GS (18) S cerev ;<;"" (unstr...:se<i) Ll\ (r.SH ] (45] 

PCS (>2) Ambidopsis thaliana O(GSH ] (36] (+85¡JM Cd2~ ) 

Vacuolar transporter of S. pombe 
Higher 011+ 

(46] PC-Cd complexes (>2) resistance 

(' )The inecease was only in roots with no effK! on shoots. (b)The inecease was only in shoots with no effect on roo! .. 

framework, the overexpression of only one enzyme (the 
"rale~limiling step"), or of many arbitrarily selecled enzymes 
(Tables I and 2), the problem of increasing the flux or 
metabolite concentrations cannot be solved. 

3.4. Overexpression o( proteins (rom other 
metabolic pathways 

There are sorne successful examples of Ihe genelic engineer~ 
ing approach to manipulate melabolism: 

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

( ii ) increase in amino acids (Trp, Ile, Lys, Val, Thr) 
and trehalose production in Corynebaeterium glu~ 
tamicum, in which sorne proteins of eaeh melabolic 
palhway are simullaneously overexpressed, but sorne 
of them wilh mutations Ihat confer insensitivity to 
feedback inhibition [48---53 ]. In Ihese transformed 
bacteria, the end produets are indeed overproduced 
and their exeretion is aceeleraled; 

(iii) overexpression of PFK and PyK lo inerease ethanol 
production by 35% in E. eoli, although laelie acid 
formalion was not modified [16]; 

(iv) mannitol l~phosphate dehydrogenase and mannilol 
1 ~phosphatase overexpression to inerease mannilol 

production by 27- 500/0 in LDH~defieienl Lactoeoccus 
laetis [54 ]; 

(v) inerease in sorbilol production (5 fold ) in LDH~ 
deficient Laetobacillus plantarum through the over~ 
expression of sorbitol 6~phosphale dehydrogenase 
(aelivity up to 250 fold in mulants versus wild type) 
[55 [; 

(vi) overexpression of PFK ( 14 fold) or LDH (3.5 limes) 
to inerease 2~3 limes the homolactic fermentation 
flux in Laetococcus laetis growing on maltose, and in 
parallel decrease fluxes toward secondary acids and 
ethanol [56]. 

4. DOWNREGULATION OF ENZYMES ro 
MANIPULATE METABOllSM 

4.1. Glycolysis in tumor cells 

Glyeolysis is enhaneed in human and animal caneer cells 
(reviewed in [57]) . Several glycolytic enzymes are overex~ 
pressed in alleast 70% ofhuman eaneers [58]. Except for glu ~ 

cose transporter 1 (Gl UT ~ 1), the other 1I glycolytic enzymes 
(HK to LDH) are overexpressed in brain and nervous syslem 
cancers. Proslale and Iymphatic nodule cancers (Hodgkin 
and non~Hodgkin lymphomas; myelomas) overexpress lO 
glycolytie enzymes (exeepl for H K; in prostate eancer GlUT I 
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T AB!.E 2: GSH and phytoche13tin synthcsis enzymes overexpression in plants and ye35ts. 

Ovcrexpressed cnzymc Organism {experimental Metabolite 
Reft'rt'nce 

(activity fold ) condition) (incrt'mt'nt fold ) 

ATP sulfurylase (2. 1) Brru>ica juncea 2.1 [GSH1 (37) 

ATP sulfurylase (4.8) Tobacco (unslressed) 1.3 [50/- ) (38) 

O·aCt'lyl · serine Ihiol-IY3se 
Tobacco (unslressed) 

2 [Cys1 
[391 (2.5) O[GSH1 

Serinc aCt'lyl tnnsft'rase Potato chloroplasls 2 [Cys] 
[401 (>\0) (unstressed) O[GSH1 

E. coli GS (90) 
POpU/1IS /Temu/a O[GSH1 (34) 
(unstrcssed) 

GS(3) S. cerevisine (unst resse<i) O[GSH1 (41) 

Brru>ica juncea 
O[GSH1 

E. roli y-ECS (>2) (unstressed) [351 
B.jullcea (+I00/lM Cdl+) 4 [GSH]l'l 

y-ECS (2.1 ) S. cerevisiae (unstressed)) 1.3 [GSH1 (42) 

E. roli y-ECS (SO) 
Popu/us /Temu/a 

4.6 [GSH) (34 ) 
(unstresse<i ) 

E. roli y-ECS (4.9) 
Bra55ica juncea 3.5 [GSHFbl 

(unstrcssed) B.juncea 1.5 [GSH1 (bJ [431 

(+200/lM Cdh
) 

E. roli y-ECS (40) Tobacro (unslressed ) >4 [GSH1 (44) 

y-ECS (!U ) + es ( 18) S. cerev;<;fII' (unstresseá) 1.1\ [r....,H1 (45) 

PCS (>2) 
Arabidopsis tha/iUlm 

O[GSH1 (36) 
(+85/1M Cd2t

) 

VacuoJar transporter of 
S.pombe 

Higher Cd2t 

[461 PC-Cd complexes (>2) resistancc 

(' )The increaSl' was only in roots with no etfect 011 shoots. (bJThe incred.'i!' W3S only io ShOOlS with 110 etfect 011 roots. 

framework, Ihe overexpression of only one enz.yme (Ihe 
"rale-limiling 5Iep"), or of many arbilrarily selecled enz.ymes 
(Tables I and 2), Ihe prob[em of increasing Ihe fl ux or 
melabolile concenlralions cannol be so[ved. 

3.4. Overexpression of proteins from other 
metabolic pathways 

There are some successful examples oflhe genetic engineer
ing approach lo manipulale metabo[ism: 

(i) overexpression (approx. 23 fold ) of Ihe five genes of 
Ihe tryplophan synlhesis pathway in S. ccrcvisiae, lo 
increase (9-fold) flux [47]; 

( ii) increase in amino acids (Trp, lIe, Lys, Val, Thr) 
and Irehalose produclion in Coryncbactcri!.m g/u
tamicum, in which same proleins of each metabo[ic 
pathway are simultaneous[y overexpressed, bul sorne 
of Ihem wilh mutalions Ihal confer insensilivity lo 
feedback inhibition [48- 531. [n these Iransforrned 
bacleria, the end producls are indeed overproduced 
and their excretion is acceleratoo; 

(iii) overexpression of PFK and PyK lo inecease elhanol 
production by 35% in E. coli, although [ael ic acid 
formal ion was nol modified [161; 

(iv) mannilo[ l-phosphale dehyd rogenase and mannilo[ 
I-phosphatast" overexpression to inerease manniloJ 

produclion by 27- 50% in LDH-deficient LactoCOCC!45 
lactis [S4 J; 

(v) inerease in sorbiloJ production (5 fo[d ) in LDH
deficienl Lactobacil/uj p/alltarum Ihrough Ihe over
expression of sorbilo[ 6-phosphate dehydrogenase 
(activily up lo 250 fold in mulanls versus wild Iype) 
[551; 

(vi) overexpressioll of PFK ( 14 fo[d) or LDH (3.5 limes) 
lo increase 2-3 limes Ihe homolactic fermenlalion 
flux in Lactococcus /actis growing on mallose, and in 
paraJlel decrease fluxes loward secondary acids and 
ethanol [561. 

4. DOWNREGULAT[ON OF ENZYMES TO 
MAN[PULATE METABOllSM 

4.1. Glycolysis in tumor cells 

GJyeolysis is enhanced in human and animal cancer cells 
( reviewed in [57]). Several glycolytic enz.ymes are overex
pressed in al [easI70%ofhuman cancers [581. Excepl forgl u
cose transporler I (GLUT -1 ), the olher II glycolytic enl.ymes 
(HK lo LDH) are overexpressed in brain and nervous syslem 
cancers. Proslale and [ymphalic nodule cancers (Hodgkin 
and non-Hodgkin Jymphomas; myelomas) overexpress 10 
gJycolytie enl.ymes (except for H K; in proslalecancerGLUT I 
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FIGURE 3: Trypanothione synthesis in trypanosomatids. Th<> trypanothione producing enzyrnes are y-ECS, GS, ODC, aminopropyl 
Iransfl'rase (PAT), ami TryS. The Irypanolhione oonsuming enzymes are ascorbale pt'roxidase (APX); tryparrooxin peroxidases (TXNPx); 
trypanothione-glutathione thiol transferase (thioltransf ... rase ); ami glutathione pt'roxidases 1 (GPX I) ami [J (GPX 11). The regenl'rating 
l'llzyml' is TryR. APX, Ihiollransferase, ami GPX J[ have only been described in T. cruz;. This lasl parasile lacks ODC aclivily, bul il has 
developed high-affinily Iransporlers for pulrescine, cadaverine, ana spermiaine [71 ]. 

is also overexpressea). There is a secona group of cancers that 
overexpresses 6--8 glycolytic genes (skin, kidney, stomach, 
testides, lung, liver, placenta, pancreas, uterus, ovary, eye, 
head and neck, and mammary gland). A third group indudes 
those cancers overexpressing 1 or 2 glycolytic genes (bone, 
bone marrow, cervix, and cartilage) [58 J. 

In animals, gene expression of glycolytic enzymes is reg
ulated (both coorainately and individually) under hypoxic 
condilions by hypoxia-rcsponsivc Iranscriplion faclors such 
as H[F-Ia (hypoxia-inaucible factor la), SP family factors, 
AP-I, and possibly MRE (metal response elements) [8, 59-
61 J. H[F-Ia is probably the principal coorainator in gene 
induction. There are binding sites (consensus sequence 
ACGT) for H[F-Ia in the promoters of genes for HK 
[62 J, PFK-I, ALDO, GAPDH, PGK, ENO, PYK, ana LDH 
(reviewed in [8]) . TP[ ana perhaps HPI and PGAM are 
also inaucea by hypoxia, but it is not dear whether HIF
la meaiates this inauction [8J, and whether this factor 
regulates other metabolic pathways associated with glucose 
catabolismo For example, although glycogen phosphorylase 

is overexpressea under hypoxia in human tissues [63J, the 
role ofH IF-1 has not been aemonstrated. 

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

4.2. Glycolysis in Trypanosoma brucei 

The kinetoplastia parasites Trypanosoma en/zi, Trypanosoma 
brueei, and Leishmania are the causative agents of Chagas 
aisease, African trypanosomiasis, and leishmaniasis. respec
tively. The available drugs to treat these aiseases are highly 
toxic for humans. Moreover, the parasites may become 
resistant, and hence the search for new arugs ana arug targets 
is relevant for solving these public health problems. 

[n these parasites, the metabolism is organized in a pecu
liar way; they have a subcellular structure callea glycosome 
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FIGURE 3: Trypanothione synthesis in trypanosomatids. The trypanothione producing enzyrnes are y-ECS, GS, ODC, arninopropyl 
transferase (PAT), ami TryS. The trypanothione consuming enzyrnes are aswrbalt' peroxidase (APX); tryparoooxin peraxidases (TXNPx); 
trypanothione-glutathione ¡hio] transfense (¡hio! transfl'n¡se ); aná glutathione peroxidases 1 (GPX 1) aná [J (GPX 11). The regenl'rating 
!.'Ilzyrnl' is TryR. APX, thiol transferase, ana GPX 11 have only been described in T. cnlzi. This last parasite lacks ODC activity, but it has 
developed high-affinity transporters for putrescine, cadaverine, and spermidine 171 ]. 

is also overexpressed). There is a second group of c.1ncers that 
overexpresses 6--8 glycolytic genes (skin, kidney, stomach, 
testieles, lung, liver, placenta. pancreas, uterus, ovary. eye, 
head and neck, ana mammarygland). A third group ineluaes 
those cancers overexpressing I or 2 glycolytic genes (bone, 
bone marrow, cervix, and cartilage) [58 J. 

In animals, gene expression of glycolytic enzymes is reg
u1ated (both coordinately and individually) under hypoxic 
conditions by hypoxia- rcsponsivc transcription factors such 
as H1 F-la (hypoxia-inducible factor la), SP family factors, 
AP- I, and possibly MRE (metal response elements) [8, 59-
61 J. H[F-Ia is probably the principal coordinator in gene 
induction. There are binding sites (consensus sequence 
ACGT) for H IF-la in the promoters of genes for HK 
[62 J, PFK-I , ALDO, GAPDH, PGK, ENO, PYK, and LDH 
(reviewed in [8 ]) . TPI and perhaps HPI and PGAM are 
also induced by hypoxia, but it is no! elear 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 HlF-l has not been demonstrated. 

Ir direct manipulation of palhway genes becomes diffi
cult , then the overexpression or repression of transcription 
factors such as HlF-la, API, and MREs might salve 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 Tr)'panosoma cfllzi, Trypanosoma 
brucci, alld Lcishmallia are the causative agents of Chagas 
disease, African trypanosomiasis, and leishmaniasis, respec
tively. The available drugs to Ireat these diseases are highly 
toxic for humans. Moreover, the parasites may become 
resistant, and hence the search for Ilew drugs and drug targets 
is relevant for solving these public health problems. 

In these parasites, the metabolism is organized in a pecu
lia r way; they have a subcellular structure called glycosome 
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in which several melabolic palhways lake place: gluconeo~ 
genesis, reaclions of Ihe penlose phosphale palhway, purine 
salvage and pyrimidine biosynlhesis, p~oxidation of fally 
acids, fally acid elongalion, biosynlhesis of elher lipids, and 
Ihe firsl seven sleps of glycolysis. In facl, approximalely 
90% of glycosome enzyme conlenl corresponds lo glycolytic 
enzymes [64 J. Glycosomal glycolytic enzymes have unique 
slruclural, kinelic, and regulalory fealures nol found in Iheir 
human counlerparls, and Iherefore have been Ihe subjecl of 
extensive biochemical sludies lo use Ihem as drug largels 
[65 J. The ralionale behind Ihis is lo synlhesize inhibilors Ihal 
affe<:1 mainly Ihe parasilic enzymes wilh relalively low effecl 
on Ihe human enzymes since Ihe infective parasile slages rely 
moslly on glycolysis for ATP supply. 

There are reporls on Ihe design of presumed specific 
inhibilors forsome oflhe T. brucei glycolytic enzymes: GLUT 
(bromoacelyl~2~glucose) [66J, HK, H PI, PFK, ALOO, TPI, 
GAPDH, PGK, PYK, and glycerol~3~phosphale dehydroge~ 
nase [67 J. Allhough Ihe purified enzymes display very low Ki 
values for Ihese inhibilors and sorne of Ihem inhibil parasile 
growth or infective capabililies, Iheir effecl on inhibiling Ihe 
glycolytic flux has nol been explored. Therefore, il is nol yel 
possible lo directly ascribe Ihe effecls seen in parasile culture 
wilh Ihe in vilro effecls on Ihe isolaled enzymes. To idenlify 
Ihe besl drug largels, delerminalion oflhe flux conlrol sleps 
of glycolysis in T. brucei has been recenlly inilialed [6S J. 

4.3. Trypanothione synthesis in 
kinetoplastid parasites 

Trypanolhione (TSH1) is a reducing agenl presenl in Iry~ 
panosomalids Ihal is synlhesized from one spermidine and 
Iwo GSH molecules by TSH1 synlhelase (TryS) (Figure 3). 
This melabolile and ils reducing enzyme, TSH1 reduclase 
(TryR), replace Ihe anlioxidanl and melabolic funclions of 
Ihe more common GSH/GSH reduclase syslem presenl in 
mammals. In facl, mosl of Ihe anlioxidanl melabolism of 
Ihese parasiles depend on TSH! (Figure3) [69, 70J. Thus, 
Ihe enzymes of Ihis melabolic palhway have been proposed 
as drug largels for killing Ihe parasiles. 

Several sludies have focused in assessing TryR as drug 
largel. Oiminulion in ils gene Iranscriplion yields a loss 
of aClivily belween 56-90%, depending on Ihe genelic 
lechnique [72- 7s J. In knockdown T brucei cells ( i.e., when 
TryR aClivily has diminished lo less Ihan 10% of Ihe wild~ 
Iype level), Ihe parasiles showgrowlh diminulion and higher 
sensilivily lo H101 in cullure and loss of infectiveness in 
mice. However, TSH1 and Ihiol compound conlenls were nol 
affe<:led [7sJ. TryR downregulalion by >SS% in Leishmania 
species causes inabilily lo survive under oxidalive slress 
inside macrophages [72- 74J. In conlrasl, when TryR is 
14~ and 10 fold overexpressed in Leishmania and T. cruzi, 
respectively, Ihere are no significanl differences in H!02 
susceptibilily between conlrol and Iransfecled cells; bolh 
Iypes of cells are also equally resislanl lo Ihe oxidalive 
slress~inducers genlian violel, and nilrofurans [76J. Inlrigu~ 
ingly, Ihe cellular levels of TSHl> GSH, and glulalhionyl~ 
spermidine, delermined in bolh Iypes of experimenls (TryR 
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suppression and overexpression) were similar in conlrol and 
Iransformed cells. 

Olher sludies have proposed TryS as an allernalive 
drug largel. Knockdown of TryS by siRNA in procyclic 
T. brucei causes (i) viabilily impairmenl and arresl of 
proliferalion when TSH1 levels de<:rease lo 15% of Ihe 
wild~lype level, (ii) increased sensilivily lo H101 and alkyl 
hydroperoxides, ( iii ) damage lo Ihe plasma membrane, and 
( iv) diminulion of Ihe TSH! conlenl and accumulalion of 
GSH and glulalhionyl~spermidine [77J. A similar melabolile 
varialion (lower TSH1 ; higher GSH ) was allained wilh a 
TryS knockdown induced by siRNA in Ihe bloodslream form 
of T. brucei [7S J. This TryS knockdown also induced an 
increased sensilivily lo differenl compounds Ihal affe<:1 TSH1 

melabolism such as arsenicals, melarsen oxide, Irivalenl 
antimonials, and nifurtimox [7S J. Indeed, weslern blol 
analysis showed, in addilion lo Ihe expecled ( IO~fold ) 

decrease in TryS prolein, a 2~3~folds increase in y~ECS 
and TryR. The changes in expression of olher enzymes 
suggesl unveiled compensalory or pleiolropic effecls on 
TSH! melabolism. 

Olher researchers have selecled y~glulamylcysleine syn~ 
Ihelase ( y~ECS) , Ihe presumed rale~limiting slep of GSH 
synlhesis, as an alternative drug largel of TSH1 synlhesis 
in T brucei (Figure 3). Knockdown of y~ECS gene in Ihe 
parasile induces cell dealh and deplelion ofGSH and TSH1 
only afler SO% decrease in Ihe enzyme conlenl [79J. The 
y~ECS knockdown cells are rescued from dealh by adding 
exlernal GSH, which elevales Ihe cellular GSH and TSH1 
levels [79 J. 

Glulalhione synlhelase (GS) has nol been manipulaled in 
Irypanosomalids, or in any olher organism, perhaps because 
il has been considered as a nonrale~limiting slep ofGSH and 
TSH! biosynlhesis. However, DNA microarray analysis of 
antimonile~resislanl Leishmania tarentolae shows increased 
Iranscription of y~ECS, GS, and P~glycoprolein A RNAs 
[SO J. Allhough il was nol evalualed whelher increase in 
gene Iranscription correlaled wilh an increase in enzyme 
aClivilY, il may be possible Ihal under high GSH demand (i.e., 
under oxidalive slress condilions) GS mighl exerl conlrol of 
TSH! synlhesis. On Ihe olher hand, ornilhine decarboxylase 
(ODC) overexpression in T brucei (Ihe presumed limiling 
slep of spermidine synlhesis) causes no change in TSH1 levels 
[SI J. Therefore, ODC does nol seem lo be a conlrolling slep 
ofTSH! synlhesis. 

Although almosl full inhibilion (>SO%) of gene Iran~ 
scriplion or activily of any of Ihese enzymes resulls in par~ 
asiledealh, Ihe question remains ofhow TSH1 melabolism is 
affe<:led when Ihe enzymes are less inhibiled. For example, 
in Ihe Iherapeulic Irealmenl of palienls il is cerlain Ihal 
drugs have lo be adminislered for long periods of lime. If 
Ihe parasiles are nol complelely cleared from Ihe palienl, 
disease recurrence and generalion of drug~resislanl parasiles 
are possible. The resulls described aboye indicale Ihal each 
enzyme by ilself has low conlrol on TSH1 synlhesis and 
concenlration; Iherefore, highly specific and very polenl 
inhibilors have lo be designed in order lo allain Ihe required 
full aClivily blockade lo affecl TSH1 melabolism in Ihese 
parasiles. 

Rafael Moreno-5ánchez el al. 

in which several melabolic palhways lake place: gluconeo
genesis, reaclions of Ihe pentose phosphate palhway, purine 
salvage and pyrimidine biosynthesis, p-oxidation of fatty 
acids, fatty acid elongation, biosynthesis of ether lipids, and 
the first seven steps of glycolysis. In facl, approximalely 
90% of glycosome enzyme conlent corresponds to glycolytic 
enzymes [64[. Glycosomal glycolytic enzymes have unique 
structural, kinelic, and regulatory features nol found in Iheir 
human counlerparls, and Iherefore have been Ihe subject of 
extensive biochemical sludies lo use Ihem as drug largels 
[65 [. The ralionale behind Ihis is lo synthesize inhibilors Ihal 
affe<:1 mainly Ihe parasilic enzymes wilh relalively low effecl 
on the human enzymes since Ihe infective parasile slages rely 
moslly on glycolysis for ATP supply. 

There are reports on the design of presumed specific 
inhibilors forsome ofthe T. brJIcei glycolytic enzymes: GLUT 
(bromoacetyl-2-g1ucose) [66[, HK, HPI, PFK, ALOO, TPI, 
GAPOH, PGK, PYK, and glycerol-3-phosphate dehydroge
nase [67[. Although the purified enzymes display very low Ki 
values for these inhibitors and some of Ihem inhibit parasite 
growth or infective capabilities, their effecl on inhibiting the 
glycolytic flux has not been explored. Therefore, it is not yet 
possible to directly ascribe the effects seen in parasite cultu re 
with the in vitro effects on the isolated enzymes. To idenlify 
the best drug largets, determination ofthe flux control steps 
of glycolysis in T. brucei has been recently initiated [68[. 

4.3. Trypanothione synthesis in 
kinetoplastid parasites 

Trypanothione (T5Hz) is a reducing agent present in Iry
panosomatids that is synthesized from one spermidine and 
two G5H molecules by T5H l synthetase (Try5) (Figure 3). 
This metabolite and its reducing enzyme, T5Hz reductase 
(TryR), replace the antioxidant and metabolic functions of 
the more common G5H/G5H reductase syslem present in 
mammals. In fact, most of the antioxidant metabolism of 
these parasiles depend on TSH 2 (Figure3 ) [69, 70J. Thus, 
the enzymes of this metabolic pathway have been proposed 
as drug targets for killing the parasiles. 

Several studies have focused in assessing TryR as drug 
targel. Oiminution in its gene Iranscription 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 showgrowth diminution and higher 
sensitivity to H20 l in culture and loss of infectiveness in 
mice. However, T5Hz and thiol compound conlents were not 
affected [75). TryR downregulation by >85% in Leishmania 
species causes inability to survive under oxidalive stress 
inside macrophages [72- 74]. In contrast, when TryR is 
14- and 10 fold overexpressed in Leishnumia and T. crJIzi, 
respectively, Ihere are no significant differences in HIOl 
susceptibility between control and transfected cells; both 
types of cells are also equally resistant to the oxidative 
stress-inducers gentian violet, and nilrofurans [76]. lnlrigu
ingly, the cellular levels of T5H2> GSH, and glutathionyl
spermidine, determined in both types of experiments (TryR 

9 

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

Other studies have proposed TryS as an alternative 
drug larget. Knockdown of TryS by siRNA in procyclic 
T. brucei causes (i) viability impairment and arrest of 
proliferalion when TSH2 levels de<:rease to 15% of Ihe 
wild-type level, ( ii ) increased sensitivity to HZOl and alkyl 
hydroperoxides, ( iii) damage lo the plasma membrane, and 
(iv) diminulion of the TSH z contenl and accumulation of 
GSH and glutathionyl-spermidine [77J. A similar metabolite 
variation (lower T5H2 : 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 lo different compounds that affe<:t TSHz 
metabolism such as arsenicals, melarsen oxide, trivalenl 
antimonials, and nifurtimox [78]. Indeed, western blol 
analysis showed, in addition lo the expected ( IO-fold ) 
decrease in TryS prolein, a 2-3-folds increase in y-EC5 
and TryR. The changes in expression of other enzymes 
suggest unveiled compensatory or pleiotropic effects on 
TSH I metabolism. 

Other researchers have selected y-glutamylcysleine syn
thetase (y-ECS), the presumed rate-limiting step of GSH 
synlhesis, as an alternative drug target of T5H l synthesis 
in T brJIcei (Figure 3). Knockdown of y-ECS gene in the 
parasite induces cell death and depletion ofGSH and TSH l 

only after 80% decrease in the enzyme contenl [79). The 
y-ECS knockdown cells are rescued from death by adding 
external GSH, which elevates the cellular GSH and TSHz 
levels [79J. 

Glulathione synthetase (GS) has not been mallipulaled in 
trypanosomatids, or in any other organism, perhaps because 
it has been considered as a nonrate-limiting slep ofG5H and 
TSHz biosynthesis. However, ONA microarray analysis of 
antimorute-resistant Leishmmlia tarelltolae shows increased 
lranscription of y-ECS, GS, and P-glycoprotein A RNAs 
[80J. Although it was nol evaluated whether increase in 
gene Iranscription correlated with an increase in enzyme 
activity, it may be possible that under high GSH demand (i.e., 
under oxidative stress conditions) GS mighl exerl control of 
TSH2 synlhesis. On the other hand, ornithine decarboxylase 
(ODC) overexpression in T brucei (Ihe presumed limiting 
slep of spermidine synthesis) causes no change in TSHz levels 
[8 1]. Therefore, OOC does not seem lo be a controlling step 
ofTSH 2 sYllthesis. 

Allhough a1most full inhibilion (>80%) of gene tran
scription or activity of any of Ihese enzymes results in par
asiledeath, the question remains ofhow TSH1 metabolism is 
affected when Ihe enzymes are less inhibited. For example, 
in the therapeutic treatment of patients it is certain thal 
drugs have to be administered for long periods of time. If 
the parasites are not completely deared from Ihe patient, 
disease recurrence and generation of drug-resistant parasiles 
are possible. The results described aboye indicate that each 
enzyme by itself has low control on T5H1 synthesis and 
concentration; therefore, highly specific and very potent 
inhibilors have to be designed in order to attain the required 
full activity blockade to affect T5H1 metabolism in these 
parasites. 
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5. THEORY OF METABOllC CONTROL ANAlYS IS 

The metabolic control analysis (MCA) was initially devel
oped by Kacser and Burns in Scotland [82. 83 J and by 
Heinrich and Rapoport in East Germany [84, 85 J. 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, CO2 , lactate or acetate; 
or inhibition of a melabolic palhway flux wilh Iherapeutic 
purposes). MCA rationalizes the quantilative delermination 
of Ihe degree of control that a given enzyme exerts on 
flux and on the concenlration of melabolites. Different 
experimental approaches have been developed lo delecl and 
direct what has lo be done and measured, in order to identify 
and understand why an enzyme exerts a significant or a 
negligible conlrol on fl ux and melabolite concentration in 
a metabolic pathway. Thus, the application of Ihis analysis 
avoids Ihe "trial and error" experimenls for identifying and 
manipulating the conceptually wrong "rate-limiting slep." 

To understand how a metabolic pathway is controlled 
and could be manipulated, ils conlrol slructure has to be 
evaluated. The conlrol structure of a pathway is constituted 

by the flux control coefficienl (e!¡) , which is the degree 
of conlrol that the rale (v) of a given enzyme i exerls on 
flux J; Ihe concentration control coefficient (e~), which 
is Ihe degree of control thal a given enzyme i exerts on 
the concentration of a metabolite (X ); and the elasticity 
coefficienls. lbe conlrol coefficienls are syslemic properties 
of Ihe palhway that are mechanistically determined by Ihe 
elasticity coefficients «(xi¡, which are defined as the degree 
of sensitivity of a given enzyme V¡ (i.e., Ihe enzyme's ability 
to change its rate) when any of its ligands (X: substrate, 
products or allosteric modulalors) is varied. 

The flux control coefficient is defined as 

el = .!!L . Vio 
~; dv¡ Jo' ( 1 ) 

in which the expression dJ/ dv; describes the variation in 
flux (J) when an infinitesimal change is done in Ihe enzyme 
i concentration or activity. In practice, the infinilesimal 
changes in Vi are undeleclable, and hence measurable 
noninfinitesimal changes are underlaken. If a small change 
in V¡ promotes a significanl variation in J, then this enzyme 
exerts an elevaled fl ux control (Figure 4, 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 e:¡ the scaling factor 
Vio/Jo is applied, which represenls Ihe ratio between the 
initial values from which Ihe slope dJ/dvi is calculated. If all 
e:; of the palhway enzymes and transporlers are added up, 
the sum comes to one (summation theorem). 

The MeA clearly distinguishes between the control 
exerted by a given enzyme on flux (flux control coefficient) 
and on the melabolile concentration (concentralion control 
coefficient). Thus, an enzyme can have signifi canl control 

Ellzyme activily 

FIGURE 4: Experimental determillation of flux conlrol codficiellt. 

on a metabolile concentration bul not on the palhway flux . 
This distinction is imporlanl for biolechnology purposes. 
On one hand, the use of the rate-limiting slep concepl 
for manipulating melabolic palhways does nol make such 
differentiation, which probably has contribuled to Ihe many 
unsuccessful experimenls reporled in Ihe literature; on 
Ihe other hand, it should be dearly defined whelher the 
aim of the project is to increase fl ux and/or a metabolite 
concenlration since MCA establishes for each aim a differenl 
experimental designo 

To determine the flux control coefficient of a given 
enzyme, small variations in the enzyme contenl, or prefer
entially, in activity are required, withoul altering the rest of 
Ihe pathway, and then Ihe changes in flux are determined. 
The experimental points are plotted as shown in Figure 4 
lo calculate Ihe slope al Ihe reference poinl Vio/Jo. This 
experiment, apparently easy to perform, has demanded greal 
intellectual and experimental effort. Several experimenlal 
strategies have been developed to determine e:¡ : 

(i) formation ofhelerokarionls and helerocygols (classi-
cal genetics), 

(ii) tilration of fl ux with specifi c inhibilors, 

(iii) elasticityanalysis, 

(iv) mathematical modeling (in silico biology), 

(v) in vilro reconstitution ofmetabolic palhways, 

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

5.1. Cfassicaf mendefian genetics 

The arginine biosynthesis in Neurospora crassa was the 
first metabolic pathway in which flux control coefficienls 
were experimenlally delermined by Kacser's laboralory [86J. 
This fungus forms multinuclealed mycelia thal facilitate Ihe 
generation of polyploid cells. By mixing different ratios of 
spores containing genes encoding wild (active) and mulanl 
( inactive) enzymes of this pathway, it was possible to 
generate heterokaryont mycelia with differenl contenl, and 
activity, of four pathway enzymes. The aulhors built plots of 
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5. THEORY OF METABOllC CONTROL ANAlYS IS 

The metabolic control analysis (MCA) was initiaUy devel~ 
oped by Kacser and Burns in Scolland [82, 83 J and by 
Heinrich and Rapoporl in East Germany [84, 85]. This 
analysis elitablishes a Iheoretical framework thal explains 
the reliults observed with the enzyme overexprelision and 
downregulation experiments. In addition, il helps lo idenlify 
and deliign experimenlal slralegieli for the manipulalion of a 
given process in an organism (heavy metal hyperaccumula~ 
tion; increased produclion of ethanol, COl, lactate or acetate; 
or inhibition of a melabolic palhway flux with therapeutic 
purposes). MCA rationalizeli the quantitative determination 
of Ihe degree of control that a given enzyme exerts on 
flux and on the concentration of metaboliteli. Different 
experimental approaches have been developed lo 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 conlrol on flux and metabolite concentralion in 
a metabolic pathway. Thus, the application of this analysis 
avoids the "trial and error" experimenls for identifying and 
manipulating the conceptuaHy wrong "rate-lirniting step." 

To understand how a metabolic pathway is controlled 
and could be manipulated, ils control structure has to be 
evaluated. The control structure of a pathway is constituted 

by the flux control coefficient (e!,), which is the degree 
of conlrol that Ihe rale (v ) of a given enzyme i exerts on 
flux J; the concentralion control coefficient (e~ ), which 
is Ihe degree of control lhal a given enzyme i exerts on 
the concentralion of a metabolite (X ); and the elasticity 
coefficients. The conlrol coefficients are syslemic propertieli 
of Ihe pathway that are mechanisticaHy determined by Ihe 
elasticity coefficients (cx'). 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 aUosteric modulators) is varied. 

The flux conlrol coefficient is defined as 

e' = !!L . Vio 
Y; dv¡ Jo ' ( 1 ) 

in which the exprelision dJ/dv¡ describeli the variation in 
flux (J ) when an infiniteliimal change is done in Ihe enzyrne 
i concentration or activity. In practice, the infinileliimal 
changeli in Vi are undelectable, and hence measurable 
noninfiniteliilnal changes are undertaken. If a smaH change 
in Vi promotes a significanl variation in J, then this enzyme 
exerts an elevaled Hux control (Figure 4, position 1). In 
contrast, if a rather smaH or negligible change in flux is 
observed when V¡ is greatly varied, then the enzyrne does not 
exert significant flux control (Figure 4, position 2). To obtain 
dimensionless and normalized values of e:i the scaling factor 
violJ" is applied. which represents Ihe ratio between the 
initial va!ues from which Ihe slope dJ/dv j is calculated. If aH 

e!¡ of the palhway enzymes and transporlers are added up, 
the sum comes to olle (summation theorem). 

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

Enzyme activity 

FIGURE 4: Experimental determination of flux control coefficient. 

on a metabolile concentration bul not on the pathway flux. 
This distinction is importanl for biolechnology purposes. 
On one hand, the use of the rate-limiting slep concept 
for manipulating metabolic palhways does nol make such 
differentiation, which probably has contribuled to the many 
unsuccessful experimenls reported in Ihe literatme; on 
the other hand, it should be dearly defined whether the 
aim of the project is to increase Hux and/or a metabolite 
concenlration since MCA establishes for each aim a different 
experimental designo 

To determine the flux control coefficient of a given 
enzyme, small variations in the enzyme content, or prefer~ 
entiaUy, in activity are required, without altering the rest of 
Ihe pathway, and then the changes in flux are determined. 
The experimental points are plotted as shown in Figure 4 
lo calculate Ihe slope al Ihe reference poinl viaIJ". This 
experiment, apparently easy to perform. has demanded great 
intellectual and experimental effort. Several experimenlal 

slrategies have been developed lo determine e:i : 

( i) formation ofheterokarionts and heterocygols (classi-
cal genetics), 

(ii ) tilration of flux with specific inhibilors, 

(iii) elasticity analysis, 

(iv) mathemalical modeling (in silico biology). 

(v) in vitro reconstitution of metabolic pathways, 

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

5.7. Cfassical mendelian genetics 

The arginine biosynthesis in Neurospora crassa was the 
first metabolic pathway in which flux control coefficients 
were experimenlaHy delermined by Kacser's laboralory [86J. 
This fungus forms mullinucleated mycelia thal facilitate Ihe 
generation of polyploid ceUs. By mixing different ratios of 
spores containing genes encoding wild (active) and mulant 
( inactive) enzymes of this pathway, it was possible to 
generate heterokaryont mycelia with differenl content, and 
activity. of four pathway enzymes. The aulhors built plots of 
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enzyme aClivily versus flux (see Figure 4) for acelyl~ornilhine 
aminolransferase, ornilhine Iranscarbamoylase, arginine~ 

succinale synlhelase, and arginine~succinale lyase. AH Ihe 
experimenlal poinls of Ihese helerokaryonls localized near 
lo posilion 2 of Figure 4 wilh cti1'f, = 0.02-0.2 (flux conlrol 
by Ihese enzymes was only 2- 20%), which indicaled Ihal 
none oflhese enzymes exerled significanl conlrol on arginine 
synlhesis. The aulhors did nol determine Ihe remaining flux 
conlrol (75%) , which mighl reside in carbamoyl~phosphale 
synlhelase 1 (Ihis milochondrial ammonium~dependenl iso~ 
form can be bound lo Ihe milochondrial inner membrane or 
form complexes wilh ornilhine Iranscarbamoylase [87, 88 ]) 
and in milochondrial cilruline/ornilhine Iransporler, bolh of 
which have been proposed as limiling sleps, or mighl be in 
Ihe arginine demand for prolein synlhesis. 

Organisms wilh many alleles of one enzyme may form 
homo~and helerozygoles expressing differenl activily levels. 
Drosophila melmlOgaster has Ihree ADH alleles encoding 
for isoforms wilh differenl Vnux . When Ihree nalural 
homozygoles, a null mulanl, and some helerozygoles were 
generaled, differenl ADH aclivities were attained bul Ihe 
elhanol consuming rale did nol change (Figure 4, posilion 
2). It was concluded Ihallhe ADH fl ux conlrol was near zero 
[89[. 

5.1. Titration of flux with inhibitors (control of 
oxidative phosphorylatio n) 

Oxidalive phosphorylalion (OXPHOS) is Ihe only palhway 
for which specific and polenl inhibilors for many enzymes 
and Iransporlers are available. OXPHOS is divided in two 
segmenls (Figure 5): Ihe oxidalive syslem (OS) formed by 
subslrale Iransporlers (pyruvale, 2~oxoglularale, glulamale, 
glulamale/asparlale, dicarboxylates), Krebs cycle enzymes, 
and Ihe respiralory chain complexes; and Ihe phospho~ 
rylaling syslem (PS) consliluled by Ihe ATP/ADP (ANT) 
and Pi (PiT) Iransporlers, and ATP synlhase. The prolon 
eleclrochemical gradienl (!J.,c H +) connecls Ihe two syslems. 

When Ihe fl ux (ATP synlhesis) is lilraled by adding 
increasing concenlralions of each specific inhibilor, plols 
are generaled in which Ihe enzyme aClivily is progressively 
diminished by increasing inhibilor concenlralion. Hence, Ihe 
c..¡ value depends on Ihe Iype of inhibilor used 

(a) for irreversible inhibilion, 

e' ~ (-I=)(dL) 
Y, Jo dI [IJ-O' 

(2) 

(b ) for simple noncompetilive inhibition, 

e' ~ (-Ki)(dJ) 
Y, Jo dI [IJ-O' 

(3) 

(c) for simple compelilive inhibilion, 

e',,> ~ (-Ki[(1 +SIIKml)(dL) , 
Jo dI [IJ-O (4 ) 

11 

where Jo is Ihe pathway fl ux in Ihe absence of inhibilor; 
IIIlll ' minimal inhil>ilor concenlralion lo reach maximal fl ux 
inhibilion; Ki, inhil>ilion conslanl; S, subslrale concenlra~ 
lion; Km, Michaelis~Menlen conslanl; and dJ/dI, inilial slope 
([ 1] = O) ofinhibition lilration curve. 

To eslimale flux conlrol coefficienls from inhibilor 
lilralion of ADP~stimulaled (slale 3) respiralory rales (i.e., 
milochondrial O2 consumplion coupled lo ATP synlhesis), 
(2) for irreversible inhibilors was used because researchers 
assumed Ihal milochondrial inhibilors such as rolenone, 
anlimycin, carboxyalraclyloside, and oligomycin were "pseu~ 

doirreversible:' due lo Ihe enzyme's high affinily for Ihem. 
However, under Ihis assumplion flux conlrol coefficienls 
were usually overestimaled [90, 9 \] . To salve Ihis problem, 
Gellerich el al. [92 ] developed (5) for noncompelilive 
lightly~bound inhibilors and, by using nonlinear regression 
analysis, il was possible lo include aH experimenlal poinls 
from Ihe lilralion curve Ihus increasing accuracy in calcu ~ 

lating c..¡: 

in which Jo and /; are Ihe respiralion fluxes in Ihe nonin~ 
hibiled (E = Eo) and inhibiled (E = O) slales; Kd is Ihe 
dissocialion conslanl of Ihe enzyme~inhibilor complex, and 
n is an empirical componenl Ihal expresses Ihe relalionship 
belween subslrale concenlralion and Ihe reaclion calalyzed 
by Ihe enzyme E. 

The analysis ofdala in Table 3 shows Ihal OXPHOS is nol 
conlroHed by only one limiling slep, bul Ihe flux conlrol is 
ralher dislribuled among several enzymes and Iransporlers. 
11 is worlh nOling Ihallhe value oflhe flux conlrol coefficienl 
depends on Ihe conlenl of enzyme or Iransporler, which 
varies from lissue lo lissue. Perhaps Ihe ATPI ADP Iranslocase 
in AS~30D hepaloma milochondria mighl reach Ihe slalus of 
being Ihe "OXPHOS limiling slep" wilh a C~~oo. = 0.70, 
or Ihe Pi Iransporter in kidney milochondria [93], or Ihe 
ATP/ADP Iranslocase and Ihe respiralory chain complex 3 
in liver milochondria [94 ], bul il should be noled Ihal olher 
sleps also exerl significanl conlrol (Table 3). Allhough Ihe 
dislribulion of conlrol varies between lissues, Ihe fl ux conlrol 
mainly resides in Ih e PS of organs wilh high ATP demand 

such as Ihe hearl (C~~~~ATPsynth ... = C~1Ph,," = 0. 73), 

kidney (C~Poo. = 0.75; C~Phos = 0.31 ), and fasl~growing 

lumors (C~Phos = 0.98). In conlrasl, in Ihe liver (Cb11PhOS 
= 

0.80; C~ú'h,," = 0.65) and brain (~1PhOS = 0.35; C~Pbos = 

0.41 ), Ihe conlrol is shared by bolh syslems. 
The silualion in skelelal muscle appears conlroversial. 

Wisniewski el al. [97] delermined Ihallhe OXPHOS conlrol 
was shared by Ihe PS (C~1Ph,," = 0.62) and Ihe ATP demand 
(purified ATPase). In lurn, Rossignol el al. [95] concluded 
Ihal Ihe OS exerled Ihe main conlrol (C~ú'oo. = 0.68), 
bullhese aulhors apparenlly used low~qualily milochondria 
(Iow respiralory conlrol values Ihallead lo low rales of ATP 
synlhesis associaled wilh high rales of respiralion) Ihal were 
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enzyme activily versus flux (see Figure 4) for acetyl-omithine 
aminolransferase, ornilhine Iranscarbamoylase, arginine
succinate synlhelase, and arginine-succinale lyase. All Ihe 
experimental points of these helerokaryonts localized near 

to posilion 2 of Figure 4 with ct¡~ = 0.02--0.2 (flux control 
by these enzymes was only 2- 20%), which indicated that 
none ofthese enzymes exerted significanl control on arginine 
synthesis. The authors did not determine the remaining flux 
control (75%), which migh! reside in carbamoyl-phosphale 
synthetase 1 (Ihis mitochondrial ammonium-dependent iso
form can be bound to the milochondrial inner membrane or 
form complexes with ornithine transcarbamoylase [87, 88 ]) 
and in mitochondrial cilruline/ornithine Iransporter, both of 
which have been proposed as linuting steps, or nughl be in 
the arginine demand for protein synthesis. 

Organisms with many alleles of one enzyme may form 
homo-and heterozygoles expressing differenl activity levels. 
Drosophi/a melmwgaster has three AD H alleles encoding 
for isoforms with different V m ... :. When three natural 
homozygoles, a null mutant, and sorne heterozygotes were 
generated, different ADH activities were attained bul the 
ethanol consuming rale did not change (Figure 4, position 
2). It was concluded thal the ADH flux control \Vas near zero 

1891· 

5.1. Titration of flux with inhibitors (control o f 
oxidative phosphorylation) 

Oxidative phosphorylation (OXP HOS) 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 oxidalive syslem (OS) formed by 
substrate Iransporters (pyruvale, 2-oxoglularate, glulamate, 
glutamate/asparlale, dicarboxylates) , Krebs cycle enzymes, 
and the respiratory chain complexes; and the phospho
rylaling syslem (PS) constituted by the ATP/ADP (ANT) 
and Pi (PiT) transporters, and ATP synthase. The proton 
electrochemical gradient ( lJ.¡l- H +) connecls the two syslems. 

When the flux (ATP synthesis) is titrated by adding 
increasing concentrations of each specific inhibitor, plols 
are generated in which the enzyme activity is progressively 
diminished by increasing inhibitor concentralion. Hence, the 

C..; value depends on the type of inhibitor used 

(a) for irreversible inhibition, 

el ~ (-1=,) (dL) 
v, Jo dI 111-0' 

(2) 

(b) for simple noncompetitive inhibition, 

el ~ (-Ki) (dl) 
v, Jo dI 111-0' 

(3) 

(c) for simple competitive inh.ibition , 

e~, ~ (-Ki[(1 +S)/Kml)(dL) , (4) 
Jo dI 11]-0 

11 

where Jo is the pathway flux in the absence of inhibitor; 
II1lll ' minimal inhibitor concentration to reach maximal flux 
inhibition; K i, inh ibition constant; S, substrate concentra
tion; Km, Michaelis-Menten constant; and dl/dl, initial slope 
(1 / ] = O) ofinhibition titration curve. 

To estimate flux control coefficients from inhibitor 
titration of ADP-stimulated (state 3) respiratory rates (i.e., 
mitochondrial 0 1 consumption coupled to ATP synthesis), 
(2) for irreversible inhibitors was used beca use 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 noncompelitive 
lightly-bound inhibitors and, by using nonlinear regression 
analysis, it \VaS possible lo include all experimental points 
from the titration curve thus increasing accuracy in calcu

lating d,.¡: 

[ 
'(I, -I; )' . E" 1 J = + /; 

Co_Ja_Ean [(n - Co) -Ja - (n _/;) -P] (5) 

El + (Kd+ I - Ea) -E - Kd. Eo = O, 

in which Jo and J, are the respiration fluxes in the nonin
hibited (E = Ea) and inhibited (E = O) states; Kd is the 
dissociation constant of Ihe 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 ofdala in Table 3 shows that OXPHOS is nol 
controlled by only one limiting step, but Ihe flux control is 
rather distributed among several enzymes and lransporters. 
It is worth noting that the value oflhe flux: control coefficient 
depends on the conten! of enzyme or transporter, which 
varíes from tissue to tissue. Perhaps the ATP/ADP translocase 
in AS-30D hepatoma milochondria might reach the status of 

being the "OXPHOS limiting step" with a c:2:rPb05 
= 0.70, 

or the Pi transporter in kidney mitochondria [93], or the 
ATP/ADP translocase and the respiratory chain complex 3 
in liver milochondria [94], but it should be noted thal other 
steps also exert significanl control (Table 3). Although the 
distribution of control varies between lissues, Ihe flux control 
mainly resides in Ihe PS of organs with high ATP demand 

such as Ihe heart (C~~~-+ATPsyntl! ... = C~d'h.,. = 0. 73), 

kidney (C~Phoo = 0.75; C~1'Ilw = 0.31 ), and fast-growing 

tumors (C~Ph", = 0.98). In contrast, in the liver (qj~xPh", = 

0.80; C~d'h"" = 0.65) and brain (~xPh", = 0.35; C~~PI>os = 

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 (C~11'1lw = 0.62) and the ATP demand 
(purified ATPase). In tum, Rossignol et al. [95) concluded 
that the OS exerted the main control (~d'bos = 0.68), 
but these aulhors apparently used low-quality milochondria 
(Iow respiratory control values Ihat lead to low rates of ATP 
synthesis associated with high rates of respiration) that were 
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TABLE 3: Control distribution of oxidatiw phosphorylation. 

Enzyrne c!'TP Rat organ Spe.::ific Inhibition 
Reference 

mitochondria inhibitor mechanism 

0.15 
Heart (0.5 mM pyr + 

[93 ] 
O.2IlM Cah ) 

NADH-CoQ- 0.26 Heart ( 10 mM p yr + 
[95 ] 

oxidoreductase (5ite 1 
IOrnMmal) 

ofenergy 0.31 
Kidn<,y (0.5 mM pyr + Noncompt'titiw [93 ] 

oonservation or O.2IlM Cah ) Rotenone 
tightly oound 

Complex J of 0.06 
Kidnf.'y(IO mM pyr + 

[95 ] 
respiratory chain) IOrnMmal) 

O.O6--{).lO Brain (0.05 mM pyr + [91 ] 
OAIlMCa2+) 

0.25 
Brain ( IOmMpyr + 

[95 ] 
IOrnMmal) 

O Tumor ( 10 mMglut + 
[96] 

3mMmal) 

0.27 Liver ( 10 mM pyr + 
[95 ] 

IOrnMmal) 

Skeletal musde 
0.13 ( IOrnMpyr+ [95 ] 

IOrnMmal) 

0.01 Heart [93 ] 

0.19 Heart [95 ] 
CoQ.cytochrome e 0.02 Kidn<,y [95 ] 
oxidoreductase (5ite 2 O.O5-{).11 Brain [91 ] 
ofenergy Noncompetitive 
oonservation or 0.02 Brain Antimycin 

tightly oouna [95 ] 

Complex III of O Tumor [96] 
respiratory chain) 

0.43 
Liver (5 mM 5ucc + 

[94[ 
I IlM Ca2+) 

0.07 Liver [95[ 

0.22 5keletal musele [95[ 

0.11 Heart [93 ] 

0.13 Heart [95 ] 

Cytochrome e oxidaS<' 0.04 Kidney [95 ] 

(Site 3 of energy 0.02-{).07 Brain Noncompetitive 
[91 ] 

oonservation or 0.02 Brain Cyanide or azide 
simple [95 ] 

Complex IV of 
0.04 Tumor [96] 

respiratory chain) 
0.23 Liver [94 ] 

0.03 Liver [95 ] 

0.20 5keletal musele [95 ] 

0.24 Heart [93 ] 

0.04 Heart [95 ] 

O Kianey [93 ] 

ATP{ ADP transporter 0.07 Kidney [95 ] 

( adenine-nudeotides 0.08 Brain Carboxy· 
Noncompetitive [91 ] 

or ATP{ADP 0.08 Brain atractyloside 
tightly oouna [95 ] 

transporter, carrier or 
0,6O-(),70 Tumor 

(CAT) 
[96] exchanger) 

0.48 Liver [93 ] 

0.01 Liver [93 ] 

5keletal musele 
0.37 ( IOmMGlut+ [97 ] 

3mMmal) 

0.08 5keletal musele [95 ] 
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TABLE 3: Control distribution of oxidative phosphorylation. 

Enzyme ct:-1l' Rat organ Sp«ific lnhibition 
Reference 

mitochondria inhibitor mechanism 

0.15 
Hear! (0.5 mM pyr + 193 ] 
O.2IlM Cal,) 

NADH-CoQ- 0.26 Heart ( IOmMpyr+ 
[95 ] 

oxidoreductase (Site 1 
IOrnMmal) 

ofenergy 0.31 
Kidney (0.5 mM pyr + Noncompetitive 193 ] 

consl'rvation or O.2IlM Ca2.) Rotenone 
tightly Dound 

Complex 1 of 0.06 
Kidnt'y(lQ mM pyr + 195 ] 

rt'spintory chain) IOrnMmal) 

O.O6--{).lO Brain (0.05 mM pyr + [91 1 
OAIlM Ca!') 

0.25 
Br.lin (la mM pyr + 

195 ] 
IOrnMmal) 

O Tumor ( 10 mM glut + [%] 
3mM mal) 

0.27 Liver ( 10 mM pyr + 
[95 ] 

IOrnMmal) 

Skeletal musde 
0.13 ( IOrnMpyr+ [95 ] 

IOrnMmal) 

0.01 Heart [93 ] 

0.19 Heart [95 ] 
CoQ.cytochrome e 0.02 Kidney 195 ] 
oxidoreductase (Sitio' 2 

0.05-0.11 Brain 191 ] 
ofenergy Noncompetitivt' 
conservation or 0.02 Brain Antimyein 

tightly oouml 195 ] 

Complt'X III of O Tumor [96] 
respintory chain) 

0.43 
Liver (5 mM Succ + 

[94] 
I IlM Ca!') 

0.07 Liver 195J 

0.22 Skeleta[ musde [95] 

0.11 Heart 193 ] 

0.13 Heart [95 ] 

Cytochrome ¡; oxidaS(' 0.04 Kidncy [95 ] 

(Site 3 of I.'nergy 0.02--0.07 Brain Noncompetitive 
]91 ] 

collservation or 0.02 Brain Cyanide or azide 
simple [95 ] 

Complcx IV of 
0.04 Tumor [%] 

respintory chain) 
0.23 Li>'er [94 ] 

0.03 Liver 195 ] 

0.20 Skeletal musde [95 ] 

0.24 Heart [93 ] 

0.04 Heart 195 ] 

O Kidney [93 ] 

ATP/AOP transporter 0.07 Kidncy [95 ] 

( adenine-nudcotides 0.08 Brain Carboxy-
Noncompetitive 191 ] 

or ATP/AOP 0.08 Brain atracty[oside 
tightly oound [95 ] 

transporter, carrier or 
0.60-0.70 Tumor 

(CAT) 
[%] cxchmger) 

0.48 Liver 193 ] 

0.01 Liver [93 ] 

Skeletal musde 
0.37 ( IOmMGlut+ 197 ] 

3mMmal) 

0.08 Skeletal musde 195 ] 
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TABLE 3: 

Enzyme ~w Rat organ 
mitochondria 

0.34 Heart 
0.12 Heart 
0.32 Kidnl.'y 
0.27 Kidnl.'y 

0.09-{).20 Brain 
ATP synthase 0.26 Brain 

0.28 Tumor 
0.05 Liver 
0.20 Liver 
0.\0 5keletal musele 

0.\0 5keletal musele 

0.15 Heart 
0.14 Heart 
OA 3 Kidnl.'y 
0.28 Kidnl.'y 
0.13 Brain 

Pi transportl.'r 0.26 Brain 
O Tumor 

0.05-0.12 Liver 
0.26 Liver 
0.15 5keletal musele 
0.08 5keletal musele 

0.15 Heart 
0.03 Kidnl.'y 

Pyruvate transporter 0.08 Brain 
0.26 Brain 
0.21 Liver 
0.20 5keletal musele 

Dicarooxylates 0.05-0.14 Liver 
transportl.'r 

External ATPase OAO 5keletal musele 

not incubaled under near physiological conditions (10 mM 
pyruvate, IOmM malale, 10 mM Pi, pH 7.4 in Tris buffer), 
and the authors incorreclly assumed that rolenone and 
antimycin were irreversible inhibitors. lt is notorious thal in 
aH works shown in Table 3 at least one of these mistakes is 
evident. 

There are sorne inhibitors for enzymes and transporters 
from other pathways, but they are not quile specific and 
may affect other sites. Due to Ihe fact thal there are no 
inhibitors for every step in these pathways, only one flux con~ 
trol coefficient has been delermined 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 J, 1,4~dideoxy~I,4~imino~ 

D~arabinitol for glycogen phosphorylase [98 J, oxalate and 
oxamate for lDH, 6~amino nicotinamide for Ihe phosphale 

13 

Continued. 

Specific Inhibition Reference 
inhibitor mechanism 

[93] 

[95 ] 

[93 ] 

[95 ] 

Noncompetitiw [91 ] 
Oligomycin 

tightly oound [95] 

[96 ] 

[94] 

[95 ] 

[97 ] 

[95] 

[93] 

[95] 

[93] 

[95 ] 

Noncompetitiw [91] 
Mersalyl simple [95 ] 

[96] 

[94 ] 
[95 ] 

[97] 

[95] 

[95 ] 

[95] 
a-cyano-4· 

Noncompetitiw [91] hydroxy· 
cinnamate simple [95] 

[95] 

[95 ] 

Malate or Compl.'titive [94 ] 
butyl-malonatl.' simple 

Purifif.'<! ATPase [94 [ 
addition 

penlose pathway [99J, amino~oxyacetate for aminotrans~ 
ferases and kirureninase (tryptophan synlhesis), norvaline 
for ornilhine transcarbamylase, mercaptopycolinate for PEP 
carboxykinase, acetazolamide for carbonic anhydrase, and 
isobutyramide for ADH (compiled by FeH [2]) . 

Potential uses of the experimental approach 

Milochondrial palhologies are a heterogeneous group of 
melabolic perturbations characterized by morphological 
abnormalities andJor OXPHOS dysfunction [IOOJ. Mito~ 
chondrial DNA analysis has revealed specific mulations for 
sorne milochondriopathies. Allhough Ihe specific OXPHOS 
mulations causing Ihe disease may appear in all tissues, 
Ihe functioning of only some of them is altered. The 
organ's sensitivity might be related lo Ihe different flux 
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TABI.E 3: 

Enzyme c.:W Rat organ 
" mitochondria 

0.34 Heart 
0.12 Heart 
0.32 Kidney 
0.27 Kidney 

0.09-0.20 Br.lin 
ATP synthase 0.26 Brain 

0.28 Tumor 
0.05 Liver 

0.20 L¡"er 

0.10 Skeletal musde 

0.\0 Skeletal musele 

0.15 Heart 
0.14 Heart 
0.43 Kidney 
0.28 Kidney 
0.13 Brain 

Pi transporter 0.26 Brain 
O Tumor 

0.0:.>-0.12 Liver 
0.26 Liver 
0.15 Skeletal musde 
0.08 Skeletal musele 

0.15 Heart 
0.03 Kidney 

Pyruute transporter 0.08 Brain 
0.26 Brain 
0.21 Liver 

0.20 Skeletal musde 

Dicarooxylates O.O5-{).14 Liver 
transporter 

External ATPase 0.40 Skeletal musde 

not incubaled under near physiological condilions (10 mM 
pyruvale, IOmM malale, 10 mM Pi, pH 7.4 in Tris buffer), 
and Ihe aulhors incorrectly assumed thal rolenone and 
antimycin were irreversible inhibilors. It is nolorious thal in 
all works shown in Table 3 al leasl one oflhese mislakes is 
evidenl. 

There are sorne inhibilors for enzymes and Iransporlers 
fram olher palhways, bul Ihey are nol quile specific and 
may alfec! olher sites. Oue to Ihe f.1C! Ihat there are no 
inhibilors for every slep in these palhways, only one flux con~ 
lrol coefficient has been delermined by inhibilor litration. 
Examples of Ihese inhibilors are 6~chloro~6~deoxyglucose 
for glucose Iransporters in bacleria, 2-deoxyglucose for 
HPI, iodoacelale for GAPDH [6J, 1,4~dideoxy-l,4-imino~ 
D~arabinilol for glycogen phosphorylase [98 J, oxalate and 
oxamale for lDH, 6~amino nicotinamide for Ihe phosphale 

13 

Continued. 

Specific Inhibition Reference 
inhibitor mechanism 

193 ] 

195 ] 

193 ] 

195 ] 

Noncompetitive [91 ] 
Oligomycin 

tightly oound [95 ] 

196 ] 

[94 ] 

195 ] 

197 ] 

195 ] 

193 ] 

195 ] 

193 ] 

[95 ] 

Noncompetitive [91 ] 
Mersalyl simple 195 ] 

196 ] 

194 ] 
195 ] 

[97 ] 

195 ] 

195 ] 

195 ] 
a-cyano-4-

Noncompetitive 191 ] hydroxy· 
cinnamate simple 195 ] 

195 ] 

[95 ] 

Malateor Competitive 194 ] 
butyl-malonate simple 

Purifie<l ATPase 1941 
addition 

penlose palhway [99J, amino~oxyacelale for aminotrans~ 
ferases and kirureninase (Iryplophan synlhesis) , norvaline 
for ornilhine transcarbamylase, mercaplopycolinale for PEP 
carboxykinase, acelazolamide for carbonic anhydrase, and 
isobutyramide for ADH (compiled by FeU J2)) . 

Potentia/ uses of the experimental approach 

Milochondrial pathologies are a helerogeneous group of 
metabolic perlurbations characlerized by morphological 
abnormalities and/or OXPHOS dysfunclion flOOJ. Milo~ 

chondrial DNA analysis has revealed specific mutalions for 
sorne milochondriopalhies. A1though Ihe specific OXPHOS 
mulalions causing the disease may appear in all tissues, 
Ihe functioning of only sorne of them is altered. The 
organ's sensitivity migh! be relaled lo Ihe differenl flux 
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control coefficients of Ihe mutated enzyme in Ihe different 
tissues (Table 3) and lo their ATP supply dependence from 
OXPHOS versus glycolysis. 

MeA allows for Ihe analysis of a metabolic flux or 
intermediate concentration by focusing eilher on one step 
or by grouping enzymes in blocks or in pathways. Thus, 
a comparative analysis of OXPHOS control distribution 
reveals Iha! heart, kidney. sorne fas! growing tumors (ral AS-
300 hepatoma, mouse fibrosarcoma, human breasl, lung, 
thyroid carcinoma, melanoma) [ \OIJ , and perhaps skeletal 
muscle are more susceptible lo mitochondrial mutations 
in ATP synthase, which is Ihe only PS site wilh subunits 
encoded in Ihe mitochondrial genome. On Ihe olher 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], Ihen il can be 
postulated that the brain is more sensitive to mutations in 
the milochondrial genome Ihan Ihe liver be<:ause subunits of 
complexes 1, lll, and IV are encoded by Ihe mitochondrial 
genome. 

Titration of flux: with specific inhibitors lo determine 
the flux: control coefficienls of OXPHOS has been applied 
to intact tumor cells [90[. The results showed that the 
flux: control resided mainly in site 1 of Ihe respiratory 
chain (C~~Phos = 0.30), whereas Ihe other evaluated siles 
exerted a marginal conlrol [90[. This observation could have 
therapeutic application if site 1 does not exert control in 
healthy cells, leading lo less severe side effecls. 

The use of inhibilors in intact cells to determine control 
coefficienls mighl pose two problems: hydrophilic inhibitors 
such as carboxyatractyloside (for ANT) and a-cyano-4-
hydroxy-cinammale (for pyruvate transporter) cannol read
ily enler Ihe cell due to Ihe presence of the plasma membrane 
barrier; the olher problem is that hydrophobic bul slow 
inhibitors, such as oligomycin, require long incubation times 
to ensure the inleraction 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 inslance, 
AS-30D hepatoma cells are fairly resistant to this mechanical 
manipulation as they maintain high viability afler a lengthy 
incubation under smooth orbital agitation of 1 h at 37°C 
[90[_ 

5.3. ffasticityanafysis 

MCA defines the elasticity coefficients as 

V; dvi Xo 
t:X =dX · Vio' (6) 

which is a dimensionless number that show Ihe rate variation 
v of a given enzyme or transporter i when the concentration 
ofa ligand X (substrale S, product Por allosleric modulator) 
is varied in infinilesimal proportions. The elasticity coef
ficients are positive for Ihose metabolites that increase the 
enzyme or transporler rale (substrate or activator), and Ihey 
are negative for the metabolites Ihat decrease Ihe enzyme 
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or transporter rates (product or inhibitor). An enzyme 
working, under a steady-stale metabolic flux, at saturating 
conditions of Sor P, is no longer sensitive to changes in these 
melabolites. Thus, its elasticity is close to zero (Figure 6, 
t:i = O). In turn, an enzyrne workingat S or P concentrations 
well below the Michaelis constant (Kms or Kmp) is expected 
to be highly sensitive to small variations in these metabolites 
(Figure6, t:i = 1). 

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

For subslrate, 

- SlKm, 
~=,=~- +~~ 
1 +SlKm, + PIKm p l-f/ Keq' 

and for product, 

-PIKm p 
t:~ = cI-+-S/=Kfm~, "+cP~V"KCn-" 

flKeq 
l-flKeq ' 

(7) 

(8) 

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

An enzyme with low elasticity cannol increase (or 
decrease) ils rate despile large variations in S (or P) 
concenlration; in consequence, such enzyme exerts a high 
flux: conlrol. In turn, an enzyme with a high elasticity can 
adjust its rale lo Ihe varialion in S or P concentrations, and 
Ihus it does not interfere with the metabolic flux, exerting 
a low flux control. This inverse relationship belween the 
elasticity and Ihe flux control coefficients is expressed in 
a formal equalion denominated conneclivity theorem. A 
melabolic palhway can be divided in two blocks around an 
intermediary X: the producing (synthelic, supply) and the 
consuming (demand) enzyme blocks of X are i¡ and i l> 
respectively. Thus, the connectivily Iheorem for this two
block system is 

(9) 

The negative sign of the right part of the equalion cancels 
with t:i ' , which is negative beca use X is a product of enzyme 
block i¡ (Figure 6). 

To obtain the flux: control coefficients, this approach 
requires experimental determinalion of the elasticity coef
ficienls. How can Ihis be done? Many stralegies have been 
designed [90, 103- 108[, but the most used and probably 
more trustworthy is Ihat in which Ihe initial pathway 
melabolite (So) concentration is varied to increase the 
X concenlration (any intermediary in the pathway), and 
measuring in parallel the variation in flux:. Under sleady
slale condilions, Ihe flux rale is equal to Ihe rale of end
producl formation (i.e., laclale or alcohol for glycolysis; 
oxygen consumption for OXPHOS) and to Ihe rale of any 
parlial reaclion. Then, plols of X versus flux: (Figure 7) are 
generated. The slope, calculated at Ihe reference coordinate 
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control coefficients of the mutated enzyrne in the different 
tissues (Table 3) and lo their ATP supply dependence from 
OXPHOS versus glycolysis. 

MeA allows for the analysis of a metabolic flux or 
intermediate concentration by focusing eilher on one step 
or by grouping enzymes in blocks or in pathways. Thus, 
a comparative analysis of OXPHOS control distribution 
reveals tha! heart, kidney, some fas! growing tumors (ral AS~ 
300 hepatoma, mouse fibrosarcoma, human breast, lung, 
thyroid carcinoma, melanoma) [101), and perhaps skeletal 
musde are more susceptible lo mitochondrial mutations 
in ATP synthase, which is lhe only PS site wilh subunits 
encoded in the mitochondriaJ genome. 011 the other side, 
[iver and brain might be more susceplible lo mitochondrial 
mutations of the respiratory chain enzymes (see Table 3). 
Considering that Ihe brain is a fully aerobic organ [102J, 
whereas the liver depends on bolh OXPHOS (70-800/0) a.nd 
glycolysis (20--30%) for ATP supply [103J, then il can be 
postulated that the brain is more sensitive lo mutations in 
the mitochondrial genome Ihan the liver be<:ause subunils of 
complexes 1, 111, and JV are encoded by Ihe mitochondrial 
genome. 

Titration of flux with specific inhibitors lo determine 
the flux control coefficients of OXPHOS has been applied 
to intact tumor cells [90]. The results showed that Ihe 
flux control resided mainly in site 1 of Ihe respiratory 
chain (C~:th05 = 0.30), whereas the other evaluated siles 
exerted a marginal control [90[. This observalion could have 
therapeutic application if site 1 does not exert control in 
healthy cells, leading lo less severe side effects. 

The use of inhibilors in intact cells to determine control 
coefficienls mighl pose two problems: hydrophilic inhibitors 
such as carbo:\:yatractyloside (for ANT) and a-cyano~4-

hydroxy-cinammate (for pyruvate transporter) cannol read
ily enler Ihe cell due to the presence of the plasma membrane 
barrier; the other problem is that hydrophobic bul slow 
inhibitors, such as oligomycin, require long incubation times 
to ensure the inleraction with the spe<:ific sites. These 
problems can be solved by incubating the cells for long 
periods of time and taking care of cel! viability, for instan ce, 
AS-30D hepatoma cells are fairly resistant to this mechanical 
manipulation as Ihey maintain high viability afier a lengthy 
incubalion under smooth orbital agitation of 1 h at 37°C 
¡90¡_ 

5.3. ffasticity anafysis 

MCA defines the elasticity coefficients as 

(6) 

which is a dimensionless number that show the rate variation 
v of a given enzyme or transporter ; when the concenlration 
of a ligand X (substrale S, product Por allosleric modulator) 
is varied in infinitesimal proportions. The e1asticity coef
ficients are positive for those metabolites that increase the 
enzyme or lransporter rate (subslrale or activator), and they 
are negative for the metabolites Ihat decrease the enzyme 
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or transporter rales (product or inhibitor). An enzyme 
working, under a steady-stale metabolic flux, at saturating 
conditions of Sor P, is no longer sensitive to changes in these 
metabolites. Thus, ils elasticity is close to zero (Figure 6, 
ri = O). In turn, an enzyme workingat S or P concentrations 
well below the Michaelis constant (Kms or Kmp ) is expected 
lo be highly sensitive to small variations in Ihese metabolites 
(Figure 6, ri = 1). 

The e1asticities are intrinsically linked to the actual 
enzyme kinelics. If the kinetic parameters of an enzyme 
are known (Vm¡ , Vmr, Kms, and Kmp ), then the enzyme 
e1asticity for any given metabolite concentration may be 
calculated as shown in Ihe following equations. 

For substrate, 

-SlKm. 
~=,,=~- +~~ 
1 + SlKm. + PIKmp l-f/ Keq' 

and for product, 

~I -PIKmp 
rp = 1 +SlKm,+PIKmp 

r / Keq 
1- r/ Keq ' 

(7) 

(8) 

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

An enzyme with low elasticity cannol increase (or 
decrease) its rate despite large variations in S (or P) 
concentration; in consequence, such enzyme exerts a high 
flux control. In turn, an enzyme with a high e1asticity can 
adjust its rale lo the variation in S or P concentrations, and 
Ihus it does not interfere with the metabolic flux, exerting 
a low flux control. This inverse relationship between the 
e1asticity and the flux control coefficients is expressed in 
a formal equation denominated connectivity theorem. A 
melabolic pathway can be divided in two blocks around an 
intermediary X: the producing (synthelic, supply) and the 
consuming (demand) enzyme blocks of X are ;1 and ¡lo 
respe<:tively. Thus, the connectjvity Iheorem for this Iwo
block syslem is 

(9) 

The negatjve sign of the right part of the equation cancels 
with ti', which is negative beca use X is a producl of enzyme 
block;¡ (Figure 6). 

To obtain the flux control coefficients, Ihis approach 
requires experimental determination of the e1asticity 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 (So) concentration is varied lo increase the 
X concenlration (any intermediary in the pathway), and 
measuring in parallel the variation in flux. Under steady
slale conditions, Ihe flux rate is equal lo Ihe rate of end
product formation (i.e., laclate or alcohol for glycolysis; 
oxygen consumption for OXPHOS) and to the rate of any 
parlial reaction. Then, plots of X versus flux (Figure 7) are 
generated. The slope, calculated at Ihe reference coordinate 
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(Xo, Jo) thal is equivalent lo (So, Vio), yields the elasticity 
coefficienl of the consuming block of X. In anolher ~t 
of experimenls, an inhibilor is added to block one or 
more enzymes afler X. The X concentration and flux are 
determined and plotted as shown in Figure 7, from which the 
elasticity coefficienl of Ihe producing block is calculated. 

The flux control coefficients are delermined by using the 
connectivity theorem and considering that the sum of the 
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FIGURE 7: ExJX'rimental determination of the elasticity coefficients 
for substrates and products. 

control coefficients comes to 1, C I + Cl 

Iheorem): 

," 
c!1=~' 

fX - fX 

c!l = - Vl
fV 

vI ' 
fX - fX 

1 (summation 

( 10) 

This melhod for determining G; using the e1asticities 
of the two blocks was called double modulation by Kacser 
and Burns [83 J. Years later, Brand and his group [103, 104 J 
renamed this melhod as top~down approach. By applying 
Ihe procedure shown in Figure 7 and using ( lO) for differenl 
melaboliles along the metabolic pathway, il is possible 
to identify tho~ sites Ihal exert a higher control (which 
may be the sites for Iherapeutic use or biotechnological 
manipulation) and Ihosethat 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 [90J. Almost all studies on 
this subje<:t have been carried out with isolaled milochondria 
incubated in sucrose~ba~d medium al 25 or 30·C or with 
Ihe more physiological KCI~based medium but still at 30·C 
(Table 3). Furthermore, these studies did nol consider thal 
Ihe product, ATP, never accumulates in the living cells, 
which does occur in experimenls with isolated mitochondria. 
Under such a condition, a steady slale in ATP production 
can never be reached as in living cells. In other words, the 
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This melhod for determining d ; using lhe elasticilies 
of the two blocks was called double modulalion by Kacser 
and Burns [83J. Years later, Brand and his group [103, 104J 
renamed this method as top-down approach. By applying 
Ihe procedure shown in Figure 7 and using ( 10) for differenl 
metaboliles along Ihe metabolic pathway, il is possible 
lo idenlify Ihose sites Ihal exert a higher conlrol (which 
may be Ihe siles for therapeutic use or biotechnological 
manipulalion) and Ihose 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 [90J. Almost all studies on 
Ihis subject have been carried oul with isolated milochondria 
incubated in sucrose-based medium al 25 or 30°C or with 
Ihe more physiological KCI-based medium but still at 30· C 
(Table 3). Furthermore, these studies did nol consider that 
Ihe product , ATP, never accumulates in the living cells, 
which does occur in experimenls with isolated mitochondria. 
Under such a condilion, a steady stale 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 lo Ihis incomplete experimental 
design was the work done by Wanders el al. [105], in which 
isolated liver mitochondria were incubated wilh two different 
ATP-consuming syslems (or ADP-regenerating syslems): 
HK + glucose and creatine kinase (CK) + creatine. Under 
Ihis more physiological setting, the OXPHOS flux control 
distributed between ANT and the ATP-consuming system; 
however, flux control by the other pathway components was 
no! examined. Therefore, lo accurately evaluate OXPHOS 
control distribution, mitochondria should be incubated in 
the presence of an ATP-consuming system or in Iheir natural 
environment (i.e., inside the cell). 

The rate ofOXPHOS in inlact cells is determined from 
the rale of oligomycin-sensitive respiration: in the steady 
state, the enzyme rates are Ihe same and constant; in 
branched pathways Ihe sum of the branched fluxes equals the 
flux thal supplies the branches. The global elasticity of the 
ATP-consuming processes (e.g., synthesis ofprotein, nucleic 
acid, and other biomolecules, as well as ion ATPases lo 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 respiralory 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 coefficienls are calculaled from 
the initial coordinate slopes (without inhibitors) of each 
titration. Wilh this procedure, il has been determined that 
the ATP-consuming block exerts a significant flux control of 
34% [90]. Remarkably, this flux control value oblained in 
cells is quile similar to the flux control coefficients of the 
ATP-consuming system (HK or CK) reported by Wanders 
et al. [105] wilh isolated milochondria. 

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

if ei
upply > ef"lIWld ( i.e., demand becomes saturated by 

the end-product X, and hence its e1asticity is near zero), 
then the demand block exerts the main flux control. For 
concentration control, at larger eVffil>nd - e~Pply, smaller 

absolute values of both C:upply and C~nd are attained; 
hence, under demand saturation, the supply elasticity fully 
governs Ihe magnitude of the variation in Ihe end-product 
concentration. On the olher 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 Ihe presence of feed
back inhibition, Ihe system can maintain the end-product 
concentration orders of magnitude away from equilibrium 
(at a concentration around Ihe K O.5 oflhe allosteric enzyme). 

Journal of Biomedicine and Biotechnology 

As mentioned before, Ihe demand is not usually included 
in the palhway because il is erroneously thought thal il is 
not parl of il. Bul then, is it valid to analyze Ihe control 
of a melabolite synthesis if its demand is not considered? 
When the demand block is nol included, il is assumed thal 
Ihe metabolic pathway produces a melabolite at the same 
rate regardless whether the melabolite demand is high or 
low. This reasoning is incorrect because a metabolic pathway 
indeed responds to changes in the metabolite demand 
and, more importanlly, a pathway wilhout end-products 
consumption reactions is unable to reach a sleady state. 

Therefore, a metabolic pathway can be divided in supply 
and demand blocks. The inlermediary X linking Ihe 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 rale of the two blocks in response to 
a variation in X can be theoretical or experimenlally 
delermined (Figure8(a» . It is worlh noting that, for this 
supply-demand approach, it is not necessary to know Ihe 
kinetics of each pathway enzyme beca use the rate response 
of each block reflecls the global kinetics of all participating 
enzymes. \Vhen the X concentration is increased, the rate 
of Ihe supply block decreases (i) because X is its producl 
and ( ii ) because usually an enzyme within Ihis block receives 
information from the final part of Ihe pathway, decreasing 
its rate Ihrough feedback inhibition. In turn, Ihe rate ofthe 
demand block increases as X is ils substrale. 

To better visualize the effecl of large rate changes, the 
kinetics of both blocks are plotted in a logarilhmic scale. 
Figure 8(b) shows the kinetics described in Figure 8(a) con
verled to natural logarithm. The inlersection poinl between 
kinetic curves, al which the supply and demand rales are 
identical, represents the pathway sleady-state flux ( in Ihe 
y axis) and end-product concentration (in the X axis). 
Since the elasticity is also defined as ej = dlnv;ldlnX, 
Ihe slope al Ihe intersection point represents Ihe elasticity 
of each block lowards the inlermediary X. Here, the use 
of Ihe scalar factor is nol necessary because it is included 
in Ihe logarithmic equation. With Ihe elasticity coefficienls 
calculated from plots like those shown in Figure 8, and the 
connectivity Iheorem, the flux control coefficient of each 
block is determined. The example in Figure 8(b) shows thal 
Ihe demand exerts a high flux control (and has low elasticity) 
and Ihe supply block exerts low control (and has high 
elasticity). 

The facl that Ihe demand may exert a high flux con
trol in melabolite palhways has at least three imporlanl 
implications: (a) the supply block responds to variations 
in the demand (high e1asticity); (b) the demand block has 
information transfer mechanisms lowards the supply block 
Ihat avoid Ihe unrestricted inlermediary accumulation under 
a low demand, particularly when Ihe supply block has 
reactions with large Keq (>100; .6.Go' > 3 Kcalmol- I al 
37"C); and (cl if the main flux control resides in the demand 
block, Ihen the supply block may only exerl control on Ihe 
intermediary concentration but not on Ihe flux [30,32]. This 
last conclusion explains why il is incorrecllo consider that an 
enzyme Ihal controls flux musl also control the intermediary 
concentration. 
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distribution of control in mitochondria (Table 3) has been 
determined in Ihe absence of an ATP-consuming system. 
A remarkable exception lo Ihis incomplete experimental 
design was Ihe work done by Wanders el al. [105), in which 
isoJated [iver mitochondria weTe incubated with two different 
ATP-consuming syslems (or ADP-regenerating systems): 
HK + glucose and creatine kinase (CK) + creatine. Under 
Ihis more physiological setting, the OXPHOS flux control 
distributed between ANT and Ihe ATP-consuming system; 
however, flux control by Ihe otner pathway components was 
no! examined. Therefore, lo accurately evaluate OXPHOS 
control distribution, mitochondria should be incubated in 
Ihe presence of an ATP-consuming system or in their natural 
environment (i.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 eJasticity of the 
ATP-consuming processes (e.g., synthesis of protein, nudeic 
acid, and other biomolecules, as weU as ion ATPases to main
tain the ionic gradients, mechanical activity such as muscular 
contraction or flageIJWll and ciJium 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 
eJasticity of the ATP-producing block, flux, and [ATP] are 
varied with streptomycin, an inhibitor of protein synthesis 
(Figure 7). The elasticity coefficients are caJculated 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 indusion 
of the end-product demand as another pathway block. The 
condusions 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 eiupply > e?,m:md (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 
concentration control, at larger ernd - e~Pply, smaller 

absolute values of both C;upply and C~nd 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 K O.5 of the alJosteric enzyme). 
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As mentioned before, the demand is not usualJy induded 
in the pathway because it is erroneously thought that it is 
lIot 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 induded, 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 (Figure8(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 aH participating 
enzymes. \Vhen 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 ofthe 
demand block increases as X is its substrate. 

To better visuaJize 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 8(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 al!>O defined as ri = dlnv¡ldlnX, 
the slope at the interseetion point represents the elasticity 
of each block towards the intermediary X. Here, the use 
of the scalar factor is not necessary because it is induded 
in the logarithmic equation. With the elasticity coefficients 
calculated from plots like those shown in Figure 8, and the 
connectivity theorem, the flux control eoefficient 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 meehanisms towards the supply block 
that avoid the unrestricted intermediaryaccumulation under 
a low demand, particularly when the supply block has 
reactions with large Keq (> 100; LlGo, > 3 Kcalmol- I at 
3rC); and (e) ifthe 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, 32J. This 
last condusion explains why it is incorrect to consider that an 
enzyme that controls flux must also control the intermediary 
concentration. 



150	  
	  
	  

	  

	  

Rafael Moreno~Sánchez et al. 

0.2 n--~----------' 

0.15 

1 
~ 0.1 

i 

Supply 

\ 
0.05.~ 

\O 

X(rnM) 

1. 1 

Dernand 

15 20 

L~ 
" " _ AlppIy _ dlnvAlpply 

,,~ - ex - dlnX 

Supply 

,,/ 
-~---

= ~ = dlnv<l<mond 
x dlnX 

Demand 

In(X) 

(b1 

InXss 
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(demand) blocks of the interm...aiary X. The kinetic parameters 
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represents the interm...aiary concentration, in this case GSH. (b) 
Rate plots of the supply and demand blocks in a naturallogarithmic 
seale. 

Regulatory mechanisms of enzyme activity are modula
tion of protein concentration by synthesis and degradation, 
as well as covalent modification and variation in the substrale 
or product concentrations (which are components of Ihe 
palhway). In addilion, another regulatory mechanism is Ihe 
modulation by molecules Ihal are nol parl of Ihe palh
way, Ihal is, Ihrough allosleric inleraclion with cooperative 
(sigmoidal kinetics) or noncooperalive enzymes (hyperbolic 
kinetics) (e.g., Ca2+ aclivales sorne Krebs cycle dehydro
genases; citrale inhibils PFK-I; malonyl-CoA inhibils Ihe 
milochondriallransporler of acyl-carniline/carnitine; or the 
initial subslrale of a palhway Ihal has nol entered Ihe 
syslem). For Ihese last cases, Kacser and Burns [83 J proposed 
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Ihe use of Ihe response coefficienl R which is defined by Ihe 
following expres.sion: 

( 11 ) 

where M is Ihe exlernal modulator of Ihe i enzyme. The 
response coefficienl is dJ/dM . M"I/o. If Ihe elasticity of 
Ihe sensilive enzyme loward the external effeclor is also 
determined, Ihen il is possible lo calculale e!; by using 
( 11 ). Unfortunalely, due lo Ihe experimenlal complexily 
for delermining Ihe elasticily coefficienl, Ihis coefficient is 
often calculaled in a Iheoretical way by using Ihe respeclive 
rale equation (Michaelis-Menlen or Hill equations) and Ihe 
kinelic paramelers K m and V m:IlI delermined by someone 
else under oplimal assay conditions, which are commonly 
far away from Ihe physiological ones. Therefore, for Ihis 
Iheorelical delermination of elaslicily only Ihe value of 
Ihe exlernal modulalor concenlralion is required. lt is 
convenient lo emphasize Ihal Ihe delermination of Ihe 
flux conlrol coefficienls becomes more reliable when Ihey 
are calculated from several experimenlal points (Figure 7), 
inslead of only one, as occurs wilh the Iheoretical elaslicily 
analysis. 

Groen et al. [106 J determined Ihe flux control dislri
bution of gluconeogenesis from lactate in hepalocytes by 
using bolh Iheorelical and experimental elasticity analysis 
and Ihe response coefficienl. These aulhors concluded Ihat 
gluconeogenesis slimulated by glucagon was conlrolled by 

the pyruvale carboxylase (ef,t- = 0.83 ); in Ihe absence 
of Ihis hormone, the conlrol was shared by PC, PYK, ENO
PGK segmenl, and TPI-fruclose-I,6-biphosphalase segment 
[106). 

Elaslicily analysis has been applied lo elucidale Ihe flux 
conlrol of ATP-producing palhways in fast-growing lumor 
cells. For OXPHOS, this approach showed Ihal respiratory 
chain complex I and Ihe ATP-consuming palhways were 
the enzymes with higher conlrol (e ; = 0.7) [90J. For 
glycolysis, the main flux conlrol (e!; = 0.71 ) resided in 
GLUT + HK reaclions because HK is slrongly inhibiled by 
ils product G6P despite exlensive enzyme overexpres.sion 
[107]. Examples of elaslicily analysis on olher palhways are 
pholosynlhesis [108 J, ketogenesis [I09 J, serine [ IIOJ and 
threonine synthesis in E. co1i [111 J, glycolysis in yeast [112J, 
glucose Iransport in yeasl [113J, DNA supercoiling [114J, 
glycogen synthesis in muscle [115 J, and galaclose synlhesis 
in yeast [116J. 

In conclusion, Ihe elasticily analysis is Ihe most fre
quenlly used method for determining flux conlrol coeffi
cients because il does nol need a group of specific inhibilors 
for alllhe enzymes and transporlers of the pathway, neilher 
does il require knowledge of the inhibitory mechanisms or 
kinelic conslanls. II is only necessary lo produce a varialion 
in Ihe intermediary concenlration X by using an inhibilor of 
eilher block or by directly varying Ihe X concenlralion. 

5.4. Pathway modeling 

In agreement with Fell [2J, it seems impos.sible for a 
researcher lo analyze one by one Ihe rate equation of each 
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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., Ca2+ activates sorne Krebs cyde dehydro
genases; citrate inhibits PFK-I; 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 J proposed 
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the use of the response coefficient R which is defined by the 
following expression: 

(11 ) 

where M is the external modulator of the i enzyme. The 
response coefficient is dJldM . M"IJo. If the elasticity of 
the sensitive enzyme toward the external effector is also 
determined, then it is possible to calculate e!; by using 
( 11 ). Unfortunately, due to Ihe experimental complexity 
for determining the elasticity coefficient, this coefficient is 
oflen calculated in a theoretical way by using the respective 
rate equation (Michaelis-Menten or Hill equations) and the 
kinetic parameters K m and V m:l.1 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 
tlux 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 J determined the flux control distri
bution of gluconeogenesis from lactate in hepatocytes by 
using both theoretical and experimenlal elasticity analysis 
and the response coefficient. These authors conduded that 
gluconeogenesis stimulated by glucagon was controlled by 

the pyruvate carboxylase (c~ = 0.83 ); in the absence 
ofthis hormone, the control was shared by PC, PYK. ENO
PGK segment, and TPI-fructose-I,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 [ and the ATP-consuming pathways were 
the enzymes with higher control (d , = 0.7) 190J. For 
glycolysis. the main flux control (d , = 0.71 ) resided in 
GLUT + HK reactions because HK is strongly inhibited by 
its product G6P despile extensive enzyme overexpression 
1107]. Examples of elasticity analysis on other pathways are 
photosYllthesis [108 J, ketogenesis [109 J, serine [ IIOJ and 
threonine synthesis in E. coli 1111 j, glycolysis in yeasl 1112J, 
glucose transport in yeast 1113], DNA supercoiling [114]. 
glycogen synthesis in musde [115 J. and galactose synthesis 
in yeast [116J. 

I.n condusion, the elasticity analysis is the mosl 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 Irnowledge of the inhibitory mechanisms or 
kinetic constants. II 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 concentralion. 

5.4. Pathway modeling 

(n agreement with FelJ [2J , it seems impossible for a 
researcher to analyze one by one the rate equation of each 
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enzyrne in a metabolic palhway lo predic! and explain Ihe 
system behavior as a whole. To deal with Ihis problem, 
in Ihe las! Ihree decades some scientists have constructed 
mathematical models for some metabolic pathways using 
several software programs. Thus, Ihe specific variation 
of a single enzyme activity wilhout altering Ihe rest of 
Ihe pathway (Figure 4), which has been an experimentally 
difficult task for applying MeA, becomes easier lo achieve 
with reliable computing models. The lerm "in silico biology" 
has been coined for Ihis approach. 

There are two basic !ypes of modeling: (a) structural 
modeling and (b) kinetic modeling. The former is related lo 
Ihe palhway chemical reaction structure and does no! involve 
kinetic information. The use of reactions is based on their 
stoichiometries . The information obtained with structllral 
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 melaboliles for 
which Iheir sum is always conslanl or conserved (e.g., 
NADH + NAD+; NADPH + NADP\ lIbiquinol + 
ubiquinone; ATP + ADP + AMP; CoA + acetyl-CoA). 
The identification of conserved melaboliles mighl 
nol be obvious; 

(iii ) enzyme groups catalyzing reaclions in a given rela
tionship wilh anolher group of enzymes; 

(iv) elemental modules, which aredefined as Ihe minimal 
number of enzymes required lo reach a steady slale, 
which can be isolated from Ihe system (for a review 
aboul slruclural modeling; see [117[) . 

Kinelic modeling is more frequently used. In addition 
lo an appropriale compuling program, Ihis approach 
requires the knowledge of the stoichiometries, rate 
equations, and Keq values of each reaction in the palhway 
(or Ihe Vrn:IlI in the forward and reverse reactions), as 
well as the intermediary concentrations reached under 
a given sleady state. Sorne currently used softwares 
are Copasi (http://www.copasi.orgltiki-index.php) 
based on Gepasi (http://www.gepasi.orgl; [118[) ; 
Metamodel [119]; WinScamp [120 ] and Jamac [121] 
(both available at http://www.sys-bio.orgl); and PySCeS 
(http://pysces.sourcesforge.net/; [122]) . For other programs 
and links, go to http://sbm!.orglindex.psp. To reach a 
steady-state flux, il is necessary to fix Ihe initial melabolile 
concentration to a constant value and Ihe irreversible and 
constanl removal of the end products. Excepl for the final 
reactions in which Iheir products have to be removed from 
the system, all pathway reactions have lo be considered as 
reversible, notwithstanding whether they have large Keq 
(if Ihere is an irreversible reaction under physiological 
conditions, Ihen a reversible rale equation that includes 
the Keq suffices lo maintain Ihe reaction as practically 
irreversible). Care should be taken to include the enzyme's 
sensitivity loward its producls beca use this property is 
related with the enzyme elasticity and hence with ils flux 
control; omission of this parameter may very likely lead lo 
erroneous conclusions. 

Journal of Biomedicine and Biotechnology 

It should be poinled out thal the purpose ofkinetic mod
eling is nol merely to replicate experimenlal data bul also to 
explain Ihem [117]. Thus, palhway modeling is a powerful 
loollhat allows for (i) the delection of those properties ofthe 
pathway that are not so obvious to visualize when the indi
vidual kinetic characteristics of the participating enzymes 
are examined; and (ii) the understanding ofthe biochemical 
mechanisms involved in flux and inlermediary concentration 
control. Modeling requires the consideration of all reporled 
experimental data and inleractions that have been described 
for the componenls of a specific pathway, Ihus allowing 
for Ihe integration of disperse data, discarding irrelevanl 
facls [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 thal evaluate the control of a metabolic palhway, 
and for the detection of incompatibilities in the kinetic 
parameters of the participating enzymes and transporters, 
which may prompl Ihe experimenlal revision of the mosl 
critical uncerlainties. 

With the model initially constructed, the simulation 
results do nol usually concur with the experimental results; 
in consequence, the model normally requires refinemenl, a 
point at which Ihe researcher's thinking and knowledge of 
biology plays a fundamental role in modifying the structure 
and parameters of the mode!. The discrepancies observed 
between modeling and experimenlation unequivocally pin
point what elements or factors have to be re-evaluated or 
incorporated so that the model approximates more closely 
reality (i.e., experimenlal data). The comparison of the 
experimentally obtained inlermediary concentrations and 
fluxes with those obtained by simulation is an appropriate 
validating index of Ihe model; this index indicates whether 
Ihe mode! approximation to Ihe physiological situation is 
acceptable or whether re-evaluation of the kinetic properties 
of sorne enzymes and transporters and/or incorporation of 
other reactions or faclors is required. 

A reason to why the results obtained by modeling may 
substantially differ from the experimental results is Ihat the 
kinetic parameters ofthe palhway enzyme and transporters 
and Ihe Keq values used were delermined by differenl 
research groups, under different experimental conditions 
and in different cell types. Moreover, enzyme kinetic assays 
are carried out at low, diluled enzyme concentrations (thus 
discarding or ignoring relevanl protein-prolein interac
tions), and at optimal (bul nol physiological) pH and "room 
lemperature" (which may be far away from Ihe physiological 
values). In addition, no experimental information is usually 
available regarding the reactions reversibility and Ihe producl 
inhibition ofthe enzymes and transporters (particularly for 
physiological irreversible reactions, i.e., reactions with large 
Keq). Wilh worrisome frequency, Ihe researcher has to adjusl 
Ihe experimentally determined V m and K m values lo achieve 
a model behavior that acceptably resembles Ihat observed 
in the biological system. Apparenlly, this type oí" limitations 
as well as Ihe sometimes overwhelming amounl of kinetic 
data necessary for the construction of a kinetic model has 
restricted the number of reliable models Ihat can be used for 
Ihe prediction of the pathway control structure. 
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enzyme in a metabolic pathway lo predic! and explain Ihe 
system behavior as a whole. To deal with Ihis problem, 
in the [asl three decades sOllle scientists nave constructed 
mathematical models (or sorne metabolic pathways using 
several software programs. Thus, the specific variation 
of a single enzyme activity wilhout altering the rest of 
the pathway (Figure 4), which has been an experimentally 
difficult task for applying MeA, becomes easier lo achieve 
with rel¡able computing models. The lerm " in silico biology" 
has been coined for Ihis approach. 

There are two basic types of modeling: (a) structural 
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the pathway chemical reaction structure and does no! involve 
kinetic information. The use of reactions is based on their 
stoichiometries_ The information obtained with strllctllral 
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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 melabolites might 
nol be obvious; 

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

(iv) elemental modules, which aredefined 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 [1171). 

Kinetic modeling is more frequently used. In addition 
to an appropriate computing program, this approach 
requin: s th e: knowledge of Ihe: stoichiomc:trie:s, fate: 
equations, and Keq values of each reaction in the pathway 
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wel1 as the intermediary concentrations reached under 
a given sleady state. Some currently used softwares 
are Copasi (http:/ /www.copasi.org/tiki-index.php) 
based on Gepasi (http://www.gepasi.org/; [118[) ; 
Metamodel [119J; WinScamp [120 J and Jamac [ 121J 
(both available at http://www.sys-bio.org/); and PySCeS 
(http://pysces.sourcesforge.netl; [122J). For other programs 
and links, go to http://sbml.org/index.psp. To reach a 
steady-state flux, il is necessary to fix the initial metabolite 
concentration lo 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, a11 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 indudes 
the Keq suffices to maintain the reaction as practical1y 
irreversible). Care should be taken to indude the enzyme's 
sensitivity toward its producls 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 condusions. 
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lt should be pointed out that the purpose ofkinetic mod
eling is nol merely to replicate experimental data bul also to 
explain them [117). Thus, palhway modeling is a powerful 
tool that a110ws for t i) the detection of those properties ofthe 
pathway that are not so obvious to visualize when the indi
vidual kinetic characteristics of the participating enzymes 
are examined; and (ii) the understanding ofthe 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, Ihus al10wing 
for the integration of disperse data, discarding irrelevant 
facts [84 J. Although al1 models are oversimplifications of 
complex cel1ular processes, they are useful for the deduction 
of essential relationships, for the design of experimental 
strategies thal evaluate the control of a metabolic palhway, 
and for the detection of incompatibilities in Ihe kinetic 
paramelers of Ihe participating enzymes and transporters, 
which may prompt the experimental revision of the mosl 
critical uncertainties. 

With the model initia11y 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 experimenlation unequivocal1y pin
point what elements or factors have to be re-evaluated or 
incorporated so !hat the model approximates more dosely 
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 Ihe model; this index indicates whether 
the model approximation to the physiological situation is 
acce:ptablC' or whc:the: f rC'-C'valuation of the kinetic propC'rtie:s 
of some enzymes and transporters andlor incorporation of 
other reactions or faclors is required. 

A reason to why the results obtained by modeling may 
substantially differ from the experimental results is that the 
kinetic parameters ofthe pathway enzyme and transporters 
and the Keq values used were determined by different 
research groups, under different experimental conditions 
and in different ce11 types. Moreover, enzyme kinetic assays 
are carried out at low, diluted enzyme concentrat ions (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 ¡he physiological 
values). In addition, no experinlental information is usually 
available regarding the reactions reversibility and the product 
inhibition ofthe enzymes and transporters (particularly for 
physiological irreversible reactions, i.e., reactions with large 
Keq). With worrisome frequency, the researcher has to adjusl 
the experimentally determined V m and K m values lo achieve 
a model behavior that acceptably resembles that observed 
in the biological system. Apparently, this type of limitations 
as well as the sometimes o\'erwhelming amount of kinetic 
data necessary for the construction of a kinetic model has 
restricted the number of reliable models Ihat can be used for 
Ihe prediction of the pathway control structure. 
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Once Ihe kinelic model slabilily, robuslness, slruc ~ 

lural and dynamic properlies have been evalualed, and 
experimenlally validaled, Ihe model may become a virlual 
laboralory in which any parameler or componenl can be 
modified or replaced and any aspecl oflhe palhway behavior 
can be explored wilhin a wide diversily of circumslances or 
limils [117]. Allhis slage, Ihe model is suilable for examining 
Ihe palhway regulalory properlies and conlrol slruclure. 

Glycolysis in S. bayanus, S. cerevisiae [113, 123,124], 
and Trypanosoma brucei [125, 126J is Ihe melabolie palhway 
Ihal has been more eXlensively modeled. Bolh cell Iypes 
have a very aelive glyeolysis and are fully dependenl on 
Ihis melabolic palhway for ATP supply, under anaerobiosis 
and aerobiosis, respeclively. Dne advanlage of modeling 
glycolysis in Ihese eell Iypes is Ihal mosl of Ihe kinelic 
paramelers used have been experimenlally delermined by 
Ihe same groups under Ihe same experimenlal conditions. 
However, Ihe kinelies of Ihe reverse reaelions has nol been 
delermined and Ihus Ihese aulhors used Km p and Keq 
values reporled by olhers and oblained in olher cell Iypes 
under ralher differenl experimenlal condilions, or Ihey were 
adjusled lo improve model fitting. 

Neverlheless, Ihe simulation resulls yielded relevanl 
informalion on Ihe conlrol of Ihe glycolytie flux. In bolh 
cases, Ihe enzymes Iradilionally considered Ihe rale~limiling 
sleps, HK, ATP~PFK~I, and PYK did nol conlribule lo Ihe 
flux conlrol, whereas Ihe main conlrol resided in GLUT 
(54% in Ihe parasile and 85--1000/0 in yeasl). Under sorne 
conditions, HK may exerl sorne conlrol ( 15%) in S. cerevisiae 
and sorne nonallosleric enzymes sueh as ALDD, GAPDH, 
and PGK may also exerl sorne flux conlrol in T brucei. 

MCA Ihrough kinelic modeling has been applied lo 
several palhways: 

(i) glycolysis in erythrocytes [84 J in which flux conlrol 
dislribules belween HK (71 %) and PFK~1 (29%) ; 

( ii) earbohydrale melabolism during differenlialion in 
Dictyostelium discoideum [127] wilh cellulose syn~ 
Ihase (86%) as Ihe main conlrolling slep; 

(iii ) suerose accumulalion in sugar cane wilh HK, inver~ 
lase, fruclose uplake, glucose uplake, and vaeuolar 
suerose Iransporler having Ihe mosl significanl flux 
conlrol [128]; 

(iv) glycerol synlhesis in S. cerevisiae wilh GAPDH (85%) 
as Ihe main conlrol slep [129J; 

(v) penicillin synlhesis in Penicillium chrysogenum eon~ 
lrolled (75--98%) eilher by d~(a~aminoadipyl ) cys~ 

leinylvaline synlhelase (shorl incubalion limes <30 
hour) or isopenieillin N. synlhelase (long incubation 
times > 100h) [130] ; 

(vi) Calvin cyde [131] conlrolled by GAPDH (50%) and 
sedoheplulose~ 1 ,7 ~bisphosphalase (500/0); 

(vii) Ihreonine synlhesis in E. coli eonlrolled by homoser~ 
ine dehydrogenase (46%) , asparlale kinase (28%), 
and asparlale semialdehyde dehydrogenase (25%) 
[11 11 ; 
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(viii) Iysine production in Corynebacterium glutamicum 
mainly conlrolled by asparlale kinase and permease 
[132[; 

(ix) nonoxidative penlose palhway in erythrocytes mainly 
conlrolled by Iranskelolase (74%) [133 J; 

(x) EGF~induced MAPK signaling in lumor cells con~ 
lrolled by Ras~aelivalion by EGF (2 1 %), Ras dephos~ 
phorylalion (43%), ERK phosphorylalion by MEK 
(44%), and MEK phosphorylalion by RAS (143%) 
[13 [; 

(xi) Aspergillus niger arabinose ulilizalion wilh flux con~ 
lrol shared by arabinose reduelase (68%) , arabilol 
dehydrogenase ( 17%), and xylulose reduelase ( 14%) 
[134 [; 

(xii) glycolysis in L./actis in which several end producls are 
generaled (laclale, organic aeids, elhanol, aceloin) 
[135 J. Model prediclions indicaled Ihal flux loward 
diacelyl and aceloin (imporlanl flavor compounds) 
was mainlyconlrolled by LDH bul nol byacelolaclale 
synlhelase, Ihe firsl enzyme of Ihis braneh. 

We modeled Ihe GSH and PCs biosynlhesis (Figure 2) 
lo delermine and undersland Ihe conlrol slruclure of Ihe 
palhway and Ihus be able lo idenlify pOlenlial siles for 
genelie engineering manipulation Ihal mighl lead lo Ihe 
generalion of improved species in heavy melal resislanee 
and accumulalion. Two models were eonslrucled, one for 
higher planls and Ihe olher for yeasl, bolh exposed lo high 
concenlrations of Cd1

+ [136 J. Due lo Ihe similarily in Ihe 
resulls, only Ihe planl resulls are analyzed below. 

An inleresling condusion from Ihe GSH~PCs synlhesis 
modeling is Ihal eonlrol of flux (and GSH coneenlration) 
is shared belween Ihe GSH supply and demand under bolh 
unslressed and Cd1

+ exposure condilions (Table 4). This 
observalion slrongly differs from Ihe idea Ihal y~ECS is Ihe 
rale~limiling slep [33- 35 J. For many researchers, Ihe coneepl 
of y~ECS being Ihe key conlrolling slep has seemed lo be 
correel because (a) y~ECS receives informalion from Ihe final 
parl of Ihe palhway, as il is pOlenlly inhibiled by GSH, Ihe 
palhway end~producl; and (b) y~ECS is localized in Ihe firsl 
parl of Ihe palhway (Figure 2). In addilion, GS is usually 
more abundanl and efficienllhan y~ECS [137]. 

However, in mosl of Ihe sludies on Ihe conlrol of GSH 
synlhesis, Ihe GSH demand has nol been considered. The 
GSH synlhesis modeling shows Ihal under a physiological 
feedback inhibilion of y~ECS by GSH a small increase 
in demand inereases flux beeause Ihe GSH concenlralion 
decreases and Ihe y~ECS inhibilion attenuales. In conlrasl, 
if Ihe demand remains conslanl, Ihen an inerease in y~ECS 
aelivily or conlenl (by overexpression) does nol inerease flux 
because Ihe GSH inhibilion isslilllhere and operales on bolh 
new and old enzymes. The same pattern is also observed 
when HK is overexpressed lo increase glycolytic flux sinee il 
is slill inhibiled byG6P (see Seclion 3). On Ihe olher hand, y~ 
ECS indeed exerls significanl concenlration conlrol on GSH, 
whieh means Ihal a y~ECS increase resulls in higher GSH 
concenlralion (Table 4). This lasl observalion demonslrales 

Rafael Moreno-Sánchez el al. 

Once Ihe kinelic model slability, robuslness, slruc
lural and dynamic properlies have been evalualed, and 
experimenlaHy validaled, the model may become a virtual 
laboratory in which any parameter or component can be 
modified or replaced and any aspe<:t oflhe palhway behavior 
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limits [117). Allhis stage, the model is suitable forexamining 
the pathway regulatory properties and control structure. 
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and TrypmlOsoma brucei [125, 126J is the metabolic palhway 
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 ceH types is that most of the kinetic 
parameters used have been experimenlally determined by 
the same groups under the same experimental conditiollS. 
However, the kinetics of the reverse reactions has not been 
determined and thus these aulhors used K mp and Keq 
values reported by others and obtained in other cell types 
under rather different experimental conditions, or Ihey were 
adjusled lo improve model fitting. 
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informalion on the control of the glycolytic flux. In both 
cases, the e!lzymes traditionally considered the rate-limiling 
steps, HK, ATP-PFK-I, and PYK did !lot conlribute to the 
flux control, whereas the main control resided in GLUT 
(54% in the parasite and 85-100% in yeast). Under sorne 
conditions, HK may exert some control ( 15%) in S. cerevisiae 
and sorne nonallosteric enzymes such as ALOO, GAPOH, 
and PGK may also exert sorne 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-I (29%) ; 

(ii) carbohydrate melabolism during differentiation in 
Dictyosteliu/11 discoideum [ 127) with cellulose syn
thase (86%) as Ihe main controlling step; 

(iii ) sucrose accumulation in sugar cane with H K, inver
tase, fructose uptake, glucose uptake, and vacuolar 
sucrose transporter having the most significant flux 
conlrol [128); 

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

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

(vi) Calvin cyde [ 131) controlled by GAPDH (50%) and 
sedoheptulose- I ,7 -bisphosphalase (50%); 

(vii) threonine synthesis in E coli c.ontrolled by homoser· 
ine dehydrogenase (46%), aspartate kinase (28%), 
and asparlate semialdehyde dehydrogenase (25%) 
[111 J; 
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(viii) Iysine production in Corynebacterillm gllltamiC/lm 
mainly conlrolled by aspartate kinase and permease 
[132[; 

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

(x) EGF-induced MAPK signaling in lumor ceLls con
trolled by Ras-activation by EGF (21%), Ras dephos
phorylation (43%), ERK phosphorylation by MEK 
(44%), and MEK phosphorylation by RAS (143%) 
[ 13[; 

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

(xii) glycolysis in L lactis in which several end producls are 
generated (lactate, organic acids, ethanol, acetoin) 
[135 [. Model predictions indicaled Ihat flux loward 
diacetyl and aceloin (important flavor compounds) 
wasmainlycontrolled by LOH but nol byacetolaclale 
synthetase, the first enzyme of this branch. 

We modeled the GSH and PCS biosynthesis (Figure 2) 
lo determine and undersland the conlrol structure of Ihe 
pathway and thus be able to identify potential sites for 
genetic engineering manipulation that might lead to the 
generation of improved spe<:ies in heavy melal resistance 
and accumulation. Two models were constructed, one for 
higher plants and the other for yeast, bolh exposed to high 
concentrations of Cd1

+ [136J. Oue to the similarity in the 
results, only the planl 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 
Wlstressed and Cdl + exposure conditions (Table 4). This 
observation strongly differs from the idea that y-ECS is the 
rate-limiting step [33- 35 J. For many researchers, Ihe concepl 
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 il is potently inhibited by GSH, the 
pathway end-product; and (b) y-ECS is localized in the firsl 
part of the pathway (Figure 2). In addition, GS is usuaHy 
more abundant and efficient than y-ECS [137]. 

However, in mosl of the studies on the control of GSH 
synthesis, the GSH demand has nol 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 
de<:reases and the y-ECS inhibition altenuales. In contrast, 
if the demand remains constant, then an increase in y-ECS 
activity or contenl (by overexpression) does not increase flux 
be<:ause the GSH inhibition is still there and operales on both 
new and old enzymes. The same paltern is also observed 
when HK is overexpressed to increase glycolytic flux since il 
is still inhibited by G6P (see Se<:lion 3). On the other hand, y
ECS indeed exerts significant concentration control on GSH , 
which means that a y-ECS ¡ncrease results in higher GSH 
concentration (Table 4). This last observation demonstrates 
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TABLIl 4: Control o f GSH 3ml PC synthesis in plan ts expose<l lo Cd2
+ . 

Enzyrne 
Ix y-ECS + PC:S 2.5x y-ECS + PCS 

C~GSH C '~ C~ c::¡ C~GSH C~PC c?" c::¡ 
" " y-ECS 0.58 0.60 0.68 0.76 0 .45 0.61 0 .70 0.60 

GS <0.01 <0 .01 0.0 1 0.01 0 .19 <0 .01 < 0.01 0.97 

GS-Iransf ... rase 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',;GSH, control coefficient of enzyme i in GSH syntht"Sis; c.::-c, control coefliciem of enzyme Ei 011 PCs symht"Sis; c,;tH, control coefficient of t'nzyme i 011 
GSH concentralion; C:::=, control coefficient ofenzyrne ion PCsconcentration. An enzyme with a negative flux control ¡ndiales ¡hat il is localized in a branch, 
turning asid ... ¡he principal flux; an enzyme with a negative concentralion control indicates lhal an incrt'ast' in its activity decrt'ast's mt'tabolitt' conct'ntration. 

that an enzyme controlling a metabolite eoncentration does 
not ne<:essarily control the flux. 

Cd1
+ exposure promotes a high GSH demand because 

signifieant oxidative stress surges, thus eausing oxidation of 
GSH through GSH peroxidases, and because GSH and PCS 
are used for sequestering Ihe toxie metal ion; hence, a higher 
GSH consuming rale sets up. Under this eondition, modeling 
predicled that control was almost equally shared between Ihe 
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 loxie effecls on the eell 
[36]. An increase in the GSH demand (PCS overexpression) 
under high-demand eonditions (Cd1

+ stress) leads to GSH 
depletion that severely compromises olher processes sueh as 
the oxidative stress control and xenobiotic detoxification. 

The conclusions drawn by this model led us to pro
pose that, to significantly inerease the Cd2

+ resistance and 
accumulation, y-ECS and PCS should be simultaneously 
overexpressed (Table 4; Figure 9). This particular manipu
lation promoles an increase in the rate of GSH and PCs 
synthesis (determined by the high-to-Iow transition oftheir 
flux control coefficienls) and in the GSH and PCs coneen
trations (determined by their high concentration control 
coefficienls). The model predicts Ihal a 2-fold inerease in 
the simultaneous overexpression of y-ECS and PCS brings 
about a 1.9- 2.4-fold increase in flux lo GSH (lcs) and 
PCS (lpcs) and in PCS coneentration (Figure 9); a S-fold 
overexpression further increases by 4.5--8.1 times the fluxes 
and PCS concentration. 

This proposed enzyme overexpression should not exeeed 
the GS and the complex PC-Cd (or GS-Cd-GS) vaeuolar 
transporlers' maximal activities, in order to keep the eell 
away from asevere oxidative stress caused by GSH depletion 
or y-EC aecumulation. Indeed, Ihe coneentration of GSH 
was maintained high and constant although y-EC accu
mulated wilh the simullaneous overexpression (Figure 9). 
Furlhermore, this enzyme manipulation should avoid Ihe 
inerease ofthe PC-Cd and GS-Cd-GS complexes in eytosol 
to toxie levels. In other words, exeessive 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 yeasls and plants, Cd1

+ is ultimalely inactivated 
by Ihe additional interaetion wilh S2- and Ihe subsequent 
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FIGU RE 9: Modele<! sirnultaneous overexpression of two controlling 
enzyrnes, one in the supply (y-glutarnylcisteine synthetase, y-ECS) 
and the other in the dernand branch (phytochelatin synthase, PCS), 
of the glutathione and phytochelatins synthesis pathway in plants. 

formation of stable high mole<:ular weighl complexes with 
PCs, Cd1+ , S2-, and GSH [138, 139J. In parallello Ihe y-ECS 
and PCS overexpression, moderate repression of GSH-S
transferases, which competefortheavailable GSH (Figure 2), 
may also promote an inerease in GSH concentration and PCs 
formation flux [136]. 

MCA is based on infinilesimal changes in an enzyme or 
melabolile concentration. In contrast, gene overexpression 
induces large ehanges in aetivity; hence, further Iheoretical 
background has been developed for predicting Ihe effeel 
on flux and metabolite eoncentrations induced by large 
enzyme ehanges. Such a theoretieal background was initially 
developed by Small and Kaeser [140], who depieled ( 12) 
based on the flux control coefficients to predict the effeel 
promoled by large changes in enzyme aetivity: 

in which f is Ihe ampli fi cation factor (Ihe flux inerease), 
and r represents how many times the enzyme is overex
pressed. To predict the fl ux changes, promoled by identical 
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TA8LIl 4: Control of GSH ami PC synthesis in pl3nts exposed 10 Cdl+ . 

Enzyme 
Ix y-ECS + PCS 2.5x y-ECS + PCS 

C~GSH C:~ C= c:c C 'GSH C'~ c:;'" c:c " " " y-ECS 0.58 0.60 0.68 0.76 0.45 0.61 0.70 0.60 

GS <0.01 <0.01 0.01 0.01 0.19 <0.01 <0.01 0.97 

GS-transferaSl.' 0.01 - 0.06 - 0.07 - 0.07 <0.01 <0.01 < -0.0 1 - 0.05 

PCS 0.40 0.44 - 0.63 - 0.56 0.33 0.44 - 0.62 0.57 

vacuo] .. PC-Cd transporter <0.01 <0.01 <0.01 - 1.2 <0.01 <0.01 <0.01 - 2.1 

C,;GSH, control coefficienl of enzymt' j in GSH synthes is: d.:-C, control coefficient of enzyme Ei 011 PCs symhesis; C::;SH, control coefficient of enzyme j on 
GSH concelllration; C:::=, control coeflidem ofenzyme ion PCsconcenlration. An enzymewilh a negative nuxcontrol ¡ndiales ¡ha! il is localized in a braTKh, 
rurningaside the principal flux; an enzyml' with a negative collcentralion control indicates ¡ha! an ilKrease in its activity d""reases melaboUte wncemratlon. 

Ihal an enzyme conlrolling a metabolite concentration does 
not necessarily control the flux. 

Cd l l exposure promotes a high GSH demand be<:ause 
significant oxidalive stress surges, thus causing oxidation of 
GSH through GSH peroxidases, and beca use GSH and PCS 
are used for sequestering Ihe toxic metal ion; hence, a higher 
GSH consuming rale sets up. Under this condition, modeling 
predicted that control was almost equally shared belween 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 toxie effects on the eell 
[36]. An increase in the GSH demand (PCS overexpression) 
under high-demand conditions (Cd1+ stress) leads to GSH 
depletion that severely compromises other processes sueh as 
the oxidative stress control and xenobiotic detoxificalion. 

The conclusions drawn by Ihis model led us lo pro
pose that , lo significantly inerease lhe Cd2

+ resistance and 
accumulation, y-ECS and PCS should be simullaneously 
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-Iow transition oftheir 
flux control coefficients) and in the GSH and PCs coneen
trations (determined by their high cono::entration control 
coefficients). The model predicts that a 2-fold increase in 
Ihe simultaneous overexpression of y-ECS and PCS brings 
about a 1.9- 2.4-fold increase in flux lo GSH (lcs) and 
PCS (lI'CS) and in PCs coneentration (Figure 9); a 5-fold 
overexpressioll furthe r increases by 4.5-8.1 times the fluxes 
and PCS concenlration. 

This propose<! enzyme overexpression should not exeeed 
the GS and the complex PC-Cd (or GS-Cd-GS) vaeuolar 
transporters' maximal activities, in order lo keep the eell 
away from asevere oxidalive stress caused by GSH depletion 
or y-EC aecumulation . Indeed, the coneentration of GSH 
was maintained high and eonstant although y-EC aceu
mulated with the simultaneous overexpression (Figure 9). 
Furthermore, this enzyme manipulation should avoid the 
inerease ofthe PC-Cd and GS-Cd-GS complexes in eytosol 
to toxie levels. In other words, exeessive enzyme overex
pression should be avoided, unless this is aceompanied by 
compensating overexpression of eonsuming enzymes (GS for 
y-ECS overexpression and PCS vacuolar transporlers for that 
of PCS). In yeasls and plants, Cd l

• is ultimalely inaclivated 
by the additional interaetion with 52- and the subsequent 
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FIGURE 9: Modeled simultaneous overexpression of two controlling 
enrymes, ont' in ¡he supply (y-glutamylcisteine synthetase, y-ECS) 
and the other in the demand branch (phytochelatin synthase, PCS), 
of Ihe glutathione and phytochelatins synthesis pathW3Y in plants. 

formation of stable high mole<:ular weight complexes with 
PCs, Cd1+, 51-, and GSH [138, 139]. In parallel to the y-ECS 
and PCS overexpression, moderate repression of GSH-S
transferases, wmch compete for the available GSH (Figure 2), 
may also promote an inerease in GSH eoncentration and PCs 
formation flux [136]. 

MCA is based on infinitesimal changes in an enzyme or 
metabolite concentration. [n contrast, gene overexpression 
induces large ehanges in aetivity; hence, further theoretical 
background has been developed for predicting Ihe 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 lo predict the effeet 
promoted by large changes in enzyme activity: 

fk_. = 1 _ L::'j(d~ . ( r; _ I)/ri) ' (1 2) 

in which f is Ihe amplification factor (the flux ineTease), 
and r represenls how many times the enzyme is overex
pressed. To predict the flux changes, promoted by identical 
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FIGURE \O: Effecl on flux when one or more enzymalie aclivities 
wilh different control coefficienls are varied. This figure represenls 
an enzyme or group of enzymes in which their q . sum is indicated 
in parenthesis and is modified by Ihe same r faelor. Number 1 
represenls Ihe referenee conlrol, Ihus if r < 1, Ihere is suppression, 
whereas r > 1 represenls overexpression. 

overexpression oftwo enzymes (same r value) with different 

d ;, the equation is 

Ji,' ~'" = c---;co--;;,lé-;c---:-c;-c 
1- (c[ + S) . ( r - I )/r)· 

(13 ) 

Figure 10 shows the effect on flux when one or more 

enzymes with different Cw are changed by the same r factor. 

If the sum of d ; of one or more enzymes is Iess Ihan 
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 G; is 1, Ihe flux varies in 
a linear proportion with the degree of overexpression. It has 
lo be remarked, however, Ihat the predicted change in flux 
(Figure 10) will be valid unlil cer lain degree, Ihe limils of 
which being delermined by Ihe other palhway enzymes thal 
should stay as noncontrolling steps. 

Figure 10 also shows Ihe effeel on flux of decreasing 
an enzyme activily (Ihird quadrant). This segmenl plol is 
useful when inhibition of palhway flux is being pursued for 
Iherapeutic purposes or for understanding Ihe mole<:ular 
basis of Ihe genetic dominance and recessivity. Like in Ihe 
enzyme overexpression experiment, only a significanl effecl 

on flux is achieved when Ihe enzymes wilh high d; values 

are inhibited. For an enzyme or group of enzymes with G; 
of 0.25, grealer Ihan 80% inhibition has to be attained lo 
decrease 50% Ihe palhway flux. In this conlext, il seems 
feasible to explain why knockdown of enzymes involved 
in TSH1 synthesis has lo be almost lotal lo delecl an 
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effect on TSH2 content or to alter funclional or palhogenic 
properties oflhe parasites (Section 4.3). The knockdown or 
knockoul experiments in trypanosomatids suggesl thal y~ 

ECS, TryS, and TryR most probably have low flux conlrol 
and concenlration~conlrol coefficienls since Iheir conlenls 
or activities have lo be reduced >80% of the normal levels 
lo reach changes in intermediary levels or in oxidative stress 
handling. 

Contrary lo Ihe several unsuccessful overexpression 
experiments carried out lo increase Ihe flux or melabolites 
of a melabolic palhway, modeling may allow for a more 
focused and appropriale design of experimental stralegies of 
genetic engineering lo increase flux or a given metabolite, 
and for selecting drug targets to decrease flux or melabolite 
concentration. For these predictions, modeling considers 
Ihat overexpression of a controlling enzyme or transporler 
may promote flux or melabolite conlrol redistribulions. 
Thus, a low~conlrol step may become a controlling point 
when overexpressing another step and, in consequence, the 
prediction shown in Figure 10 based on ( 11 ) and ( 12 ) maybe 
inaccurate. By considering Ihe whole palhway componenls, 
modeling is also a powerful 1001 for predicting the effects 
on flux and metabolite concenlration of varying an enzyme 
activily (by overexpression or drug inhibilion). 

Model predicrions ro inhibir a parhway flux 

Kinetic modeling has been used lo idenlify the flux control~ 
ling steps in Trypanosoma bmcei glycolysis for drug largeling 
purposes. Intereslingly, modeling has predicted controlling 
steps for the parasite pathway different from Ihose described 
for glycolysis in human host cells [125, 126J. 

Entamoeba histolytica is the causal agenl of human 
amebiasis. The parasite lacks functional mitochondria and 
has neither Krebs cycle nor OXPHOS enzyme activilies. 
Therefore, substrale level phosphorylalion by glycolysis is 
Ihe only way lo generate ATP for cellular work [14IJ. An 
important difference in amebal glycolysis in comparison to 
glycolysis in human cells is Ihal il contains the pyrophos~ 
phate (PPi )~dependent enzymes phosphofructokinase ( PPi~ 
PFK) and pyruvate phosphate dikinase (PPDK), which 
replace the highly modulaled ATP~PFK and PYK present in 
human cells. Moreover, both have been proposed as drug 
largets by using PPi analogues (bisphosphonales) [ 141 J. 

We recenlly described the conslruction of a kinetic 
model of E. histolytica glycolysis lo determine Ihe conlrol 
distribution of this energetically imporlanl pathway in 
Ihe parasite [ 142J. The model was constructed using Ihe 
Gepasi software and was based on the kinetic paramelers 
determined in Ihe purified re<:ombinant enzymes [143 J, 
as well as the enzyme aClivities, f1uxes, and melabolite 
concenlrations fOUJld in the parasite. The results of the 
metabolic conlrol analysis indicated Ihat HK and PGAM 
are the main flux control steps of the pathway (73 and 
65% , resp. ) and perhaps GLUT. In contrast, Ihe PPi~PFK 
and PPDK displayed low flux conlrol ( 13 and 0.1 % , resp.) 
because they have overcapacily over Ihe glycolytic flux [142 J. 
The amebal model allowed evalualing Ihe effecl on flux of 
"inhibiting" Ihe pathway enzymes. The model predicted Ihal 
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repreSt'nls Ihe referenet' conlrol, Ihus if r < 1, Ihert' is suppression, 
Wht'ft'3S r > 1 rt'presents overexpression. 

overexpression oftwo enzymes (.same r value) with different 

d ;, the equation is 

(13 ) 

Figure 10 shows the effeet 011 flux when one or more 

enzymes with different d. are changed by Ihe same r factor. 
If the sum of c(.; of one or more enzymes is less Ihan 
0.25, the impact on flux is discrete wht'n the expression 
increases 5 folds (which is the most cammon variation in 
the overexpression experiments analrzed in Seetion 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 d ; is 1, Ihe flux varies in 
a linear proportion wilh Ihe degree of overexpression. It has 
to be remarked, however, thal the predicted change in flux 
(Figure 10) will be valid until certain degree, the limits of 
which being determined by the olher pathway enzymes that 
should slay as noncontrolling steps. 

Figure 10 also shows the effeet on flux of decreasing 
an enzyme activity (third quadrant ). This segmenl plol is 
useful when inhibition of palhway flux is being pursued for 
therapeutic purposes or for understanding Ihe molecular 
basis of the genetic dominance and recessivity. Like in the 
enzyme overexpression experiment, only a significant efrect 

on flux is achieved when the enzymes with high d, values 

are inhibited. For an enzyme or group of enzymes with C; 
of 0.25, greater Ihan 80% inhibition has lo be attained to 
decrease 50% the pathway flux. In this context, it seems 
feasible to explain why knockdown of enzymes involved 
in TSH1 synthesis has to be almost total to deteet an 
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effect on TSH 2 cantent or to alter functional or pathogenic 
properties ofthe parasites (Section 4.3). The knockdown or 
knockout experiments in trypanosomalids suggest that y
ECS, TryS, and TryR most probably have low flux control 
and concentration-control coefficients since Iheir contenls 
or activities have to be reduced >80% of the normal levels 
lo reach changes in intermediary levels or in oxidative stress 
handling. 

Contrary lo the severa] unsuccessful overexpression 
experiments carried out to increase Ihe 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 melabolite, 
and for selecting drug targels to decrease flux: or metabolite 
concenlration. For these predictions, modeling considers 
that overexpression of a controUing enzyme or transporter 
may promote flux or metabolite control redistributions. 
Thus, a low-control step may become a controlling poinl 
when overexpressing another slep and, in consequence, the 
prediction shown in Figure 10 based on ( 11 ) and ( 12) maybe 
inaccurate. By considering the whole palhway componenls, 
modeling is also a powerful tool for predicting the effects 
on flux and metabolite concentration of varying an enzyme 
aClivity (by overexpression or drug inhibition ). 

Model predicrions ro inhibir a parhway flux 

Kinetic modeling has been used lo idenlify Ihe flux conlrol
ling sleps in Trypanosoma bmcei glycolysis for drug targeling 
purposes. lnlereslingly, modeling has predicled conlrolling 
sleps for Ihe parasile palhway difrerent from those described 
for glycolysis in human hosl cells [125, 126J. 

Entamoeba histo/ytica is Ihe causal agenl of human 
amebiasis. The parasite lack.s functional milochondria and 
has neither Krebs cycle nor OXPHOS enzyme aclivities. 
Therefore, substrate level phosphory[ation by glycolysis is 
Ihe only way lo generale ATP for cellular work [ 141 l. An 
imporlanl difference in amebal glycolysis in comparison to 
glycolysis in human cells is Ihal il conlains Ihe pyrophos
phale (PPi)-dependent enzymes phosphofruclokinase (PPi
PFK) and pyruvate phosphale dikinase (PPDK), which 
replace Ihe highly modulaled ATP-PFK and PYK present in 
human cells. Moreover, bolh have been proposed as drug 
targels by using PPi analogues (bisphosphonates) [ 141 l. 

We recenlly described the construction of a kinetic 
model of E. hisro/y rica glycolysis to determine the conlrol 
distribution of Ihis energelically importanl palhway in 
the parasite ¡ 142 J. The model was conslrucled using Ihe 
Gepasi software and was based on Ihe kinetic parameters 
delermined in the purified recombinanl enzymes [143 J, 
as well as Ihe enzyme aClivilies, fluxes , and metabolile 
concenlrations found in the parasile. The resulls of Ihe 
melabolic conlrol analysis indicated Ihat HK and PGAM 
are Ihe mam flux conlrol sleps of the palhway (73 and 
65%, resp.) and perhaps GLUT. In conlrasl, the PPi-PFK 
and PPDK displayed [ow flux conlrol (13 and 0.1 % , resp. ) 
beeause Ihey have overcapacily over the glycolytic flux ¡ 142J. 
The amebal model allowed evaluating Ihe efrecl on flux of 
"inhibiting" the pathway enzymes. The model predicled thal 
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FIGURE 11: Modeled flux behavior when inhibiting pathway 
l'llzyrnes. The prooictNi flux when varying Ihe enzyme activity 
was obtained using Ihe kinetic madel for Entamoeba "islo/y/
ica glyoolysis [142 ]. In Ihis case, 100% enzyrne activity is Ihe 
l'llzyme activity presenl in amebal extracts, and 100% flux is 
¡he elhanol flux displayed by amot'bae incubated with glucose. 
PPi-PFK, PPi-dl'pendenl phosphofructokinast'; PPDK, pyruvate 
phosphate dikinase; PGAM, 2,3 bisphosphoglyceratl' indl'pendent 
3-phosphoglycl'rate mutase. 

in order lo diminish by 50% Ihe glycolytic flux (and Ihe ATP 
concentration; data no! 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 PPOK, they should be 
decreased >700/0 (Figure 11 ). Therefore, the kinetic model 
results indicate that HK can be an appropriate drug target 
beca use its specific inhibition can compromise the energy 
levels in the parasite. They aIso indicate that although PPi
PFK and PPOK rema in as promising drug targets be<:ause 
of their divergence from the human glycolytic enzymes, 
highly potent and very specific inhibitors should be designed 
for these enzymes in order to affect the parasite's energy 
metabolism. 

5.5. In vitro 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 
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enzyme concentrations in the assays are diluted and thus 
the enzyme interactions are not favored. Ifthis 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-I, ALOO, 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-GPOH ) 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-I 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 F 1 ,6Bp, a PFK-I activator slightly diminished 
the flux control exerted by PFK-l and increases that of 
HK. The validation of the summation theorem was also 
demonstrated in this work [1 44 J. 

The lower glycolytic segment has also been reconsti
tuted with commercial enzymes for determining the flux 
control coefficients [1 45 J. 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 ONA 
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 lO glycolytic enzymes of Entamoeba histolytim [143 J for 
studying the flux control distribution in this organism by 
using kinetic modeling [142J and pathway reconstitution. 

The re<:onstitution 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, PPOK exert the main 
flux control (these amebal enzymes are genetically and kinet
ically different from their human counterparts) with ENO 
exhibiting negligible control [143J. In turn, reconstitution of 
the upper amebal glycolytic segment has revealed that HK 
and, to a much lesser extent HPI , PPi-PFK, and ALO, exerted 
the main flux control, with TPI having negligible control 
[146J. These results strongly correlate with the enzyme 
catalytic efficiencies previously reported [1 43 J, in which HK 
is highly sensitive to AMP inhibition, ALO, and PGAM 
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FIGURI! JI: MO<!eled flux behavior when inhibiting pathway 
t'nzymes. The predicte<l flux when varying Ihe enzyrne activity 
was obtained using Ihe kinetic. ruad",! foc Emamoeba hislolyt
jea glycolysis [142). In Ihis case, 100% enzyme activity is Ihe 
t'llzyme activity presenl in amebal extracts, ami 100% flux is 
lhe ethanol flux displayed by amoebae incubated with glucose. 
PPi-PFK, PPi-dl.'pendent phosphofructokinasc; PPDK, pyruvate 
phosphate dikinase; PGAM, 2,3 bisphosphoglycerate independent 
3-phosphoglyeerate mutase. 

in order lo diminish by 50% Ihe glycolytic flux (and Ihe ATP 
concentration; data nol shown), H K 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 inhibiling PPi-PFK and PPOK, they should be 
decreased >70% (Figure 11 ). Therefore, Ihe kinetic model 
resuIts indicale thal HK can be an appropriate drug target 
because its specific inhibilion can compromise the energy 
levels in the parasite. They also indicale that although PPi
PFK and PP DK rema in as promising drug targets because 
of their divergence from the human glycolytic enzymes, 
highly polent and very specific inhibilors should be designed 
for these enzymes in order to affect the parasite's energy 
metabolism. 

S.S. In vitro reconstitution of metabolic pathways 

Another experimental approach for delermining the enzyme 
control coefficients is the in vitro reconstitution of segments 
of metabolic pathways. It is recalled thal ror determining 
the flux control coefficient exerled by a given step on a 
metabolic palhway the enzyme activity has to be varied, 
without altering Ihe 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 
wilh purified enzymes. Some advantages of Ihis approach 
are that the pathway structure is known, in which the com~ 
ponents concenlralion may be manipulated and analyzed 
separately, and the enzyme effeclors can be assayed. Al; the 
system composition is strictly controlled, the results may 
be highly reproducible. The main disadvanlage is Ihat the 
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enzyme concentrations in the assays are diluled and thus 
Ihe enzyme inleractions are not favored. Ir this interaction is 
important for activity, the in vitro reconstitution may limil 
Ihe extrapolation lo the metabolic pathway inside the cell. 

There are not many studies describing this type of 
experiments, most probably due lo the fact that for applying 
MCA Ihe palhway must be working under steady~state 

conditions. In a reconstituled system, only a quasi steady 
slale may be reached because there is net substrate, and 
cofactors consumption, as well as product accumulation, 
since it is difficult to altain a constant substrale supply and 
release ofproducts. 

Dne of the first experimenlal reports on control coeffi~ 
cienl delermination in a reconstituted system was car ried oul 
for the upper glycolytic segment with the commercially avail
able rabbil muscle HK, HPI , PFK~I, ALOO, 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 lo maintain the ATP concentration constan!. The flux 
control coefficients were determined as described in Figure 4. 
The results showed that PFK-I and H K exerted Ihe main fl ux 
control (65% and 20%, resp.), whereas the remaining 15% 
resided in Ihe other enzymes. These authors observed thal 
Ihe addition of F 1,6BP, a PFK~ 1 aclivator slightly diminished 
the flux control exerted by PFK~1 and increases that of 
HK. The validation of Ihe summation theorem was also 
demonstrated in this work [1 44 J. 

The lower glycolytic segment has also been reconsti~ 

tuled with commercial enzymes for determining the flux 
control coefficients [145J. The results showed that fl ux was 
mainly controlled by PYK (60-100%), although under sorne 
conditions control was shared with PGAM; ENO did nol 
contribule lo the flux control. 

Another important limilalion of the reconstitution 
experiments is that the commercial availability of the 
purified enzymes from the same organism is restricled 
or inexisten!. However, by using Ihe information from 
Ihe genome sequence projects and Ihe recombinant DNA 
technology, it is now possible to access all the enzyme 
genes from a metabolic palhway in the same organism, thus 
facilitating their doning, overexpression, and purification. 
With this strategy, we doned, overexpressed, and purified 
Ihe 10 glycolytic enzymes of Emamoeba hi5tolytim [1 431 for 
studying the flux control distribution in this organism by 
using kinetic modeling [1 42] 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 
Ihat PGAM and, to a lesser exlent, PPDK exert ¡he main 
flux control (these amebal enzymes are genetically and kinet~ 
ically different from their human counterparts) with ENO 
exhibiting negligible control [1 43J. In lurn, reconslitution of 
the upper amebal glycolytic segmenl has revealed that HK 
and, to a much lesser extent H PI, PPi- PFK, and AlO, exerted 
the main flux control, with TPI having negligible control 
[1 46 J. These results strongly correlate with the enzyme 
calalytic efficiencies previously reported [1431, in which HK 
is highly sensitive to AMP inhibition, AlO, and PGAM 
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have Ihe lowesl calalytic efficiencies among Ihe glycolytic 
enzymes, leading lo high flux conlrol coefficienls and Ihus 
be<:oming suilable candidales for Iherapeulic inlervention. 
The reconslilulion resulls also agree wilh Ihe palhway 
modeling prediclions previously analyzed (Seclion 5.4), in 
which HK and PGAM are Iwo of Ihe main conlrolling sleps 
[ 142[. 

The in vilro reconslilulion experimenls are also useful 
for sludying Ihe effecl on conlrol redislribution of an 
enzyme modulalion Ihal is parlicularly difficull lo manage 
in vivo; Ihe main conlrolling sleps idenlified wilh Ihe 
reconslilulion experimenls should be furlher analyzed wilh 
olher experimenlal slralegies such as elaslicily analysis in Ihe 
in vivo syslems. 

5.6. Genetic engineering to manipulate the in vivo 
protein fevels 

This experimenlal approach for delermining Ihe conlrol 
coefficienls could be parl of Ihe genelic approach analyzed 
in Seclion 5.1, bul il was separaled due lo ils recenl 
melhodological developmenl and because il aClually belongs 
lo Ihe molecular genelics ralher Ihan lo Ihe Mendelian 
genelics. 

5.6./. Repression of gene expression 

This approach is based on Ihe i.n vivo modulalion of Ihe 
enzyme levels using Ihe RNA antisense lechnology. There 
are al leasl Ihree slralegies lo inhibil gene expression: (a) 
Ihe use of single slranded anlisense oligonueleolides, which 
form a double slranded RNA Ihal mighl be degraded by 
RNAse H; (b) largel RNA degradation wilh calalytically 
aclive oligonueleolides, known as ribozymes Ihal bind lo 
Iheir specific RNA; and (c) RNA degradalion using siRNAs 
(21 - 23 nucleolides) [1 47]. 

The RNA anlisense lechnology was applied for con~ 
lrol coefficienl delerminalion of the ribulose~bisphosphale~ 
carboxylase (Rubisco) Ihal fixes COl in Ihe planl Calvin 
cyele. This enzyme considered Ihe rale~limiling slep of Ihe 
Calvin cyele and oflhe whole photosynlhelic process, despile 
ils high concenlralion (4 mM) in Ihe chloroplasls slroma Ihal 
compensales ils low calalytic efficiency. 

Allempls lo make Rubisco a nonlimiting slep, eilher by 
modifying ils calalytic efficiency or by overexpressing il, 
have been unsuccessful. Slill el al. [148J delermined Ihe 
C!::':fIIth 

.. 
is 

oflobacco planls by decreasing ils aClivily wilh 
DNA anlisense. The planls were Iransformed wilh ONA 
anlisense againsl Ihe mRNA of Ihe enzyme's small subunil, 
Ihus promoling ils degradalion. For Calvin cycle enzymes, 
Ihe pleiolropic effecls were minimal. The results showed Ihal 
Rubisco may indeed be Ihe pholosynlhesis limiling slep wilh 
a Cr!t,ho":;:}TIthesj. = 0.69- 0.83 when planls are exposed lo high 
illuminalion (l 050 flmol quanla m-2s- I), high humidily 
(85%), and low CO2 concenlralions (25 PaJo However, 
Ihis flux conlrol decreases lo 0.05--{).12 under moderale 
illuminalion or high COl levels [1 48J. Unforlunalely, Ihe 
aulhors did nol delermine Ihe (;onlrol coefficienls of Ihe 
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olher palhway enzyrnes or Ihe branches f1uxes which may be 
significan\. 

As described in Seclion 5.4, Ihe resulls of Ihe T brucei 
glycolysis modeling indicaled Ihal GLUT was Ihe main flux 
conlrol slep (C~llIT - 50%), [125, 126J. This model pre~ 
dicled a large overcapacily for HK, PFK~I , ALOO, GAPDH, 
PGAM, ENO, and PYK over Ihe glycolytic flux leading lo low 
flux conlrol coefficienls [125, 126J. To validale Ihe modeling 
resulls, Ihe concenlralions of H K, PFK~I , PGAM, ENO, 
and PYK were changed wilh siRNAs in growing parasiles 
[1 49J. These knockdown expression experimenls showed 
overcapacilyofHK and PYK over Ihe flux, allhough allower 
levels Ihan predicled by Ihe model. A good correlalion for 
PGAM and ENO was oblained belween model prediclions 
and experimenlal resulls. However, a large difference (9 
folds) was oblained for PFK~1. This discrepancy is perhaps 
relaled lo pleiolropic effecls of PFK~I downregulalion, as 
Ihese mulanls also displayed diminulion in Ihe aclivilies 
of olher enzymes ( HK, ENO, and PYK). The combinalion 
of Ihese two approaches, in silico modeling and in vivo 
experimenlalion, is complemenlary: on one hand, modeling 
idenlifies Ihe enzyrnes (OUI of 19 Ihal conlain Ihe model) 
Ihal display Ihe highesl flux conlrol coefficienls, whereas in 
vivo experimenlalion validales Ihe accuracy of Ihe modello 
eslablish prediclions aboullhe palhway's behavior. 

5.6.2. Fine tuning of cel/u/ar protein expression 

The knockdown ex:perimenls described aboye usually yield 
only Iwo experimenlal poinls oflhe plol shown in Figure 4: 
Ihe wild~lype and Ihe knockdown slrain prolein levels 
or enzyme aclivilies. Thus, wilh such an approach high 
levels of inhibition (>80%) are moslly analyzed, whereas 
inlermediale levels of downregulalion (if oblained) are 
generally overlooked. Therefore, knockdown experimenls 
are nol very usefullo oblain Ihe complele sel of experimenlal 
dala (above and below Ihe wild~lype levels of enzyme aClivily 
wilh Ihe corresponding flux) for delermining reliable conlrol 
coefficienls. 

A slralegy lo delermine flux conlrol coefficienls 
from several prolein levels has been developed by us~ 

ing adenovirus~medialed glucose~6~phosphalase (G6Pase) 
overexpression under Ihe conlrol of Ihe cytomegalovirus 
promoler in ral hepalocytes. A 2~fold G6Pase overexpression 
did nol aller c;Cc2;.?j, or cg~'Hllysi' (GK, glucokinase). 
However, if G6Pase is overexpressed by 4 folds, Ihen 
cg~og.n ·'fIIthesj. diminished from 2.8 lo 1.8 and Ihere was 
a 35% lowering in glycogen synlhesis [ 150 J. However, Ihis 
approach allows lilralion offlux only aboye Ihe basal enzyme 
aclivilies found in Ihe cell, bul nol below. 

These experimenlal inconveniences have been circum~ 
venled by using inducible gene expression syslems based in 
Ihe lac, Lambda, nisin, GAL, lelracyeline, and olher inducible 
promolers, in bacteria and yeasl [151 , 152 J. However, a 
problem frequenlly encounlered wilh inducible promolers is 
Ihal a sleady~slale of prolein expression is difficull lo allain 
[151, 152 J. 
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have Ihe lowesl calalytic efficiencies among Ihe glycolytic 
enzymes, leading lo high flux conlrol coefficienls and Ihus 
bt'<:oming suilable candidales for Iherapeulic intervention. 
The recolIstitution results also agree with Ihe pathway 
modeling predictions previously analyzed (Section 5.4), in 
which HK and PGAM are two of the main controlling steps 
[142 1· 

The in vitro reconstitution experimenls are also useful 
for studying the effect on control redistribution of an 
enzyme modulation thal is particularly difficult to manage 
in vivo; the main controlling steps identified with the 
reconstitution experimenls should be furlher analyzed wilh 
other experimental stralegies such as elasticity analysis in the 
in vivo syslems. 

5.6. Genetic engineering to manipulate the in vivo 
protein levels 

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

5.6.1. Repression of gene expression 

Thís approach is based on the in vivo modulation of Ihe 
enzyme levels using Ihe RNA antisense lechnology. There 
are at least three strategies to inhibit gene expression: (a) 
the use of single stranded antisense olígonueleotides, whích 
form a double stranded RNA that might be degraded by 
RNAse H; (b) target RNA degradation wilh catalytically 
active oligonueleotides, known as ribozymes that bind to 
their specific RNA; and (c) RNA degradation using siRNAs 
(2 1- 23 nucleotides) [147). 

The RNA anlisense lechnology was applied for con
trol coefficient delermination of lhe ribulose-bisphosphate
carboxylase (Rubisco) that fixes CO2 in the plant Calvin 
cyele. This enzyme considered Ihe rate-limiting step of the 
Calvin cyele and of the whole photosynthetic process, despite 
its high concentration (4 mM ) in the chloroplasts stroma that 
compensates ils low catalytic effic iency. 

Attempts to make Rubisco a nonlimiling step, either by 
modifying its catalytic efficiency or by overexpressing it, 
have been unsuccessful. Stitt et al. [148J determined the 
C!:::)1lth~~ oftobacco plants by decreasing its activity wilh 
ONA antisense. The planls were transformed with ONA 
antisense against Ihe mRNA of the enzyme's small subunit, 
thus promoting its degradalion. For Calvin cycle enzymes, 
the pleiotropic effects were mínimal. The results showed that 
Rubisco may indeed be the photosynthesis limiting slep with 

a C!t,':':)1l1Mis = 0.69-0.83 when plants are exposed to high 
illumination (1 050 flmol quanta m-2s- I ), high humidity 
(85%), and low CO2 concentratiolls (2 5 Pal o However, 
this flux conlrol decreases to 0.05-{).12 under moderale 
illumination or high COl levels [148J. Unfortunately, the 
authors did not delermine the control coefficients of the 
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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 

conlrol step (C~llIT - 50%), [125, 126J. This model pre
dicted a large overcapacity for HK, PFK-I , AlOa, GAPDH, 
PGAM, ENO, and PYK over Ihe glycolytic flux leading to low 
flux control coefficienls [ 125, 126J. To validate the modeling 
results, Ihe concentralions of HK, PFK-I , PGAM: , ENO, 
and PYK were changed with siRNAs in growing parasites 
[149) . These knockdown expression experiments showed 
overcapacityofHK and PYK over the flux, although allower 
levels than predicted by Ihe 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-I. This discrepancy is perhaps 
related lo pleiotropic effects of PFK-I downregulation, as 
these mutants also displayed diminution in Ihe activities 
of other enzymes CHK, 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 thal cOlltain the model) 
that display the highest flux control coefficients, whereas in 
vivo experimentation validates the accuracy of the model to 
establish predictions about Ihe pathway's behavior. 

5.6.2. Fine tuning of cellular protein expression 

The knockdown elCperiments described aboye usually yield 
only two experimenlal points ofthe plot showll in Figure 4: 
Ihe wild-type and the knockdown strain protein levels 
or enzyme activilies. Thus, wilh such an approach high 
levels of inhibition (>80%) are mostly analyzed, whereas 
intermediale levels of downregulation (if obtained) are 
generally overlooked. Therefore, knockdown experiments 
are not very usefullo obtain the complete ser of experimental 
data (above and below the wild-type levels ofenzyme activily 
with Ihe wrresponding flux) for determining reliable control 
coefficients. 

A slrategy 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 Ihe cytomegalovirus 
promoter in ral hepalocytes. A 2-fold G6Pase overexpression 

did not alter cfcr~~ or cgrolys~ (GK, glucokinase). 
However, if G6Pase is overexpressed by 4 folds, then 
cg~cn .• ymh"'i' diminished from 2.8 to 1.8 and there was 

a 35% lowering in glycogen synthesis [ 150 J. However, this 
approach allows titration offlux onlyabove Ihe 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 
Ihe lac, Lambda, nisin, GAl, tetracyeline, and other inducible 
promoters, in bacteria and yeast 1151 , 152 J. However, a 
problem frequenlly encounlered with inducible promoters is 
Ihat a steady-state of protein expression is difficult to atlain 
[ 15I , 152J. 
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Re<:ently, Jensen and Hammer described Ihe design 
of synthetic promoler libraries (SPL), in particular for 
1. lactis metabolic optimization [ 153 J. These promol
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 ± I bp) is randomized, 
thus producing a set of promoters with different tran
scriptional strength. These promoter libraries allow the 
transcription and protein expression several folds aboye 
and below the wild-type levels of enzyme activity [ ls3J, 

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, IsIJ, has been 
determined by using the SPL technology. SPL for yeast, 
mammalian and plant cells are also under development 
[151, Is2J. 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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Re<:ently, Jensen and Hammer described Ihe design 
of synthetic promoler libraries (SPL), in particular for 
1. lactis metabolic optimizatíon [153J. These promot
ers maintain constant Ihe 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 ± I bp) is randomized, 
Ihus 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 [153J, 

thus enhancing the usefulness of this approach for MCA 
sludies. 

The control distribution of glycolysis in E. coli and L. 
lactis, as discussed in Section 3.2 [17, 24, 27, 151 j, has been 

determined by using the SPL technology. SPL for yeast, 

mammalian and planl cells are also under development 
[151, 152). Certainly, the advances in genetic engineer
ing in combination with MCA allow belter experimental 

designs for metabolic optimization of micro-organisms of 

biotechnological interest. 
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Conc/uding remarks 

( 1) The frequenlly recurred idea of manipulaling Ihe 
key enzyme or rale~limiling slep (a concepl based 
on a qualilalive and ralher inluilive background) 
lo change melabolism is incorrecto As MCA has 
demonslraled, flux conlrol is shared by mulliple sleps 
and il is nol usually localized in only one slep. 
MCA delermines quanlilatively Ihe conlrol Ihal a 
given enzyme exerls on Ihe flux and on inlermediary 
concenlralion and helps lo explain why an enzyme 
does or does nol exerl conlrol. 

(2) A melabolic palhway is manipulaled lo change Ihe 
rale of Ihe end~prodllcl formalion (i.e., Ihe flux) or 
the concentration of a relevant intermediary. As it is 
demonslrated in many unsuccessful experimenls, it 
is nol enough lo overexpress one enzyme (the rate~ 
limiling slep) or many arbitrarily selecled sites of 
the pathway. MCA proposes an initial experimental 
analysis thal determines the structural conlrol of 
the pathway and identifies the sites (enzymes and 
transporters) with higher conlrol coefficients values 
(i.e., targets to be manipulaled). 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 Ihree wilh values of 
0 . \ or lower, the three enzymes wilh high control 
coefficients musl be overexpressed ( if a flux increase 
is desired) or repressed (if flux inhibition is the 
objective) and not only one of them. lf one of the 
selected enzymes is strongly inhibited by its product 
or has allosleric inhibilion, Ihe overexpression of 
this enzyme mighl not be enollgh to increase the 
flux, as il may al50 be necCS5ary lo modc:ralely vary 
the prodllct and allosteric modlllalor consuming 
enzymes. 

(3) If Ihe aim of Ihe researcher is a melabolite con~ 
centralion increase, which is not the end product 
of the pathway, MCA suggests the overexpression 
of those enzymes or transporlers in the sllpply 
block with the highest control coefficienls andJor the 
repression of those enzymes in the demand block 
wilh the highest control coefficients. These manip~ 
ulations may become complicated if the melabolile 
of interest has allosteric interaclions with enzymes 
and Iransporters (inhibition and aClivation) of both 
the supply and demand blocks. It is recalled that 
elhanol production in yeast and lactate and acelate 
produclion in laclobacleria do nol increase by 
overexpressing PFK~I, an allosleric enzyme and Ihe 
presumed rate~limiting step of glycolysis. In fact, 
the flux was diminished with an excessive PFK~ 
J overexpression. However, the analysis of these 
results reveals Ihat Ihe FI,6BP concentralion is 
indeed increased many times over the control level. 
Anolher slrategy for eliminating the feedback inhi~ 
bition mighl be the introduction of mutations on 
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the enzymes that are closer lo Ihe metabolile of 
interest. 

ABBREVIATl ONS 

ADH: alcohol dehydrogenase 
CK: creatine kinase 
ENO: enolase 
GAPDH: glyceraldehyde~3 phosphate dehydrogenase 
HPI: hexose phosphale isomerase 
LDH : lactate dehydrogenase 
PDe: pyruvate decarboxylase 
PGK: phosphoglucokinase 
PGAM : phosphoglycerale mutase 
TPI: triose phosphate isomerase 
PPi~PFK: pyrophosphate~dependent phosphofruclokinase 
a~GPDH: a~glycerophosphate dehydrogenase 
F6B: fructose~6~phosphate 

F\ ,6BP: fructose~ l ,6~bisphosphale 
G l P: glucose~ \ ~phosphate 
G6P: glucose~6~phosphate 

GSH: reduced glutathione 
y~EC: y~glulamylcysleine 

MCA: metabolic control analysis 
siRNA: small inlerfering RNA. 
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Conc/uding remarks 

( I ) The frequenlly recurred idea of manipulaling Ihe 
key enzyme or rale-limiling slep (a concepl based 
on a qualilalive and ralher inluitive background) 
lo change melabolism is incorrecto As MeA has 
demonstraled, flux conlrol isshared by multiple sleps 
and il is nol usually localized in only one slep. 
MeA determines quantitatively the control that a 
given enzyme exerts on ¡he flux and on intermediary 
concentration and helps to explain why an enzyme 
does or does nol exert control. 

(2) A metabolic pathway is manipulated to change the 
rate of the end-product formation (i.e., the flux ) or 
¡he concentration of a relevant intermediary. As il is 
demonstrated in many unsuccessful experiments, it 
is not enough to overexpress one enzyme (lhe rate
limiting slep) or many arbitrarily selected sites of 
the pathway. MCA proposes an initial experimental 
analysis thal determines Ihe structural control of 
the pathway and identifies the sites (enzymes and 
transporlers) with higher control coefficients values 
(i.e., targets lo be manipulaled ). For example, if there 
is a syslem composed of six enzymes and Ihree of 
them have flux control coefficients with values of 
0.2 or higher and Ihe other Ihree wilh values of 
0.1 or lower, the three enzymes wilh 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 Ihem. If one of the 
selecled enzymes is strongly inhibiled by ils product 
or has allosteric inhibition, Ihe overexpression of 
this enzyme might not be enough to increase the 
flux, ao5 il may alo5o be" na:e:;~ry to modc:ratdy vary 
the product and allosteric modulalor consuming 
enzymes. 

(3) If Ihe aim of Ihe researcher is a metabolite con
centralion 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 andJor the 
repression of Ihose 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 
produclion in lactobacteria do nol increase by 
overexpressing PFK-l, an allosteric enzyme and the 
presumed rate-limiting step of glycolysis. In fact, 
¡he flux was diminished with an excessive PFK-
1 overexpression. However, the analysis of these 
results reveals Ihat the FI,6BP concentration is 
indeed increased many times over the control leve!. 
Another strategy for eliminating the feedback inhi
bition might be the introduction of mutations on 

25 

the enzymes that are closer to the metabolite of 
interest. 

A88REVIATIONS 

ADH: 
CK: 
ENO: 
GAPDH: 
HPI: 
LDH: 
PDC: 
PGK: 
PGAM: 
TPI: 
PPi-PFK: 
a-GPDH : 
F6B: 
FI,6BP: 
GIP: 
G6P: 
GSH: 
y-EC: 
MCA: 
siRNA: 

alcohol dehydrogenase 
creatine kinase 
enolase 
glyeeraldehyde-3 phosphate dehydrogenase 
hexose phosphate isomerase 
lactate dehydrogenase 
pyruvate decarboxylase 
phosphoglucokinase 
phosphoglycerate mutase 
triose phosphale isomerase 
pyrophosphate-dependent phosphofruclokinase 
a-glycerophosphate dehydrogenase 
fructose-6-phosphate 
fruetose-I,6-bisphosphate 
glucose-I-phosphate 
glueose-6-phosphate 
reduced glutathione 
y-glulamylcysteine 
metabolic control analysis 
small interfering RNA. 
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It has been assumed that oxidative phosphorylarion (OxPhos) in solid tumor!; is severely reduced due to 
cytochrome e oxidase subsrrate resrric tion, alrhough rhe measured extracellu lar oxygen concentrarion 
in hypoxic areas seems nor limiting for rhis acrivi ty. To identify altemative hypoxia-induced OxPhos 
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exposed to hypoxia . .In ea rly rranscriprional response was observed after 8h (two times increased 
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changes in resp iratory complexes l and IV activities. In contrast. 24 h hypoxia d id nor significantly aITect 
Hel..1 OxPhos flux; ne ither mitochondria related mRNAs. protein contents o renzyme activ ities, al rhough 
rhe enhanced glycolysis became rhe main ATP supplier. Thus, prolonged hypoxia (a) targeted sorne mito
chondria l enzymes in MCF-7 but nor in Hel..1 cells, and (b) induced a rransition from mitochondrial 
towards a g lycolytic-dependenr energy metabolism in borh MCF-7 and Hel..1 carcinomas. 

1. Introduction 

For growth, solid tumors hdve developed strdtegies to mdin
tain the carbon source and oxygen supplies. Thus, tumors exhibit 
an active angiogenesis which, however, is highly inefficient gen
e rating chaotic networks, wi th 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 
100-2oo¡¡..m away from a functional blood supply (Vaupel et al., 
1989; HelmJingeretal., 1997; Nagyetal.,2009). 

It has been determined that the oxygen concentration inside 
well-<Jxygenated areas of several carcinomas ranges from 30 to 
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80 mm Hg whereas in their hypoxic regions, it may reach a value of 
2.5-10 mm Hg (equivalent to 3-13 ¡¡..M O2, calculated by Horan and 
Koch, 2001) (Kallinowski et al., 1989; Vaupel et al., 1991; Hunjan et 
al., 1998; Erickson et al., 2003). The development ofhypoxic regions 
in salid tumors is a typical characterist ic Ji nked to malignant pheno
type, metastasis, chemo-, immuno- and radio-therapy resistance, 
high genetic instabi lity and apoptosis tolerance (Graeber et al., 
1996; Bristow and Hill, 2008). Some of these processes a re modu
lated by HIF-1a, a key t ranscriptional factor that regulates the gene 
t ranscription of proteins involved in angiogenesis, cellular prolif
e ration, erythropoietic and vascularizat ion pathways (Weidemann 
and Johnson, 2008). allowing t issues to adjust to scarce oxygen 
availability. At metabolic level, HIF-1a increases the gene tran
scription of specific isoenzymes of almost all glycolyt ic enzymes 
and transporters (reviewed in Marín-Hernández et al., 2009); in 
consequence, the glycolyt ic flux increases by at least 2-times in the 
majori ty of neoplasias (Altenberg and Greulich, 2004; Walenta et 
.11.,2(04) . 

In spite ofthe hypoxic-glycolytic activation, the tumor intracel
lular ATP pool dras t ically diminishes (30-6m;) whereas phosphate 
augments (Mueller-Klieser et al., 1990; Heerlein et al., 2005; 
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Koch. 200 1)(Kallinowski el al., 1989: Vaupel et al.. 1991; Hunjan et 
al.. 1998; Erickson et al., 2003). The developmenl ofhypoxic regions 
in solid tumors is a typical characterist ic li nked [Q malignant pheno
type, melastasis. cherna-, immuno- and radio--therapy resistance, 
high genetic inslability and apoptosis tolerance (Graeber et al., 
1996; Bris[Qw and Hill, 2(08). Sorne ofthese processes a re modu
lated by HIF-la. a key transcriptional fac[Qr that regulates the gene 
transcription of proteins involved in angiogenesis, cellular prolif
eration. e ry[hropoietic and vascularization parhways (Weidemann 
and Johnson. 2(08). allowing tissues to adjust to scarce oxygen 
availability. At metabolic level, HIF-l a increases t he gene tran
scription of specific isoenzymes of almost all glycolytic enzymes 
and transporters (reviewed in Marín-Hernández el al.. 20(9); in 
consequence, the glycolytic flux increases by at leas t 2-times in t he 
majority of neoplasias (Altenberg and Greulich, 2004; Walenta et 
oll..2(04) . 

In spite ofthe hypoxic-glycolytic activation, the tumor inrracel
lular ATP pool drastically diminishes (30-601;) whereas phosphate 
augments (Mueller-Klieser et al., 1990; Heerlein et al.. 2005; 
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The remov.ll, upt.lke .lnd toxicity of chromium in Euglena gmcílis cultured in .ll>sence .lnd presence 
of m.ll.lte with CrtV1} or CrtU!} W.lS eV.llu.lted. The m.ll.lte extrusion .lnd the extr.l- .lnd intr.lcellul.lr 
Cr(VI) reduction c.lp.lcity were determined .lnd the contents ofmolecules with thiol group .lnd .lscorb.lte 
were .lIso eV.llu.lted. Absence of m.ll.lte in the medium dene.lsed cell growth, incre.lsed CrtU!) toxicity, 
induced f.lster CrtV!} dis.lppe.lr.lnce from medium . .lnd incre.lsed intr.lcellul.lr .lnd intr.lmitochondri.ll 
chromium .lccumul.ltion. Both chromium species induced soluble .lnd p.lrticul.lte .lscorb.lte-<lependent 
chrom.lte reduct.lse .lctivities. Cells .lIso secreted l.lrge .lmounts of m.ll.lte .lnd incre.lsed intr.lcellul.lr 
contents of thiol-molecules ro bind extr.lcellul.lr .lnd intr.lcellul.lr Cr{ III ), respectively. The former pro
cess W.lS supported by signific.lnt incre.lse in m.ll.lte-producing enzyme .lctivities .lnd the .lssessment 
of the Cr-complexes indic.lted the in situ form.ltion with thiol-molft:ules. The present results est.lblish 
new p.lr.ldigms reg.lrding chromium stress on .llg.le-like microorg.lnisms: (i) Cr(III) m.ly be more toxic 
th.ln CrtV!}, depending on the culture (or environment.l!) conditions; (H) sever.llsimult.lneous mech.l
nisms .lre turned on ro in.lctiv.lte chromium species .lnd their toxic effft:ts. These mech.lnisms. now well 
understood m.ly furrhe-r optimize, by genetically modifying E. gmci/is, and facilitate the development of 
strategies for using th is protist aS potenti.ll bio-remedi.lror of chromium-polluted water systems. 

1. Introduction 

It is well documented that most org.lnisms are susceptible to 
heavy metals exposure, affecting their growth, development, and 
morphology [1 ]. However, sorne 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 chelat ion 
[2.3]. Nevertheless, during acute insultor long timeexposure, these 
mechanisms may not surnce to avoid or neutralize the toxic effects 
ofheavy metals. 

Cr{IIl) and Cr(VI) discharges in wastewaters mainly originates 
from metal and tanning/paint ing industries, respectively [1.4]. In 

Abbr{'\ljarkms: AIIS, atomic absorption spectrometry: BSA. bovine serum albu
min: (Y' , I."Y't~ine: OFe. diphenyl-carbazide: OTNB. S.s' -dithiobis(2-nitrobenzoic 
acid : ""l EC. ""I-glutamyl-cystein~: CSH. glutathione: NAO' -lDH. soluble lactate dehy
drog~nase: MOH, NAO' - malat~ dehydrogenase : ME. NAOP' -malic ~nzym~ : MS, 
malat~ symhase: PCA. perchloric acid : Trp(SH, l, rMuced 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~M up to 1 mM [5,6], values tha t 
are much higher than permissible. In consequence, at these ele~ 
vated chromium levels, high toxicity in algae [7 J and zooplankton 
[81 is observed. 

Conventional methods for t reatment oftoxic chromium waste 
require large amounts of chemicals and energy and are unsuitable 
for small-scale leather, dye, and elect roplating units [9]. Therefore, 
biotransformation ofCr(V1) to the putat ive less~toxic Cr(Ill) by bio~ 
logical agents offers a viable alternat ive, in particular for developing 
processes for Cr(VI) polluted water detoxifica t ion with bacterial 
strains [10,11 J, which has been considered economical, safe and 
sustainable [12 J. 

The free-living flagella ted protist fug/ello gracilis belongs to a 
select group of organisms with a proven capacity to resis t and accu~ 
mulate heavy metals [3J. lndeed, E. gracilis is able to tolerate high 
concent ra t ions of cadmium, zinc, lead, mercury and chromium. 
Cadmium is accumulated and compartmentalized intochloroplasts 
and mitochondria [1 3-16]. The increased synthesis ofheavy metal~ 
chelating molecules with thiol groups such as Cys, "yEC. GSH and 
phytochelatins, together with the metal compartmentalization into 
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The remov.ll, upt.lke .lnd toxicity of chromium in Euglena grocilis cultured in .lbsence .lnd presence 
of m.ll.lte wilh Cr{VI ) or Cr{ III ) w.ls eV.lIU.lled. The mdl.lle extrusion .lnd Ihe extr.l- .lnd intr.lcellul.lr 
C¡{VI ) reduClion cdp.lcity were delermined .lnd Ihe contenlS ofmolecules wilh Ihiol group .lnd .lSCOrb.lle 
were .lIso eV.llu.lted. Absence of m.ll.lle in the medium decre.lsed cell groWlh. incre.lsed Cr{IIl ) IOxicity. 
induced f.lSler Cr{VI ) d iS.lppe.lr.lnce from medium . .lnd incre.lsed intr.lcellul.lr .lnd intr.lmilOChondri.l1 
chromium .lccumul.ltion. BOlh chromium species induced soluble .lnd p.lrticul.lle .lSCOrb.lle-<!ependent 
ChrOm.lle reductdse .lctiviries. Cells .1150 secreted l.lrge .lmounts of m.ll.lte .lnd incre.lsed intr.lcellul.lr 
cantems of thiol-molecules 10 bind extr.lcellul.lr .lnd intr.lcellul.lr Cr{ IIl ). respectively. The former pro-
cess W.lS supported by signific.lnt incre.lse in m.ll.lte-producing enzyme .lctivities .lnd the .lssessment 
of the Cr-complexes indic.lted the in siru form.ltion wi th thiol-molecules. The present results est.lblish 
new p.lr.ldigms reg.lrding chromium stress on dlg.le-like microorg.lnisms: (i) Cr{ IIl ) m.ly be more IOxic 
th.ln Cr{VI), depending on the culture (or environment.ll) canditions; (H) sever.llsimult.lneous mech.l
nisms .lre turned on 10 in.lctiv.lte chromium species .lnd Iheir IOxic eITects. These mech.lnisms. now well 
understood m.ly furthl"t optimize, by genetic.llly modifying E. gmcilis, .lnd f.leíli!dte rhe development of 
str.llegies for using Ihis protisr.ls potenli.ll bio--remedi.llOr of chromium-polluted W.ller systems. 

1. Introduction 

It is well documented th.lt most orgdnisms dre susceptible to 
he.lvy met.lls exposure, affecting their growth, development, and 
morphology [11. However, sorne plants, bacteria and microalgae 
species are able to survive in he.lvy metal poJ1uted environments 
by means of inte mal andlor external detoxification mechanisms 
such as: (1) diminished uptake; (2 ) internal binding; (3 ) biotrans
formation; (4 ) comp.lrtmentalizarion; and (5) external chelarion 
[2,31. Nevertheless, during acure insultor long lime exposure, these 
mechanisms may not suffice to avoid or neutralize the toxic effects 
ofheavy metals. 

Cr(IIl) and Cr(VI) discharges in W.lsteW.lters mainly origina tes 
from metal and tanninglpainting industries, respectively [IAI. ln 

IIbbrevlollo/lS: AIIS. ~tomk absorption spectrometry; USA, bovine serum albu
min: cys. cysteine: DFC. diphenyl-carbazide: DTNB. s.S' -dithiobis( 2-nitrobenzok 
add; ..,Ee. ..,-glutamyl-cyste ine: GSH, glutath ione: NAD' -LDH, soluble lactate dehy
drogenase: MDH, NAD' -malate dehydrogen~se; ME, NADP" -malk enzyme: MS. 
malate symhase: !'CA, perchlotic add; Trp( SH, ). reduced t rypanoth ione. 
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Mexico, the tot.ll chromium concentration reported in waste and 
ground water bodies near to industrial, mining .lnd tannery indus
tri.ll activities ranges from 1-5~M up to I mM [5,61, values that 
are much higher t han permissible. In consequence, at these ele
vated chromium levels. high toxicity in algae [7J and zoopl.lnkton 
[81 is obse rved. 

Convemional methods for tre.ltment of toxic chromium W.lste 
require l.lrge amounts of chemicals and energy and are unsuitable 
for sm.llJ-scale leather. dye, dnd electropl.lting units [91. The refore, 
biotransfonnation ofCr(VI) to the putative less-toxic Cr(Ill ) by bio
logica 1 agents offers a viable alternative, in p.lrticular for developing 
processes for Cr(VI ) polJuted water detoxificdtion with bacterial 
strains [10,111. which has been considered economical, safe and 
sustain.lble [121. 

The free-living flagelJ.lted protist Eugle,w gradJis belongs to a 
select group of organisms with a proven capacity to resist and accu
mulate heavy metals [3J.lndeed, E. gradlis is .lble to toler.l te high 
conce ntr.ltions of cadmium, zinc, lead. mercury and chromium. 
Cadmium is accumulated dnd compartmentalized intochloroplasts 
and mi tochondria [13-161. The increased synthesis of heavy metal
chel.lting molecules with thiol groups such .lS Cys, 'YEC. GSH dnd 
phytochelatins, together with the metal compartmentalization imo 
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