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 RESUMEN 
 

El género Taenia es capaz de vivir durante largos periodos en sus hospederos. Se ha 

demostrado que este establecimiento esta relacionado a sus eficientes mecanismos de 

defensa contra el sistema inmune del hospedero y su alta tolerancia al estrés 

oxidativo. En este trabajo se describen las secuencias genómicas de un gen que 

codifica para la Peroxiredoxina 2-Cys típica de Taenia solium y T. crassiceps (Ts2-

CysPrx, Tc2-CysPrx), las cuales son 94% idénticas en su secuencia de aminoácidos. 

Ambos genes tienen la misma arquitectura genómica, mostrando una caja TATA y 

una secuencia iniciadora (Inr) en su promotor proximal, dos exones separados por un 

intrón tipo III de 67 pb y un único sitio de inicio de la transcripción localizado dentro 

del Inr. Ensayos de retardamiento de la movilidad electroforética mostraron que una 

sonda del gen Ts2-CysPrx que contiene la caja TATA y el Inr es capaz de unir 

proteínas nucleares aisladas de cisticercos de T. solium. Experimentos para determinar 

la expresión de Tc2-CysPrx en cisticercos de T. crassiceps con y sin condiciones 

oxidantes, demostraron que la expresión de este gen no cambia, por lo que se 

considera un gen antioxidante de mantenimiento. Este estudio describe por primera 

vez la estructura de un gen para la Prx 2-Cys típica en el género Taenia. 
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 ABSTRACT 
 

The Taenia genus is capable of living for long periods within its hosts. Reports have 

showed that this successful establishment could be related to its efficient defense 

mechanisms against host immune response and its high tolerance to oxidative stress. 

In this work we describe the genomic sequences of the antioxidant Taenia solium and 

T. crassiceps typical 2-Cys peroxiredoxins (Ts2-CysPrx, Tc2-CysPrx) genes, which 

are 94% identical in primary amino acid sequence. Both genes have the same 

genomic architecture, showing a TATA box and Initiator (Inr) sequence in their 

proximal promoter, two exons split by a 67 bp type III intron and one unique 

transcription start site located inside the Inr box. Electromobility shift assays showed 

that a Ts2-CysPrx probe containing the TATA and Inr sequences bound to proteins 

extracted from nuclei of T. solium cisticerci. Through expression experiments of Tc2-

CysPrx gene with and without an oxidative insult with H2O2, we demonstrate that the 

Tc2-CysPrx gene is not overexpressed, showing a behavior of an antioxidant 

housekeeping gene. This study describes for first time the gene structure of a typical 

2-Cys Prx in the Taenia genus. 
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 ABREVIATURAS 
°C   Grados Celsius 
µg   Microgramos 
µL   Microlitros 
µM   Micromolar 
Act   Actina 
ADN   Ácido desoxiribonucléico 
ADNc   ADN complementario 
ADNg   ADN genómico 
ARN   Ácido ribonucléico 
ARNsn   Ácido ribonucléico pequeño nuclear 
E. granulosus   Echinococcus granulosus 
ERO   Especies reactivas de oxígeno 
g   Gramos 
GST   Glutatión transferasa 
h   Horas 
Inr   Secuencia iniciadora 
min   Minutos 
mL   Mililitros 
mM   Milimolar 
NF-1   Factor nuclear 1 
Nrf-2   Factor nuclear relacionado a eritrocitos tipo 2 
nt   Nucleótidos 
O2

.-   Anión superóxido 
pb   Pares de bases 
PBS   Amortiguador de fosfatos y solución salina 
PCR   Reacción en cadena de la polimerasa 
pmol   Picomol 
PMSF   Fluoruro de fenilmetilsulfonilo 
Prx   Peroxiredoxina 
RACE    Amplificación Rápida de extremos de ADNc 
RT-PCR  Transcripción reversa acoplada a PCR 
S. japonicum  Schistosoma japonicum 
S. mansoni  Schistosoma mansoni 
SAPK   Proteíncinasa activada por estrés 
SOD-Cu/Zn  Superóxido dismutasa de cobre/zinc 
Sp1   Proteína específica 1 
T. crassiceps  Taenia crassiceps 
T. solium  Taenia solium 
Tc2-CysPrx   Peroxiredoxina 2-Cys de T. crassiceps 
Ts2-CysPrx   Peroxiredoxina 2-Cys de T. solium 
TSS   Sitio de inicio de la transcripción 
ufp   Unidades formadoras de placa 
xg   Constante de la gravedad 
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 INTRODUCCIÓN 
 

Taenia solium es el agente causal de la taeniosis y la cisticercosis, padecimientos de 

gran importancia en salud pública. Este parásito se encuentra principalmente en países 

en condiciones de pobreza, principalmente en Asia, África y Latinoamérica, los 

cuales tienen poblaciones que carecen de infraestructura sanitaria, inspección de 

cerdos y agua potable. En estos lugares se realiza la crianza casera y distribución 

clandestina de cerdos y se tienen hábitos que favorecen la presencia del parásito; 

como lo son las malas prácticas de higiene personal y el consumo de comida en 

lugares con condiciones insalubres (figura 1). Se cree que actualmente existen 

alrededor de 50 millones de personas infectadas con T. solium y que 

aproximadamente 50,000 personas mueren anualmente a causa de la cisticercosis 

(Eddi et al., 2003). Asimismo, existen reportes que indican un aumento en el número 

de casos en países desarrollados con un alto índice de migración de individuos de 

zonas endémicas (DeGiorgio et al., 1995; Shantz et al., 1992; Shantz et al., 1998; 

White, 2000), lo cual ha generado un repunte en la diseminación del parásito en zonas 

geográficas donde se había erradicado (figura 1).  

 

 Neurocisticercosis 
 

La neurocisticercosis es la forma más grave de la cisticercosis y es la primera causa 

de epilepsia tardía en zonas endémicas (Medina et al., 1990; Del Brutto y Noboa, 

1991; García et al., 1993). Esta enfermedad se adquiere cuando el parásito se aloja en 

el sistema nervioso central, lo que puede provocar lesiones cerebrales que causan 

cefalea, convulsiones, vómito, mareo, epilepsia, cambios de personalidad, déficit 

sensorial, trastornos de lenguaje, movimientos involuntarios, deterioro intelectual, 

alucinaciones, comportamiento violento, confusión, demencia, hipertensión 

endocraneal o la muerte (White, 2000). Estas manifestaciones clínicas son comunes a 

distintos desórdenes neurológicos y no existen signos patognomónicos de la 

neurocisticercosis. 
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La obtención de información epidemiológica sobre la cisticercosis se dificulta por 

diversos factores tales como la pobre o nula vigilancia epidemiológica, alto número 

de infecciones asintomáticas, pleomorfismo de las manifestaciones clínicas, carencia 

de pruebas serológicas con límite de detección de un solo cisticerco y necesidad de 

estudios de neuroimágen de alto costo en el diagnóstico (Sotelo y Del Brutto, 2000). 

Estos factores repercuten en la ausencia de cifras epidemiológicas reales, lo cual ha 

originado la falsa percepción de que la cisticercosis es un padecimiento de poca 

importancia. Por ejemplo, estudios epidemiológicos han demostrado que la 

cisticercosis humana en México tiene una presencia alta, que abarca desde 4-12% de 

seropositividad en zonas endémicas. A nivel mundial, las cifras también reflejan una 

alta seroprevalencia en zonas endémicas. Por ejemplo, en Perú éstas alcanzan el 21%, 

mientras que en Bolivia, Guatemala y Ecuador llegan hasta 10, 17 y 22%, 

respectivamente (Flisser et al., 2003). Así mismo, en los continentes Asiático y 

Africano se han registrado valores seropositivos tan altos como 50% en Irian Jaya, 

Indonesia; 16% en Sichuan, China y de hasta el 1% de la población total de Camerún  

(Subahar et al., 2001; Li et al., 2006; Praet et al., 2009). 

A este respecto, hay algunos estudios en donde se reportan estimaciones de las 

pérdidas económicas asociadas a la cisticercosis en distintos países. En Camerún el 

costo anual de la cisticercosis se calcula en 10,255,202 de Euros (14,370,616 dólares), 

mientras que en Sudáfrica va de 18-34,000,000 dólares y en Nigeria se estima en 

25,000,000 dólares (Praet et al., 2009; Carabin et al., 2006; Zoli et al., 2003). 

Asimismo, en México se calculó un gasto de 14,500,000 dólares por cuidados 

intrahospitalarios para 2700 pacientes con neurocisticercosis en 1986 (Flisser, 1988). 

Estos montos económicos reflejan el gran costo social que tiene la cisticercosis en los 

países pobres, el cual se suma a la grave situación de pobreza y marginación que 

impacta la calidad de vida de sus habitantes. 
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Figura 1. Distribución geográfica de la cisticercosis. Modificado de Román et al., 2000. 

 

 Ciclo de vida de T. solium 
 

Taenia solium tiene tres estadios de vida: el adulto, el huevo y la larva. El ciclo de 

vida empieza cuando el humano (hospedero definitivo) infectado con el gusano adulto 

libera huevos del parásito en las heces. Los huevos son estructuras esféricas que 

miden de 30 a 45 µm de diámetro que están rodeados por una delgada membrana 

hialina que resguarda una gruesa pared estriada llamada embrióforo (Flisser y 

Malagon, 1989). Dentro del embrióforo se aloja la oncosfera o embrión hexacanto, 

llamado así por poseer tres pares de ganchos (figura 2). Al ser ingeridos por el cerdo 

(hospedero intermediario), los huevos son atacados por los jugos gástricos y enzimas 

proteolíticas en el estómago, proceso mediante el cual se digiere el embrióforo y se 

libera a la oncosfera. Al llegar al intestino delgado, las oncosferas se enfrentan a las 

secreciones biliares, las cuales originan su activación y penetración del epitelio 

intestinal, por medio de la secreción de enzimas proteolíticas del parásito. De esta 

forma alcanzan los capilares sanguíneos y linfáticos, y se distribuyen a todo el 

organismo, como el músculo estriado, órganos como el hígado, corazón, pulmones, 

así como el cerebro. Una vez que se establecen las oncosferas en el tejido, comienzan 
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a desarrollarse hasta convertirse en cisticerco, esto tarda al menos 10 semanas. De 

igual forma, cuando el ser humano ingiere los huevos del parásito mediante 

contaminación fecal-oral del portador del gusano adulto o por el consumo de 

alimentos contaminados con huevos del parásito, las oncosferas se van a distribuir por 

sus tejidos de la misma manera que lo hacen en el cerdo. 

 

 

Figura 2. Estructura de los huevos de Taenia solium. Fotografía de microscopía de luz donde se pueden 

observar los ganchos de la oncosfera (A). Micrografía electrónica de barrido de un corte de huevo donde se 

observa una oncosfera  dentro del embrióforo. Modificado de Sciutto et al., 2000. 

 

El cisticerco o larva es una vesícula blanquecina esférica llena de fluido, la cual tiene 

un tamaño de 0.5-1.5 cm, que contiene en su interior a la larva con su escólex 

enrollada en forma de espiral. Al espacio entre la pared de la vesícula interior y la 

larva invaginada se le conoce como el canal espiral (Figura 3). Se ha reportado que 

los cisticercos pueden permanecer vivos en el hospedero hasta por 15 años. Las larvas 

ingresan al ser humano mediante el consumo de carne de cerdo insuficientemente 

cocida que está infectada con larvas viables del parásito. El cisticerco comienza su 

etapa de activación al entrar en contacto con el ácido gástrico y las secreciones 

biliares del hospedero. La evaginación o liberación del escólex comienza con el 

ensanchamiento de la apertura de la membrana vesicular y concluye cuando el 

escólex y el cuello emergen de la vesícula interior del cisticerco y quedan expuestos 

al medio intestinal (Rabiela et al., 2000). 
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Figura 3. Estructura del cisticerco de T. solium. (A) Esquema en donde se aprecia el escólex invaginado del 

parásito, el canal espiral (flecha) y la apertura de la membrana vesicular (AMV). Modificado de Rabiela 

MT et al., 2000. (B) Microscopía óptica de un corte de cisticerco obtenido de tejido muscular de cerdo teñido 

con hematoxilina eosina férrica. Dos ventosas (V) y el rostelo armado (R) se observan en el escólex (VI). 

Aumento 40X. Modificado de http://workforce.cup.edu/buckelew/Taenia%20solium%20cysticercus.htm. 

 

El escólex es el órgano de fijación del parásito; tiene cuatro ventosas y una doble 

corona de ganchos que utiliza para adherirse a la pared del duodeno (figura 4). A 

partir de este momento, éste parásito hermafrodita inicia el proceso de septación, en el 

cual se producen segmentos o proglótidos a partir del cuello del gusano. El conjunto 

de proglótidos unidos entre sí en forma de cadena o de cinta se denomina estróbilo y 

puede alcanzar varios metros de largo. Los proglótidos tienen una fase de maduración 

que se distingue por la evolución de aquellos con órganos reproductores inmaduros a 

proglótidos con órganos de reproducción maduros. En éstos últimos se produce la 

autofecundación, por medio de la cual se originan los proglótidos grávidos. Los 

proglótidos grávidos contienen aproximadamente 50,000 huevos en su interior y se 

liberan del extremo distal del parásito o se rompen dentro del intestino, lo que causa 

la eliminación de huevos en las heces. La primera expulsión de huevos de T. solium 

generalmente ocurre de dos a tres meses después de la infección (Silverman, 1954). 
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Figura 4. Estructura del escólex de T. solium. Se pueden observar sus cuatro ventosas y su doble corona de 

ganchos en el rostelo. Tomado de 

http://www.stanford.edu/class/humbio103/ParaSites2006/Taenia_solium/Home.html. 

 

 

 

 

 T. crassiceps: modelo de cisticercosis murina y ciclo de vida  
 

Taenia crassiceps es un parásito de importancia científica que ha sido utilizado como 

modelo de estudio debido a su cercanía filogenética con T. solium (Vargas-Parada et 

al., 2001; Toledo et al., 1999; Espíndola et al., 2000; Romano et al., 2003). Ambos 

ténidos comparten características morfológicas, de ciclo de vida, genéticas y de 

inmunogenicidad (Larralde et al., 1990; Garcia et al., 1998; Pardini et al., 2002; 
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Arruda et al., 2005). No obstante, a diferencia de T. solium, los cisticercos de T. 

crassiceps tienen la capacidad de reproducirse por gemación cuando se inoculan en la 

cavidad peritoneal de roedores (Freeman, 1962). Esta característica permite la 

producción de cisticercos en el laboratorio por medio de pases consecutivos en 

ratones, lo cual proporciona una población homogénea de parásitos (Sciutto et al., 

1991). Taenia crassiceps parasita hospederos caninos como Canis lupus o Canis 

vulgaris (hospedero definitivo), así como a roedores como Microtuz arvalis, Mus 

musculus, Peromyscus vulgaris, Ratus novergicus (hospedero intermediario; 

Freeman, 1964). Su ciclo de vida es muy similar al de T. solium y comienza con la 

eliminación huevos del parásito en las heces del hospedero definitivo que, al ser 

consumidos por roedores, liberan la oncosfera en el epitelio intestinal. Por medio de 

enzimas proteolíticas las oncosferas penetran el epitelio intestinal y se distribuyen por 

vía sanguínea a los tejidos del hospedero. De esta forma, las oncosferas se desarrollan 

a cisticerco, los cuales son ingeridos por el hospedero definitivo cuando consume la 

carne de su presa, el hospedero intermediario. 

 

 Evasión de la respuesta inmune 
 

Se ha descrito que las infecciones crónicas ocasionadas por ténidos, en donde los 

parásitos permanecen durante años, modifican profundamente la respuesta inmune del 

hospedero (Herrera et al., 1994; Spolski et al., 2000; Davis et al., 1990). Uno de los 

mecanismos de evasión inmune más estudiados es la secreción de paramiosina. Se 

demostró que esta proteína tiene propiedades de fibronectina, lo cual le permite unirse 

a la colágena del hospedero, dirigiendo la respuesta inmune a zonas alejadas del tejido 

del parásito, además de que es capaz de inhibir al complemento (Laclette et al., 1992; 

Landa et al., 1993; Plancarte et al., 1983). También se ha descrito que los cisticercos 

de T. solium liberan glicoproteínas de su tegumento para dirigir la respuesta inmune a 

sitios alejados del parásito (Álvarez et al., 2008) y que tienen receptores para la 

fracción Fc de los anticuerpos (Kalinna y McManus, 1993; Baz et al., 1998). Otros 

mecanismos de evasión inmune del parásito incluyen la secreción de proteasas que 

inducen apoptosis en linfocitos T, proteasas que hidrolizan a los anticuerpos y la 

secreción de un factor de metacéstodo que inhibe la producción de citocinas por 
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leucocitos (Tato et al., 2004; Baig et al., 2005; Arechavaleta et al., 1998). También se 

ha propuesto que la defensa antioxidante tiene un papel importante en el 

establecimiento de los helmintos parásitos, ya que existen observaciones que implican 

a las especies reactivas de oxígeno (ERO) como moléculas capaces de acabar con 

estos organismos (Callahan et al., 1988; Mkoji et al., 1988; Henkle-Dührsen y 

Kampkötter, 2001; Vaca-Paniagua et al., 2008). Por ejemplo, el abatimiento de la 

expresión de la peroxidasa Prx1 del tremátodo Schistosoma japonicum mediante ARN 

de interferencia incrementó la sensibilidad del parásito al peróxido de hidrógeno 

(H2O2; Kumagai et al., 2009. Igualmente, se ha demostrado que las larvas del céstodo 

Echinococcus granulosus son susceptibles a la acción oxidante del óxido nítrico y que 

la expulsión del nemátodo intestinal Nippostrongylus brasiliensis correlaciona con la 

producción de H2O2 y anión superóxido (O2
.-) por parte del hospedero (Batra et al., 

1993; Steers et al., 2001). A este respecto, en T. solium se han reportado diferentes 

enzimas involucradas en la defensa antioxidante, tales como una superóxido 

dismutasa de Cu/Zn (SOD-Cu/Zn), dos glutatión transferasas (GST) y una 

peroxiredoxina 2-Cys típica (Ts2-CysPrx; Castellanos-González et al., 2002; 

Vivanco-Pérez et al., 2002; Torres-Rivera y Landa, 2008).  

 

 Peroxiredoxinas 
 

Las peroxiredoxinas (Prx) son peroxidasas que reducen al peróxido de hidrógeno, 

distintos hidroperóxidos y al peroxinitrito a agua, al alcohol correspondiente y a 

nitrato, respectivamente (figura 5; Chae et al., 1994). Estas enzimas están conservadas 

evolutivamente desde arqueobacterias hasta humanos (Rhee et al., 2001).  

¡Error!Objeto incrustado no válido. 

          Figura 5. Reacciones catalizadas por las Prx 2-Cys típicas. 

 

Las Prx no requieren de metales, coenzimas o grupos prostéticos y en plathelmintos 

están acopladas al sistema enzimático de reducción de la tioredoxina-

tioredoxinaglutatión reductasa (Trx-TGR; figura 6), el cual utiliza los electrones del 
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NADPH para reducir sustratos (figura X; Rhee et al., 2005; Salinas et al., 2004). Se 

clasifican en 1-Cys y 2-Cys, dependiendo de si utilizan una o dos cisteínas para llevar 

a cabo el ciclo catalítico. Las Prx 1-Cys poseen únicamente una cisteína en su sitio 

activo en el motivo amino-terminal PVCT (N-Cys), mientras que las 2-Cys contienen 

la N-Cys en el motivo FVCP y la cisteína carboxi-terminal del motivo EVCP (C-

Cys). A su vez, las peroxiredoxinas 2-Cys se clasifican en típicas y atípicas. Las 

típicas son enzimas homodiméricas con los monómeros orientados de forma 

antiparalela, en donde la N-Cys de una subunidad está enfrente de la C-Cys de la otra. 

Las Prx 2-Cys atípicas son monoméricas. 

 

 

 

Figura 6. Sistema de la tioredoxina-tioredoxinaglutaión reductasa en plathelmintos (Salinas et al., 2004). 

 

En las tres clases de Prx el primer paso de la catálisis es el mismo, el cual consiste en 

la formación del grupo tiolato de la N-Cys- y el ataque nucleofílico del tiolato al 

sustrato peróxido. El grupo tiolato de la N-Cys (N-Cys-S-) es estabilizado por 

aminoácidos con cadenas laterales cargadas positivamente. El grupo tiolato reduce al 

peróxido por medio de un ataque nucleofílico, produciendo el grupo ácido sulfénico 

(N-Cys-SOH) en dicho residuo más agua (Ellis y Poole, 1997). En las Prx 2-Cys 

típicas la reacción genera un rearreglo estructural del sitio activo, en el cual se expone 

el grupo N-Cys-SOH al disolvente. Esta modificación acerca la N-Cys-SOH a la C-

Cys del monómero adyacente lo suficiente para que se forme un puente disulfuro 

entre ambos residuos en una reacción de condensación. En las Prx 2-Cys atípicas la 

C-Cys reacciona con la N-Cys de la misma cadena polipeptídica para formar un 

puente disulfuro intramolecular (Wood et al., 2003b). 

En las Prx 2-Cys típicas y atípicas el donador de electrones que reduce el puente 

disulfuro del sitio activo es la tioredoxina (Trx), la cual regenera los dos grupos tiol 
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de las cisteínas catalíticas, permitiendo la formación del grupo N-Cys-S- para el 

comienzo de un nuevo ciclo catalítico. En las Prx 1-Cys se desconoce la identidad de 

la molécula o las moléculas que reducen al grupo N-Cys-SOH. Por otra parte, se ha 

demostrado que el grupo N-Cys-SOH de las Prx 2-Cys típicas puede alcanzar un 

estado de oxidación mayor, formando el grupo ácido sulfínico (N-Cys-SOOH). Esta 

modificación inactiva a la enzima y ocurre en altas concentraciones de H2O2. Esta 

“sobreoxidación” del sitio catalítico está ausente en todas las otras peroxidasas 

conocidas y es revertida por la sulfiredoxina. 

 

Funciones reguladoras de las Prx 2-Cys típicas 
 

Recientemente se ha demostrado que las Prx, además de ser enzimas antioxidantes, 

participan en la regulación redox. Se ha postulado que bajo condiciones normales, las 

Prxs reducen al H2O2, ejerciendo su acción antioxidante, mientras que en 

concentraciones intracelulares altas de H2O2 ocasionadas por la activación de 

receptores membranales las Prxs 2-Cys se inactivan de manera reversible el tiempo 

suficiente para que se lleve a cabo la señal (“apertura de la compuerta”; Wood et al, 

2003a). Los motivos responsables de la inactivación de las Prxs 2-Cys típicas son el 

GGLG y el YF, localizados en el extremo carboxi-terminal de las enzimas de 

organismos eucariontes. Durante el ciclo catalítico, en las Prx con N-Cys-SOH, estos 

motivos reguladores se encuentran enfrentados y ocasionan que el sitio catalítico se 

aleje de la C-Cys-SH, lo que impide la formación del enlace disulfuro. Este hecho 

permite que la N-Cys-SOH catalítica pueda reaccionar nuevamente con una molécula 

de H2O2 para producir la forma N-Cys-SOOH, que es la condición inactiva de la 

enzima. La inactivación es revertida por la enzima eucarionte sulfiredoxina (Srx) en 

una reacción dependiente de ATP (Biteau et al., 2003). Esta reacción tiene una 

cinética lenta (kcat = 0.18/min) que permite una acumulación subletal y temporal de 

H2O2 endógeno en un microambiente celular citosólico (Tong-Shin et al., 2004). Este 

incremento en la concentración de H2O2 ocasiona que se oxiden residuos sensibles de 

Cys de proteínas con actividad de tirosinfosfatasa (inactivándolas) y de tirosincinasas 

(activándolas), lo cual se traduce en un aumento en la fosforilación de residuos de 

tirosina de proteíncinasas activadas por estrés (SAPK; Veal et al., 2004). Esta señal 
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llega al núcleo y activa diferentes genes asociados a la respuesta antioxidante como 

gpx1 y srx1 que codifican para la glutatión peroxidasa 1 y la sulfiredoxina, 

respectivamente (Bozonet et al., 2005). También se ha descrito que bajo condiciones 

de estrés oxidativo y estrés por calor, las Prx 2-Cys típicas de eucariontes forman 

decámeros que tienen actividad de chaperonas (Jang et al., 2004). Esta actividad de 

chaperona permite que las Prx prevengan la desnaturalización de proteínas bajo 

condiciones de estrés (Kumsta y Jakob, 2009). 

 

 

 



OBJETIVO GENERAL 
 

Clonar y caracterizar el gen (región regulatoria y estructural) que codifica para la Prx 

2-Cys de Taenia solium y Taenia crassiceps.  

 

 Objetivo específicos  
 

• Clonar, secuenciar y analizar la región reguladora 5´ (promotor) y la región 

estructural del gen de la Prx 2-Cys de T. solium y T. crassiceps.  

• Evaluar la expresión de gen de la 2-Cys Prx en cisticercos de T. crassiceps 

bajo condiciones normales y de estrés oxidativo. 

• Identificar sitios de unión de proteínas en el promotor. 

• Determinar los sitios de inicio de la transcripción y traducción. 

 



 MATERIALES Y MÉTODOS 
 

 Materiales biológicos 
 

Los cisticercos de T. solium fueron obtenidos de cerdos infectados de forma natural, 

se lavaron tres veces con PBS estéril y se almacenaron a -70°C hasta su uso. Los 

cisticercos de T. crassiceps (cepa WFU) empleados en los experimentos de expresión 

se extrajeron del peritoneo de ratones BALB/cAnN hembras inoculados con el 

parásito, se lavaron tres veces con PBS estéril y se preincubaron 4 horas en medio 

RPMI 1640 (Sigma) suplementado con aminoácidos esenciales 10 mM (Sigma), 

penicilina 100 µg/mL, estreptomicina 100 µg/mL y piruvato 100 mM a 37°C en 0.5% 

de CO2 (Everhart et al 2004). 

 

 Extracción de ADN genómico (ADNg) de T. solium y T. crassiceps  
 

Se digirieron 1.5 g de cisticercos de T. crassiceps con proteinasa K por 2-3 h en Tris 

50 mM, EDTA 1 mM y sarcosil 0.5%. La digestión se centrifugo a 3400 rpm por 15 

min; se hicieron extracciones con fenol y cloroformo del sobrenadante. La fase acuosa 

se incubó con isopropanol por 10 min, se centrifugó a 1,000 xg por 10 min. El 

precipitado se resuspendió en etanol al 70% y se centrifugó como ya se mencionó. 

Las preparaciones se resuspendieron en TE y se almacenaron a 4°C, hasta su uso. 

 

 Clonación del gen de la Prx 2-Cys de Taenia solium y Taenia 

crassiceps  
 

Para clonar el gen de la Prx 2-Cys de Taenia solium (Ts2-CysPrx) se tamizó una 

biblioteca de ADNg de T. solium digerido con EcoRI clonado en λ-ZAP (Stratagene, 

La Jolla, California) utilizando una sonda de ADN marcado con [α-32P]dCTP de la 



secuencia de ADNc del gen Ts2-CysPrx. El tamizaje primario consistió en infectar 

bacterias XL1-Blue con fagos de la biblioteca de biblioteca para generar 120 000 

unidades formadoras de placa (ufp) en una caja de cultivo Luria sólido, estas fueron 

transferidas a una membrana de nitrocelulosa, para hibridarlas con la sonda marcada, 

3 placas fueron positivas. Estas placas se volvieron a tamizar como antes, se 

obtuvieron 11 ufp positivas. A cada placa se le realizó un tercer tamizaje. Las placas 

positivas se caracterizaron mediante PCR y digestión con enzimas de restricción Eco 

RI, Bam HI, Hind III y Kpn I, para determinar el tamaño y similitud en las placas. Las 

placas positivas se convirtieron a plásmidos pBluescript utilizando el fago cooperador 

ExAssist (Stratagene). Las colonias bacterianas transfectadas con pBluescript se 

crecieron toda la noche en medio Luria-Bertani (LB) con ampicilina 100 µg/mL. Se 

purificó el plásmido por el protocolo estándar de lisis alcalina y se secuenció en un 

secuenciador ABI Prism modelo 373 (Perkin-Elmer, Applied Biosystems). El gen 

Tc2-CysPrx se clonó mediante PCR utilizando 100 ng de ADNg de T. crassiceps y 

con los oligonucleótidos PrxP5 y PrxTc diseñados a partir de secuencias conocidas 5’ 

y 3’ no codificantes del gen Ts2-CysPrx (PrxP5 5’-

GTGAGCCAATGGGAACGCAG-3’, PrxTc 5’- CAACCAGTTCAAAGAGTGGC-

3’). El análisis de las regiones promotoras de ambos genes se realizó con el programa 

gratuito PROMO ubicado en la página http://alggen.lsi.upc.es/cgi-bin/ 

promo_v3/promo/promoinit.cgi?dirDB=TF_8.3). 

  

 Determinación del sitio de inicio de la transcripción 
 

Para determinar el sitio de inicio de la transcripción se utilizó la técnica de 

amplificación de regiones 5’ de ADNc (RACE, por sus siglas en inglés) empleando 

ARN total como templado de T. solium o T. crassiceps aislado con TRIzol 

(Invitrogen). Brevemente, se homogenizaron 100-200 mg de cisticercos de T. solium 

y T. crassiceps en TRIzol con un polytron en hielo. Se adicionaron 200 µ L de 

cloroformo, el homogenado se incubó 5 min a temperatura ambiente y se centrifugó a 

12,000 xg 15 min. Después de varias extracciones con fenol y cloroformo, la fase 

acuosa se incubó con isopropanol por 10 min, se centrifugó a 7,500 xg por 10 min. El 

precipitado se resuspendió en etanol al 70% y se centrifugó como ya se mencionó. 



Las preparaciones se resuspendieron en H2O tratada con dietilpirocarbonato (DEPC) 

y se almacenaron a -70°C hasta su uso. La amplificación del extremo 5’ no traducido 

de los transcritos se hizo con los estuches Smart RACE cDNA Amplification Kit y 

Advantage 2 Polymerase Mix (Clonetech), utilizando el cebador contrasentido Prx6R 

(5’-AACATCTTTGAGTTCACCATCGACAA-3’) y el cebador sentido SMARTII 

(5'-AAGCAGTGGTATCAACGCAGAGTACGCGGG-3') para los genes Ts2-CysPrx 

y Tc-2CysPrx. Para amplificar el fragmento 5’ no traducido del gen pAT6 se 

utilizaron el cebador PAT6R (5’-AGGGAGGGGAAGACAGCACGAGG-3’) y el 

SMARTII. El producto de PCR resultante de cada reacción se clonó en el vector 

pCRII para su secuencia. 

  

 Preparación de proteínas nucleares de T. solium 
 

Para purificar proteínas nucleares de T. solium se homogenizaron 10 gr de cisticercos 

en 3 volúmenes de amortiguador de lisis (HEPES 20 mM pH 7.9, KCl 20 mM, 

MgCl2 1.5 mM, Nonidet P40 0.5%, EDTA0.2 mM, Pepstatin 1 µM, Leupeptin 0.6 

µM, PMSF 0.2 mM, DTT 0.5 mM) con un polytron. El homogenado se filtró a través 

de gasa estéril. El filtrado se centrifugó a 1500 x g a 4°C y el precipitado se lavó 3 

veces con el mismo amortiguador mencionado, después el precipitado se resuspendió 

en 4 mL de amortiguador de lisis, se agregó a un tubo con 10 mL de Ficoll al 5.7% y 

se centrifugó a 1000 x g por 1 min. Para la visualización de los núcleos se tomaron 

100 µL de cada fase y se tiñeron con 80 µL de 4’,6-diamino-2-fenilindol (DAPI, 

Sigma, 0.1 mg/mL) en la oscuridad por 15 min, las preparaciones se observaron en un 

microscopio de fluorescencia (Nikon HFX-DX). Las fases con mayor contenido de 

núcleos se sometieron a otra ronda de fraccionamiento en Ficoll para obtener un 

enriquecimiento de núcleos. Esta fracción de núcleos se utilizaron para la extracción 

de proteínas nucleares mediante la adición de 400 µL de amortiguador de extracción 

(HEPES 20 mM, pH 7.9, KCl 1.2 M, MgCl2 1.5 mM, EDTA 0.2 mM, DTT 0.5 mM, 

Glicerol 25%, PMSF 0.2 mM, Pepstatin 1 µM, Leupeptin 0.6 µM). La preparación se 

incubó en hielo por 45 min en agitación suave para después ser centrifugada a 2500 x 

g por 10 min. El sobrenadante se dializó en 1 L de PBS por 3 h, se centrifugó a 10000 



x g por 10 min a 4°C, se le determino concentración de proteína por el modo de 

Bradford, se dividió en alícuotas y se almacenó a -70°C, hasta su uso. 

  

 Ensayos de retardamiento de la movilidad electroforética (EMSA) 
 

Para los ensayos de EMSA, se utilizó una sonda de 83 pb correspondiente a los sitios 

-42 a 41 relativos al sitio de inicio de la transcripción del gen Ts2-CysPrx, la cual se 

amplificó por PCR con los oligonucleótidos PrxP6 (5’- 

CAGGCGCTTCGCTATATTTGG-3’) y Prx7R (5’-CCCGATGACAGCAGCAGC-

3’) y se purificó usando un sistema comercial (PCR Clean-up, Macherey-Nagel). 

Brevemente, se hizo una electroforesis del producto de PCR. El fragmento de agarosa 

con la banda correspondiente se cortó y se incubó a 50°C por 20 min, la solución se 

pasó a través de una columna de exclusión molecular y después se eluyó, 

obteniéndose el producto de PCR. La sonda pura se marcó en los extremos 5’-fosfato 

con 20 U de T4 cinasa (Promega) y 50 µ Ci de 5' [γ32P]dCTP en 50 µ L. Las 

reacciones de interacción ADN-Proteína se hicieron en Hepes 15 mM, KCl 70 mM, 

DTT 0.75 mM, Ficoll 400 0.225%, 2 µg poli (dI-dC), ASB 100 µg/mL, espermidina 3 

mM y 50,0000 cpm de la sonda. Antes de agregar el extracto de proteínas nucleares, 

todos los componentes de la reacción en el tubo fueron incubados en un baño con 

agua hirviendo por 5 min y colocados en hielo por 5 min. Para los ensayos de 

competencia se agregaron a la reacción 25-100 veces los microgramos de sonda sin 

marcar (competidor homólogo) y un oligonucleótido no relacionado (5’- 

ATTCTAGACGAATCATCAGAGAAGTCTTC-3’; competidor heterólogo). 

Después de agregar el extracto nuclear (5, 10 y 15 µg), la mezcla fue incubada 20 min 

a temperatura ambiente y posteriormente los complejos ADN proteína se resolvieron 

en un gel de poliacrilamida al 5% en 0.5X de TBE. Los geles se secaron al vacío, se 

expusieron a placas (Fujifilm) toda la noche y se revelaron en un Phosphorimager 

Fujifilm FLA-5100. 

 



 Determinación de la viabilidad y de la concentración letal 50 a H2O2 

de T. crassiceps  
 

Después de la preincubación de los cisticercos en medio RPMI, los parásitos se 

incubaron inmediatamente en dicho medio con 1-8 mM de H2O2 por 1 h a 37°C en 

5% de CO2. Se lavaron los parásitos en PBS y se incubaron en 0.2 mL de bílis de 

cerdo diluída 1:3 en medio RPMI por 30-60 min. Se asumió la viabilidad de los 

parásitos como la capacidad de evaginar su escólex completamente, la cual fue 

observada en un microscopio invertido (Nikon Eclipse TS100). Para obtener la 

concentración letal 50 (CL50) se graficó el promedio de viabilidad ± desviación 

estándar (n=8) y se determinó la concentración en la cual la vibilidad es 50%. 

 

 Transcripción reversa acoplada a la Reacción en cadena la de la 

Polimerasa (RT-PCR) 
 

Se utilizaron 3 grupos de cisticercos de T. crassiceps para los experimentos de 

expresión: 1) incubados en medio por 0, 1, 4 y 24 h; 2) incubados en medio con H2O2 

(0.25, 0.5, 1 y 2 mM) por 30 min; y 3) incubados en medio con H2O2 1 mM por 

tiempos de 0, 0.5, 1, 2, 3 y 24 h. Todos los grupos fueron preincubados 4 h antes de la 

adición de medio solo o con H2O2. La expresión de ARNm para los genes usados se 

determinó por RT-PCR con el estuche One Step RT-PCR (Invitrogen) usando 1 µg de 

ARN total de T. crassiceps como templado y los oligonucleótidos PRX-3 (5´-

CTCCGTGGTCTCTTTATCA-3’) and PRX-9R (5’-

CTATCTTGAGCTCATGAACG-3’), diseñados a partir de ADNc de la Ts2-CysPrx 

(Molina-López et al., 2006). La amplificación de β -actina se realizó con los 

oligonucleótidos PAT6-5’ (5’-TCCGGTATGTGCAAAGCC-3’) y PAT6-3’ (5’-

GTGATGCCAGATCTTCTCC-3’; tomados de Campos et al., 1990). Empíricamente 

determinamos que en 30 ciclos de amplificación en la PCR todos los productos 

estaban en el rango lineal de la reacción y no en la saturación. El programa usado en 

todas las reacciones fue 50°C por 30 min para la reacción de transcripción inversa y 

30 ciclos de 94°C por 30 s, 50°C por 1 min, of 72°C por 1 min; y una extensión final 



de 2°C por 5 min. Los productos amplificados fueron visualizados mediante 

electroforesis en geles de agarosa al 2% teñidos con bromuro de etidio. 

 

 Inmunoelectrotransferencia 
 

Como ya se mencionó parásitos de los mismos grupos de cisticercos de T. crassiceps 

mencionados anteriormente fueron usados para preparar extractos de proteínas. 

Aproximadamente 60 mg de tejido fueron sonicados 4 veces a 40 W por 1 min 

dejando 1 min en hielo entre cada pulso en 500 µL de amortiguador de lisis (Urea 8 

M, CHAPS 0.5 M, Pepstatin 1 µM, Leupeptin 0.6 µM, PMSF 0.2 mM, DTT 0.5 mM). 

Cien microlitros de la suspensión del parásito fueron purificados con el estuche 2-D 

Clean Up (Amersham) siguiendo el protocolo del fabricante. Los precipitados 

resultantes fueron resuspendidos en 100 µL y centrifugados a 12000 x g por 5 min a 

4°C. El sobrenadante fue cuantificado por el método de Bradford, alicuotado y 

almacenado hasta su uso a -20°C. La integridad y composición de las proteínas del 

extracto crudo de cisticercos se determinó en geles de poliacrilamida con SDS 

(PAGE-SDS, Laemmli, 1970) al 12% con 2-mercaptoetanol, usando 15 µ g de 

extractos de proteínas totales por carril, teñidos con azul de Coomassie. Para las 

inmunoelectrotranferencias la separación de las proteínas se utilizaron geles de 

PAGE-SDS al 12% con 2-mercaptoetanol con 2 µg de extractos proteicos por mm de 

carril que fueron transferidos a membranas de fluoruro de polivinilideno (PVDF, 

Towbin et al. 1979). Las membranas se incubaron con sueros de conejo anti-Ts2-

CysPrx o con anti-βActina (Abcam), estas se lavaron con PBS-Tween 0.1% y se 

incubaron con IgGs anti-conejo conjugadas con peroxidasa. Los anticuerpos unidos a 

la membrana se revelaron con 3,3’-diaminobenzidina (DAB) y 1% H2O2. 

 



 RESULTADOS 

  

 Clonación de la secuencias genómicas de los genes Ts2-CysPrx y Tc2-

CysPrx 
 

El gen Ts2-CysPrx de T. solium se aisló a partir del tamizaje de una biblioteca 

genómica del parásito construida en el fago λZAP. Para el caso del gen Tc2-CysPrx 

de T. crassiceps se utilizó la PCR. Ambas secuencias se depositaron en GenBank 

(Ts2-CysPrx: FJ621569; Tc2-CysPrx: FJ621570). Un análisis in silico de las 

secuencias mostró que ambos genes tienen los motivos catalíticos característicos de 

las Prx típicas (47FVCP50, 168EVCP171 para Ts2-CysPrx; y 46FVCP49, 167EVCP170 para 

Tc2-CysPrx), donde se localizan la N-Cys y la C-Cys. Estos análisis también 

confirmaron la presencia de sitios putativos de regulación postraduccional mediante 

fosforilación (S88) y la sobreoxidación (92GGVQ95 y 191FM192) en la Ts2-CysPrx. 

Mientras que en la Tc2-CysPrx están localizados en S87, 91GGVQ94 y 190FM191 

(Molina et al., 2006). Como se observa en la figura 7, el análisis de las secuencias 

mostró que ambos promotores proximales tienen una caja TATA y una secuencia 

iniciadora (Inr), así como los posibles sitios de unión a los factores de transcripción 

Factor nuclear 1 (NF-1) a -62 pb, Proteína de específica 1 (Sp1) a -280 y Factor 

nuclear relacionado a eritrocitos tipo 2 (Nrf-2) a -46 y -173 del TSS en el gen Ts2-

CysPrx. Adicionalmente, los genes Ts2-CysPrx y Tc2-CysPrx contienen las guaninas 

-3 y +1 (respecto al codon de inicio) descritas como potenciadoras de la traducción 

por Kozac (Kozac, 1987). Ambos genes tienen dos exones y un intrón tipo III de 67 

pares de bases con sitios de unión NGT-AGN en el codón 102 para Ts2-CysPrx y 101 

para Tc2-CysPrx. Mediante el análisis manual de la secuencia de ambos intrones se 

encontró la secuencia putativa de reconocimiento del ARNsn U1 (Ts2-CysPrx: 
155GTGAGT160; Tc2-CysPrx: 160GTGACT165; numeración respecto al sitio de inicio 

de la transcripción, ver abajo). Así mismo, ambos intrones tienen una región rica en 

pirimidinas para la unión del Factor Asociado a U2 (Ts2-CysPrx: 
204TTACGTTGCTCTTCCTAG221; Tc2-CysPrx: 208TAGCGTTGCTCTTCTTAG225) 



adyacente a la secuencia aceptora (subrayada). Los exones I y II de Ts2-CysPrx son 

de 134 y 454 pb, respectivamente; mientras que para Tc2-CysPrx son de 131 y 454, 

respectivamente.  

 

 

 

Figura 1. Estructura genómica de las Peroxiredoxinas típicas 2-Cys de T. solium (Ts) and T. 

crassiceps (Tc). El TSS está marcado con una flecha. En negritas se indican los codones de inicio 

y término de la traducción, los sitios donador y aceptor del intrón, así como los motivos 

regulatorios y catalíticos. La identidad de los nucleótidos y aminoácidos se muestra con asteriscos 

y puntos, respectivamente. El sitio de poliadenilación está marcado con un triángulo. Las 

secuencias putativas de unión de ribonucleoproteínas de corte y empalme están subrayadas. 

Elementos en cis que prodrían constituir al promotor, así como sitios probables de unión a 

factores de transcripción también se indican. 

 



 Determinación del sitio de inicio de la transcripción de los genes Ts2-

CysPrx y Tc2-CysPrx 
 

El análisis de las secuencias localizadas corriente arriba del ATG de los genes Ts2-

CysPrx y Tc2-CysPrx mostró la presencia de un Iniciador (Inr) y una probable caja 

TATA. Para determinar el sitio de inicio de la transcripción (TSS) de ambos genes se 

realizaron ensayos de Amplificación Rápida de Extremos de ADNc (RACE) con un 

oligonucleótido específico que amplifica en dirección 5’, utilizando como templado 

RNA total de T. solium y de T. crassiceps. Se obtuvieron una banda de 98 pb para el 

gen Ts2-CysPrx y una de 102 pb para el gen Tc2-CysPrx, las cuales se clonaron y se 

secuenciaron. El TSS de Ts2-CysPrx se mapeó 20 nt corriente arriba del codon de 

inicio de la traducción, mientras que el TSS de Tc2-CysPrx se localizó a 27 nt 

corriente arriba del codon ATG inicial. En ambos casos el TSS correspondió a una A 

presente en el Inr (TGAATTCC para Ts2-CysPrx y TGAATCC para Tc2-CysPrx; 

donde la A es el primer nucleótido transcrito; figura 7). Análisis subsiguientes 

demostraron que el Inr y la caja TATA de los genes Ts2-CysPrx y Tc2-CysPrx 

también están presentes en los genes de actina de T. solium pAT5 y pAT6, así como en 

los genes de actina de E. granulosus EgactI y EgactII (figura 8; Campos et al., 1990; 

da Silva et al., 1993). Igualmente se encontró que la distancia entre ambos elementos 

está conservada en todos los genes analizados (figura 8). Adicionalmente, se 

determinó el TSS de pAT6, el cual también se localizó dentro del Inr. En ninguno de 

los transcritos analizados se encontró la secuencia splice leader reportada para un 

grupo de genes de T. solium (Brehm et al., 2002). 

 

 

 

 

 

 



 

Figura 2. Alineamiento de promotores proximales de genes de céstodos. Las secuencias 5’ no 

codificantes de los genes de actina EgactI y EgactII de E. granulosus, pAT5 y pAT6 de T. solium, 

así como los genes de las peroxiredoxinas Ts2-CysPrx y Tc2-CysPrx se alinearon manualmente. 

La caja TATA, el Inr y el codon de inicio están en negritas. El TSS está subrayado. El símbolo // 

corresponde a los nucleótidos 5’-AGAAGACAAATCCTTTGGTGAGCC-3’. 

 

 Preparación de proteínas nucleares de T. solium 
 

Para aislar los núcleos de T. solium, se rompieron cisticercos con un polytron, la 

muestra obtenida se separó en un gradiente de Ficoll (ver materiales y métodos). Se 

obtuvieron cinco fases visibles, las cuales fueron nombradas de acuerdo a su densidad 

comenzando por la menos densa (fracción I) hasta la más densa (fracción V), estas 

fueron teñidas con DAPI para determinar la cantidad de núcleos en ellas. Las fracción 

I contenía predominantemente tejido sin romper, mientras que la II algunos núcleos 

libres y dentro del tejido. La fracción III incluyó principalmente núcleos libres y 

algunos corpúsculos calcáreos. Las fracciones IV y V estuvieron compuestas por 

tejido con núcleos y corpúsculos calcáreos en su interior. Con el fin de enriquecer más 

la preparación, las fracciones con un mayor contenido de núcleos (fracciones II y III) 

se juntaron y fueron sometidas a un segundo gradiente de Ficoll. La composición de 

las nuevas fases (I’-V’) fue muy similar a la previa, en donde la fracción III’ tuvo un 

enriquecimiento de núcleos libres (figura 9). 



 

 

 

 

 

 

 

 

 

 

 

Figura 3. Preparación de núcleos obtenidos a partir de cisticercos de T. solium. Los núcleos teñidos con 

DAPI son señalados con flechas, la observación se realizo en un microscopio de fluorescencia con el objetivo 

de 20X. Barra = 25 µm. 

 Determinación de interacciones ADN-Proteína en el promotor de 

Ts2-CysPrx 
 

Para determinar interacciones entre proteínas y el promotor de Ts2-CysPrx se 

realizaron ensayos de geles de retardamiento de la movilidad electroforética (EMSA) 

utilizando extractos de proteínas nucleares de T. solium. La sonda utilizada fue de 83 

pares de bases, correspondientes a la región -41 a 42 relativa al TSS del gen, 

conteniendo la caja TATA y el Inr. Al mezclar las proteínas con la sonda se 

obtuvieron dos bandas retardadas. La de mayor retardo electroforético (flecha) tuvo 

una intensidad mayor respecto a la de menor retardo (asterisco). Con cantidades 

mayores de extractos nucleares la intensidad de ambas bandas se incrementó 

ligeramente (figura 10 carriles 2, 3, 4). Se observó competencia específica para la 

banda de mayor retardo, la más intensa, cuando la sonda sin marcar se agregó a la 

reacción como un competidor homólogo en todas las cantidades usadas, mientras que 



la banda de menor retardo se hizo más intensa (figura 10 carriles 5, 6 y 7). Al agregar 

un oligonucleótido no relacionado (competidor heterólogo) no se encontró 

competencia por ninguna de las bandas retardadas a ninguna concentración (figura 10 

carriles 8, 9, 10). Estos datos indican que la banda de mayor retardo (la más intensa) 

es una interacción específica ADN-proteína, mientras que la banda con menor 

movilidad electroforética (la menos intensa) es producida por interacciones 

inespecíficas. 

 

 

 

Figura 4. Determinación de interacciones ADN-Proteína en el promotor del gen Ts2-CysPrx. Diferentes 

cantidades de extractos de proteínas nucleares de T. solium fueron incubadas con una sonda de las 

secuencias TATA e Inr (-44 a 41 relativo al TSS) del gen Ts2-CysPrx. Carril 1, sonda libre; carriles 2-4, 5, 

10, y 15 µg respectivamente de extracto de proteínas nucleares; carriles 5-7, competidor homólogo 25X, 50X 

y 100X, respectivamente; carriles 8-10, competidor heterólogo 25X, 50X y 100X, respectivamente. En todos 

los carriles con competidores se usaron 15 µg de extracto de proteínas nucleares. 



 Viabilidad de cisticercos T. crassiceps y expresión de Tc2-CysPrx 

bajo condiciones oxidantes 
 

Con el propósito de detectar los niveles de expresión del gen de la Prx 2-Cys se 

realizaron experimentos con cisticercos de T. crassiceps crecidos en condiciones 

controladas. Se estableció una curva de viabilidad para cisticercos expuestos a H2O2 

durante 1 h. Se asumió la viabilidad de los parásitos, como la capacidad de evaginar, 

para seguir a su siguiente estadio de vida: el gusano adulto. Se encontró que la 

viabilidad de los parásitos se redujo a medida que aumentó la concentración de H2O2 

en el medio de cultivo. Dicho parámetro de viabilidad permaneció constante hasta 2 

mM de H2O2, y después de esta concentración comenzó a disminuir, hasta llegar a 

cero en 5 mM. Esta cinética de viabilidad mostró que la concentración letal 50 (CL50) 

de H2O2 es 3.0 mM par este estadio del parásito (figura 11).  

 

 

 

 

 

 

 

 

 

Figura 5. Determinación de la concentración letal 50 (CL50) de T. crassiceps para el H2O2. Cisticercos fueron 

expuestos a diferentes concentraciones de H2O2 por 1 h (triángulos) antes de determinar su viabilidad (ver 

Materiales y Métodos). Parásitos incubados sin H2O2 fueron usados como controles (cuadros). Los datos son 

el promedio ± desviación estándar (n=8). 

 



Estos datos fueron utilizados para determinar las condiciones de incubación para la 

determinación del perfil de expresión del gen Tc2-CysPrx a nivel de ARNm y 

proteína. Primero se evaluó el perfil de expresión del gen en parásitos incubados en 

medio sin H2O2. Estos experimentos demostraron que la expresión del ARNm de Tc2-

CysPrx permanece constante en estos cisticercos incubados en medio hasta por 24 h 

(figura 12A). Por lo tanto, se decidió utilizar un periodo de preincubación en medio 

de 4 h antes de exponer a los parásitos a H2O2 en el medio de cultivo. Como se 

observa en la figura 12B, la expresión del ARNm de Tc2-CysPrx en parásitos 

incubados con diferentes concentraciones de H2O2 de 0 a 2 mM no cambió a los 30 

min. De igual forma, la expresión del gen tampoco sufrió cambios en incubaciones 

con H2O2 1 mM durante 0.5, 1, 2, 3 y 24 h (figura 12C). En estos experimentos el 

nivel de expresión del gen fue constante y la intensidad de las bandas fue similar a 

través de todos los tiempos y las concentraciones de H2O2 empleadas. Por otro lado, 

la expresión de Tc2-CysPrx a nivel de proteína permaneció constante en los 

cisticercos incubados con 1 y 2 mM de H2O2 por 30 minutos (figura 12D). Con estos 

experimentos se puede concluir que Tc2-CysPrx no es un gen inducible. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figura 6. Perfil de expresión del gen Tc2-CysPrx en condiciones normales y de estrés oxidante medido por 

RT-PCR e inmunoelectrotransferencia. Determinación de la expresión del ARNm de Tc2-CysPrx en 

cisticercos: incubados en medio RPMI sin H2O2 (A); expuestos a diferentes concentraciones de H2O2 en el 

medio por 30 minutos (B) y expuestos a medio RPMI con 1 mM de H2O2 por diferentes tiempos (C). (D) 

Determinación de la expresión de Tc2-CysPrx a nivel de proteína en parásitos incubados en medio con 1 

mM y 2 mM de H2O2. Los experimentos de expresión fueron hechos por triplicado y β -actina fue usado 

como control. 

 

 

 

 
 



 DISCUSIÓN 
 

El céstodo parásito T. solium representa un problema de salud pública en grandes 

zonas geográficas que corresponden a países subdesarrollados, así como en algunas 

regiónes de países desarrollados sujetas a una alta migración humana (DeGiorgio et 

al., 1995; Shantz et al., 1992). La forma más grave de la parasitosis, la 

neurocisticercosis, tiene severos efectos en la salud humana y, al igual que la 

cisticercosis del cerdo, representa un alto costo económico que incide en la ya grave 

situación social de las poblaciones endémicas (Flisser et al., 2003; Praet et al., 2009; 

Carabin et al., 2006). Estos factores resaltan la importancia que tiene la investigación 

en T. solium, la cual podría repercutir en el desarrollo de estrategias encaminadas a su 

erradicación.  

En este trabajo se clonaron los genes Ts2-CysPrx y Tc2-CysPrx de T. solium y T. 

crassiceps, respectivamente. Su arquitectura genómica y su alta identidad a nivel de 

secuencia primaria y de nucleótidos sugiere que estos genes son homólogos. Mediante 

análisis in silico se encontraron en su región promotora proximal sitios putativos para 

Nrf2, un factor involucrado en la regulación de genes antioxidantes (Lee y Johnson, 

2004). También se encontraron los sitios putativos de unión a NF1 y a Sp1. Se ha 

descrito que estos factores pueden interaccionar con los miembros de la maquinaria 

basal transcripcional TFIIB y TBP (Xiao et al., 1994; Kim y Roeder, 1994; Emili et 

al., 1994). Se requiere de estudios funcionales para corroborar que los sitios de unión 

a factores de transcripcion determinados mediante análisis in silico participan en la 

transcripción de estos genes. 

En los organismos eucariontes se ha descrito ampliamente la estructura de los 

promotores de la ARN polimerasa II (Lee and Young, 2000). Éstos se pueden dividir 

en secuencias reguladoras y una región promotora proximal. Las secuencias 

reguladoras frecuentemente están corriente arriba del sitio de posicionamiento de los 

factores de transcripción basales y la ARN polimerasa II. A ellas se unen factores de 

transcripción que pueden reprimir o activar la transcipción. Asimismo, los promotores 

de genes codificantes de proteínas tienen una región que se encuentra en la 

proximidad del sitio de inicio de la transcripción (TSS) en donde se posicionan los 

factores basales de transcripción y la ARN polimerasa II; ésta es la secuencia mínima 



capaz de promover la trancripción, llamada promotor mínimo. Los promotores 

mínimos poseen diferentes secuencias que son reconocidas por los factores de 

transcripción basales. Por ejemplo, la caja TATA, cuya secuencia consenso para los 

organismos eucariontes es TATAWAR (W = A/T; R = G/C) y se encuentra ubicada 

en la posición -24 a -31 a partir del TSS (Thomas y Chiang, 2006). Asimismo, otra 

secuencia que aparece en promotores mínimos de estos organismos es el Iniciador 

(Inr; YYANWYY), que comprende de -2 a +5 y posiciona el TSS en la A (+1) 

presente en su secuencia (Juven-Gershon et al., 2008). Los promotores de los genes 

Ts2-CysPrx y Tc2-CysPrx tienen una caja TATA y un Inr, así como un TSS 

localizado en una A conservada dentro del Inr. Este resultado es consistente con la 

morfología de un grupo de promotores mínimos descrita en los organismos 

eucariontes y sugiere que las secuencias promotoras descritas en este trabajo son 

promotores mínimos (Smale and Kadonaga, 2003; Sandelin et al., 2007). Análisis 

adicionales de secuencias disponibles de otros promotores de genes de céstodos 

mostraron que pAT5, pAT6, EgactI y EgactII tienen grandes similitudes con los 

promotores descritos en este trabajo, dado que todos tienen una caja TATA y un Inr 

con una A conservada localizada en el TSS mapeado en Ts2-CysPrx y Tc2-CysPrx. 

Del mismo modo, se mapeó el TSS de pAT6 y se encontró que coincide con los de 

Ts2-CysPrx y Tc2-CysPrx, lo cual sugiere que el Inr presente en los genes estudiados 

es funcional y que el TSS de pAT5, EgactI y EgactII posiblemente esté conservado. 

En este sentido, se ha descrito que promotores mínimos con la esta arquitectura 

(TATA + Inr) presentan un posicionamiento muy cerrado y específico del TSS, 

ubicando el primer nucleótido transcrito en la A (YYANWYY) del Inr (Sandelin et 

al., 2007). Para demostrar estos hallazgos, es necesario hacer ensayos funcionales 

para determinar si los elementos en cis encontrados en los promotores mínimos de los 

genes Ts2-CysPrx y Tc2-CysPrx participan en la transcripción y el posicionamiento 

del primer nucleótido transcrito. Por otro lado, la región estructural de Ts2-CysPrx y 

Tc2-CysPrx tiene dos exones separados por un intrón delimitado por secuencias de 

corte y empalme conocidas (Breathnach y Cambon, 1981; Padgett et al., 1986; 

Schellenberg et al., 2008). Estas secuencias de corte y empalme se han descrito en los 

genes de actina pAT5 y pAT6, así como en el de la paramiosina de T. solium (Vargas-

Parada y Laclette, 2003; Campos et al., 1990). De esta manera, nuestros análisis 

mostraron que las secuencias TATA e Inr, caracterizadas en genes de mamíferos 



también están presentes en genes de céstodos y que las secuencias de corte y empalme 

del género Taenia no son diferentes a las de otros organismos eucariontes.  

Mediante geles de retardamiento con proteínas nucleares purificadas a partir de 

cisticercos de T. solium se encontró que existe una interacción ADN-proteína en el 

promotor proximal de Ts2-CysPrx. El ligero retraso en la movilidad electroforética de 

la sonda sugiere que la interación ocurre con una proteína o complejo de bajo peso 

molecular. Esta secuencia contiene los sitios putativos de unión para la proteína de 

unión a caja TATA (TBP) y para el dímero TAFII150-TAFII250, los cuales se unen a 

la caja TATA y al Inr, respectivamente (Chalkley et al., 1999). Hasta el momento, 

estos factores de transcripción no han sido descritos en céstodos, pero se conoce que 

participan en la determinación del TSS, así como en la eficiencia de la transcripción 

de genes altamente expresados (Sandelin et al., 2007). Lo anterior es consistente con 

los reportes que indican un alto nivel de expresión de las Prx en bacterias, células y 

algunos tejidos de mamíferos, lo cual podría ocurrir con los genes Ts2-CysPrx y Tc2-

CysPrx (Chae et al, 1999; Wood et al., 2003b). Así mismo, se encontró que la CL50 

de H2O2 de los cisticercos de T. crassiceps incubados in vitro con este oxidante es 3.0 

mM. Esta concentración tan elevada está fuera de los límites fisiológicos. Por 

ejemplo, las moléculas oxidantes liberadas por los neutrófilos o macrófagos alcanzan 

concentraciones nanomolares a micromolares, las cuales son inofensivas para T. 

crassiceps (Root et al., 1975; Test y Weiss, 1984; Carreras et al., 1994). Por lo tanto, 

la carencia de catalasa y probablemente la presencia de una GPx con baja actividad 

contra el H2O2 en estos parásitos sugiere que la resistencia a altas concentraciones de 

H202 está dada principalmente por las Prx 2-Cys típicas. En este contexto, reportes de 

S. mansoni y S. japonicum han demostrado que existen tres isoformas de las Prx 2-

Cys típicas en esquistosomátidos: una Prx1 citosólica que es insensible a la 

inactivación por sobreoxidación, la cual se sobreexpresa bajo condiciones oxidantes y 

que podría participar en la defensa antioxidante frente al H2O2 exógeno; así como una 

Prx2 citosólica y una Prx3 con péptido señal mitocondrial, las cuales son genes de 

mantenimiento (Sayed y Williams, 2004). La Prx2 y Prx3 son susceptibles a la 

inactivación por sobreoxidación debido la presencia del motivo FM en su extremo 

carboxilo terminal, el cual es similar al motivo YF de los genes de Taenia estudiados 

en este trabajo (Sayed y Williams, 2004; Molina-López et al., 2006). La ausencia de 

péptido señal mitocondrial y la presencia del motivo YF en el extremo carboxilo 



terminal sugiere que las proteínas Ts2-CysPrx y Tc2-CysPrx son isoformas 

citosólicas y sensibles a la inactivación por sobreoxidación, tal como lo es la Prx2 de 

Schistosoma. 

También se evaluó el perfil de expresión del gen Tc2-CysPrx en condiciones 

oxidantes. Se encontró que bajo estas condiciones los niveles de ARNm y de proteína 

de Tc2-CysPrx no presentan cambios. Asimismo, el nivel de expresión de Tc2-CysPrx 

fue menor al de actina, lo cual puede deberse a la detección de la suma de mensajeros 

y de isoformas pertenecientes a más de un gen de actina, ya que se sabe que la actina 

forma parte de una familia de genes altamente conservados entre especies y que 

también está presente en T. solium (Ambrosio et al., 2003). El mismo patrón de 

expresión bajo condiciones oxidantes y con otros inductores se ha observado en otras 

Prxs 2-Cys típicas, tales como la PrxII de H. sapiens y la PfTPX-2 de Plasmodium 

falsiparum (Diet et al., 2007; Yano et al., 2005). La falta de inducción del gen Tc2-

CysPrx sugiere que esta proteína podría estar codificada por un gen antioxidante de 

mantenimiento que actúa sobre el H2O2 endógeno, y que podría participar como 

regulador redox, más que como un gen de respuesta antioxidante contra el estrés 

oxidativo exógeno. Esto es consistente con estudios previos realizados en Ts2-

CysPrx, en donde la expresión del gen persiste durante todo el ciclo de vida del 

parásito, incluso en el estadio adulto, el cual no está sujeto a estrés oxidativo (Molina-

López et al., 2006). También es posible que otros sistemas antioxidantes no 

enzimáticos actúen para proteger al parásito, tal como se ha observado en S. mansoni, 

en donde condiciones oxidantes inducen la expresión del gen de la albúmina, en 

forma de una proteína de sacrificio susceptible a la oxidación (Williams et al., 2006). 

Asimismo, es posible que la regulación de Tc2-CysPrx sea a nivel modificaciones 

post-traduccionales. Por ejemplo, ya se ha descrito en levaduras y en líneas celulares 

humanas que la presencia de motivos de sobreoxidación en las Prxs 2-Cys típicas 

causa la inactivación reversible de la enzima en condiciones oxidantes, lo cual origina 

la inducción de genes de respuesta antioxidante, tales como el de la sulfiredoxina, 

enzima que restituye la actividad de la Prx, así como la inducción de genes de la 

respuesta global a estrés, tales como la GST-3 y las proteínas de choque térmico 

HSP9 y HSP16 (Wood et al., 2003a; Chen et al., 2003). Es posible que algunos de 

estos mecanismos estén presentes en Taenia. 



La arquitectura genómica compartida en los genes de céstodos presentados en este 

trabajo sugiere que la maquinaria transcripcional de genes codificantes en estos 

parásitos tiene similitudes a la de los mamíferos, y que los céstodos poseen secuencias 

Inr que sirven para posicionar el sitio de inicio de la transcripción. Este es el primer 

trabajo que describe la secuencia de un promotor en céstodos. Estos hallazgos 

proporcionan nuevas evidencias para futuras investigaciones de genes en ténidos de 

interés médico, las cuales podrían contribuir en el desarrollo de estrategias para su 

erradicación. 

 



 CONCLUSIONES 
 

• La arquitectura genómica conservada y la alta identidad a nivel de 

aminoácidos sugiere que Ts2-CysPrx y Tc2-CysPrx son genes homólogos. 

• Los promotores proximales de ambos genes tienen una caja TATA y una 

secuencia Inr, las cuales también están presentes en otros genes de ténidos. 

• En ambos genes el sitio de inicio de la transcripción se localizó dentro de la 

secuencia Inr, lo cual sugiere que dicha secuencia es funcional y que la 

maquinaria transcripcional de los genes codificantes en los ténidos es similar a 

la de los mamíferos. 

• Existe una interacción ADN-proteína entre la secuencia del promotor proximal 

del gen Ts2-CysPrx, la cual tiene una caja TATA y un secuencia Inr, y 

proteínas nucleares de T. solium. 

• Cisticercos de T. crassiceps tienen una CL50 para el H2O2 de 3 mM.  

• El patrón de expresión de Tc2-CysPrx sugiere que este gen es de 

mantenimiento para el H2O2 endógeno y que posiblemente participa como 

regulador redox, y no como un gen de respuesta antioxidante contra el H2O2 

exógeno. 
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A bsc r~cc The Tamia genus is capable of living for long 
periods wilhin ils hosls. Reports have shown Ihal Ihis 
successful establishment is relaled lO its efficienl defenr.e 
mechanisms agaim;t hosl immune response and ils high 
lolerance 10 oxidative stress. In Ihis work, we describe the 
genomic r.equences of one Tamia solirmr and Tamia 
crassiceps t)'JIieal 2-Cys peroxiredoxins (Tsl-C)'sPrx, Tel
C)'sPn) genes, which are 94% idenlieal in primary 
sequencc wilh lhe typieal 2-Cys Prxs calalytic motifs. Bolh 
genes have Ihe same genomic architecture, >howing a 
TATA box and Iniliator (lnr) r.equence in Iheir proximal 
promolcr, IWO exons split by a 67-bp l)'JIe 111 intron and 000 
unique Iran!iCriplion star1 site Ioealed inside lhe Inr. We 
show Ihal T. crassiceps cyslicerci are highly tolerant lo 
Hf)2 prcsenling a lelhal concenlration 50 of 3.0 mM and 
demonstrale Ihal lhe t)'JIieal Tc1-C)'sPrx gene is Tl()1 induced 
by H2Ú2, illowing a behavior of an anlioxidanl hour.ekeep
ing gene. This ,tudy describes for firsl lime Ihe gene 
strucrure of a l)'JIieal 2-Cys Prx in Ihe Tamia gen.us. 

lruroduccion 

Thc ce,t()de Tamia solirmr is Ihe causal agent of cysticer
cosis in humans and pigs. This parasile is prer.elll in mO,1 
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non-developed countries and massive human migralion has 
r,pread il 10 developed countries as well. The mO,1 severe 
fonn of lhe disear.e, neurocy,ticercosis, is of wortdwide 
importance due lO ils impacl in human health and econorny 
and although many efforts have been oriented lO parasile 
control or eradieation, il is ,tiU a public health problem; 
Iherefore. more ,tudies are needed lO fully lICCOIl1plish Ihis 
goal (Carabin el al. 2006). 

Several reports have shown Ihal lhe successful e,lab
liillmenl of this taeniid and Olher helminlhs in lhe host is 
relaled to ils evasion of lhe immune responr.e and ils 
antiox idanl defense (Alvarez el al. 2008; Ya<:a-Paniagua el 
al. 2008; Balra el al. 1993) II is known Ihal in lhe Taeniidae 
family of parasitic wonns the enzymalic anlioxidant syslern 
is composed by a Cu/Zn superoxide dismulase, Iwo 
glulalhione transfera.c,cs, a Ihioredoxin glutalhione reduc
tar.e, and o ne t)'JIical 2-Cys Peroxiredoxin (Yaca-Paniagua 
el al. 2008; Torres-Rivera a nd Landa 2008; Rendón el al. 
2004; Leid and Suquel 1986; Salinas el al. 1998; Salinas 
and Cardozo 2000; Li el al. 2004; BoniUa el al. 2008; 
Chalar el al. 1999). Peroxiredoxins (Prx) are anlioxidanl 
enzyrnes lhal reduce hydrogen peroxide (Hf)2) lO waler 
and a wide range of hydroperoxides lO Ihe corresponding 
alcohol (Rhee el al. 2005)_ They are classified in I-Cys 
Prxs and 2-Cys Prxs depending on if they use one or two 
cy,leines for eatalysis. The 2-Cys Prxs are further divided 
in typieal and atypieal regarding if lhey are dimeric or 
monomeric, rer,peclively. In human helminth parasiles, only 
typieal 2-Cys Prxs have been found and they have been 
characterized principally in lremalodes and nemalodes, hui 

in ceslOdes Iheir ,ludies are limiled. TIley are involved in 
redox ,tale balance (Sayed el al. 2006), signal and 
transcriplional regulalion (\Vood el al. 2003), and anlioxi
dant and parasile defenr.e (Li el al. 2004). For example, in 
Ihe trenlalode parasiles Schi.\'lo.\'oma mal1.\'oni and Schislo-
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oon·dcveloped oountrics aLXl massive human migration has 
spread it 10 dcvelopoo COllntries as welL The moSI severe 
fonn of 100 diseasc. nellmeyslicereosis, is of worldwide 
importance dile lO il$ impacl in human healLh and eoonomy 
and although many effons have becn oriemcd 10 par:H;ite 
oomml or eradication, il is ,liU a Pllblie health problern; 
thereforo, more sludies are noodcd lo flllly accomplish this 
goal (Carabin el al. 2006). 

Severa! reports have shown that lhe successfu! estab· 
li>hmenl of this lacniíd and othcr helminths in lhe hosl is 
related 10 ilS evasion of lhe immllne responsc and ils 
anúoxidanl dcfcL15e (A !varez el a!. 2008; Yoca·Paniagua el 
al. 2008; fialra et al. 1993) 11 is known that ;nlhe Taeniidae 
family of parasitie wonns lhe enzymatic antioxidam syslem 
is composed by a Cu/Zn Sllpcroxide dismu tase, IWO 
glutalhione transfcrases. a Ihioroooxin gluLathione roouc
LaSC. and one typical 2.(;ys Pemxiredoxin (Vaca·Paniagua 
el al. 2008; Torres·Rivera a nd Landa 2008; Rendón el al. 
2004: Leíd and Suquct 1986: Salinas el aL 1998; Salinas 
and Cardozo 2000: Li el aL 2004: Bonilla el al. 2008: 
Chalar el aL 1999). Pemxiredoxins (Pn¡) are antioxÍ<lanl 
enzymes IMI reduce hydrogen peroxide (HA) 10 water 
and a widc range of hydropcroxides LO the oorresponding 
alcohol (Rhee el al. 2005). They are elassified in I·Cys 
Prxs and 2-Cys Prxs dcpend ing on if they lL~e one or IWO 
cysteines for catalysis. The 2-G'ys Prxs aro funher divided 
in typica! and atypica! regarding if lhey are dimene or 
monomeric, respectively. In human oolminth parasites. only 
typical 2·Cys Prxs have been fOllrKl arKl they Mve bccn 
eharacterized pnncipalty in lrematodes arxl nematodes, bul 
in ceslodcs their .>lud ies arc limiloo. Thcy are involvoo in 
redox Slale balance (Sayed el al. 1006), signal and 
transcriptional regulation (Wood et al. 2003), and antiox i· 
danl and parasite defensc (Li et al. 2004). For example, in 
the trernatode parasites &lrú/OSQlIW 1I11"';'0"i and Sclri.wo-
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AbslraCI The ¡¡u",ia gcnus is eapable of living for long 
periods within ils hosls. Rcpons Mve soown Ihac this 
sllCcessful establisruncm is rclaled LO iLs efficienl dcfensc 

mechanísms againsl OOsL immune response and il$ high 
IOlcranoo lO oxidacive stress. In Ihis work, we describe lhe 
genornie scqucnces of oue Tamia smirmr and Taerria 

L'{"a!/sicep¡,' typical 2-Cys peroxiredoxins (T.I2-()'SPn:, 7<.'2-
C)'sPn) genes_ which are 94% idenlical in primary 
scqoonce with the LypicaJ 2-Cys PnlS eatalytic moLi[~. Both 
genes have LIle !ia111e genomie architecrurc, showing a 

TATA oox and luitiator (1nr) scquence in their proximal 

pmmotcr, IWO exons split by a 67-bp Iype ll! immn and OLlC 

unique Imnscription star1 site Iocatcd inside too Jnr. We 
soow that T. cra.uicep.~ eysticcrci are highly toleranl 10 

Hf)2 prcsenting a lemal eOllcentration 50 of lO mM and 
dcmonstrate that lhe Iypical n2-·C)'.~Pn: gene is 11()1 indllCed 

by H2Ú2_ showing a behavior of an amioxidanl hOllsckecp
ing gene. This smdy describes for first time the gene 
strucrure ofa typical2-Cys Prx in Ihe Taellia genus. 

J11Iroduc lion 

The cestode Ta<'llia .wli,mr is the causal agem of cysticcr
eosis in humans and pigs. This parasite is prcscnl in most 

Thi. wotlc wa< s upportcd by 1tK, en"",,;. Nacion:ll do Cicncia y 
Tec oologla (CQNACyT 80134)aoo Direcdln (]merol de AsW\lü< del 
I'clSOIlal Académico. UNAM (DGAI'A IN 207SQ7_3). FVP ,,'as 
supponed by CONACyT (195340) aud i< a SUIÓ."1 of I'OCR 
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11On-dcvelopOO CQulltrics ruxl massive human migration has 
sprcad it 10 dcvelopOO COllntries as welL The mo5t scvere 
fonn of the diseasc , lleull)cystÍ<:ercosis, is of worldwide 

iLnponance due lo il$ impacl in human hcahh and eoononty 
and a!tbough m3ny effons have bccn oriclltcd to parasite 
contml or eradication, it is Mili a publ;c health problcrn; 
thereforo, more sludies are needcd lo fully accomplish this 
goal (Carabin el al. 2006). 

Several reports have shown thal the successfu! estall-
1¡>IImenl of Ihis tacniíd aOO other helminths in lhe host is 
rclatOO to i1s cvasion of lhe ;mmune responsc and its 

antioxidant dcfcl15e (A!varcz ct al. 2008; Yoca-Paniagua et 

al. 2008; Batra et al. 1993) Jt is known that in the Taeniidae 
family of parasiLic wonns Ihe enzymatic antioxidam syslern 
is eomposed by a Cu/Zn supcroxide dismutase , two 
glutathione transfcrases, a thioroooxin glutamione roouc

tasc, and one typical 2-Cys Peroxircdoxin (Vaca-Paniagua 
et al. 2008; Torres-Rivera and Landa 2008; Rendón et al. 
2004: Leíd and Suquct 1986: Salinas el al. 1998; Salinas 
and Cardozo 2000; Li el aL 2004; Bonilla et al. 2008; 
Chalar et al. 1999). Pcruxiredoxins (PnI) are antioxidant 
enzymcs tMt reduce hydrogen peroxide (HA) to water 
and a widc range of hydroperoxides 10 the CQrresponding 

alcohol (Rbce el al. 2005)_ Thcy are dassified in I-Cys 
Prxs and 2-Cys Prxs dcpending on if they use one or IWO 
cysteincs for catalysis. The 2..(.'y5 Prxs are funher divided 

in typical and atypical regarding if lhey are dimeric or 
mOllomeric, respcctivcly. In human bclminth parasites, only 
typical 2-eys Prxs have been foulld alld they have bcen 
characterizOO principally in trematodes and IX'matodes, but 

in eestodcs thcir 5tudics are limitOO. Thcy are involved in 
rcdox state balance (Sayed et al. 2006), sigllal and 
transcriptional regu!atiOll (Wood et al. 2003), and antioxi
dant and parasite defensc (Li et al. 2004). For example. in 
the trematode parasites &lrislmiQlIlG mllll;'o"i and Schi.wr 



 

SOma japoniCllm, three typical 2-Cys Prxs have been 

cllaraclerized, of which Prxl is indoced unocr oxidam 
conditions, while Prx2 lUld Prx3 are housekeeping genes 
(Kumagai et al. 2006; Sayed and WiUilUllS 2004; Sayed et 
al. 2006). The silencing of typical 2-Cys Prxs genes with 
dsRNAi drastically illCreased parasite SC1\Sibility against H20 2 
(Sayed et al. 2006). 1be lack of catalase lUld lhe fact IIlat 1lO 

high H2Ú2-reducing activity glutathiooo peroxidase has been 
found in the PLatyhelmimhes phylum (CallalJan et al. 1988; 
Mei and LoVerde 1997) highlight the biological role of 
typical 2-Cys Prx as a rnajor source of H20 2 detoxification 
in lhese parasites (Pérez-Torres et al. 2002; Lu et al. 1998). 
Moreover, lhe localization of T so/i"m 2-Cys Prxs on the 
parasite tegument suggests IIlat lhey are in direct comact 

with lhe host immune response (Molilla-López et al. 2006). 

Here, we describe lhe genomic structure of a r soli"m 
and a Taenia crassiceps typical 2-Cys Prx geoo (nl
C)~.prx, Tc1-C)'sPrx) and show IIlat Tc1-C)'sPr.t is not 
indoced under oxidlUlt conditiollS. Additiollally, we show 
IIlat r crassicep.\· is highly resistlUlt lO H20 2. 

M aterials and method s 

Biological materials 

r soli"nJ cysticerci were dissected from naturally infected 

pork, washed Ihree times with sterile phospllatc-buffered 
saline (PBS), and stored at -70"C until use. r crassiceps 
WFU 51rain was cxtractcd from lhe pcriloncum of infccted 
BALBlcAnN female mice kiUed with COl lUld washed 
Ihree limes wilh sterile PBS (Everhart el al. 2004). 

Cloning of nl-C)~prx and Tc1-C)'sPr.t genes 

r soli"m lUld r crassicep.\· gellOmic ONA was extracted as 
described previously (Campos et al. 1990). Briefly 1.5 g 
cysticerci was digested with Proteinase K for 2- 3 h al 55"C 
in TRIS 50 mM, EOTA I mM, and sarcosyl 0.5%, followed 
by centri fugation at I ,000x g for 15 min, phenollchlorofonn 

extractions, and isoproplUlol precipitalion. EcoRI-digested 
r soli"nJ genomic ONA was used for the collStruclion of a 
A-ZAP library using lhe Uni-ZAP@XR vector System 

(Stratagcoo, La Jolla, CA, USA). One hundred lUld twenty 

IhouSlUld clones were screeood ovemighl at 60"C wilh a 
[a:_3lPJdCfP-labeled nl-C)'sprx probe comprising lhe 
complete complementary ONA (cONA) sequence of the 

gene labeled by nick-trlUlsLalion wilh rlUldom primers 
(Amersham Biosciences). After secondary and lertiary 
screenings, phage-positive clones were converted lO Blue
script plasmids using ExAssist helper pllage (Stratagene). 
Bacterial colonies comaining the pLasmid Bluescript were 
grown ovemight in LB lUllpicillin (lOO lJ.g/mL) medium. 
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Plasmid ONA was prepared with a!kaline Iysis standard 

melhod and sequenced on lUl autornated fluorescent dye 
ONA sequcncer ABI PriSlll moocl 373 (Perkin-Elmer, 
Applied Biosystems). r crassiceps l-C)'s Prx geoo cloning 
was dooo by polymerase chain reaction (PCR) lUllplifica
tion using 100 ng of parasi te ONA and primers desigood 
from 5' lUld 3' non-coding sequcnces of nl-Cy.~Pr.t 

(forward: 5,_- AAGCCAATGTGTT TAAGGCfAGG-6S_3, 

lUld reverse: 5,_705CAACCAGTT CAAAGAGTGGé"'s-3') 

with the following program: I cycle of94°C, 30 cycles of 
94"C for 30 s, 55°C for I min, 72°C for I min; lUld one 
fillal extellSion of 72°C 5 min. 1be PCR prodoct was 
cloned imo pCRlJ dual promoter (Invitrogen) and the 
plasmid preparation was scquenced as mentioood before. 

Putative trlUlscription factor binding sites were deter

mine<! wilh Ihe sequence analysis program PROMO: 
http://alggen.lsi.upc.es/cgi-bin/promo _ v3/promolpromoinit. 
cgi?dirDB=TF _ 8.3). 

TrlUlscription start site octennillation 

r soli"m and r crassiceps total RNA was prepared with 
TRlzol (Invitrogen) lUld used as template for trallScription 
start site (TSS) detemlination using the Smart RACE 
cONA Amplification Kit and Advantage 2 Polymerase 
Mix (Clontech). 80th 5' parasite Prx RACE fragments were 
lUllplified by PCR using reverse primer Prx6R (5'-AACA 

TCITTGAGTTCACCATCGACAA-3') lUld forward prim
er SMARTll (5'-AAGCAGTGGTATCAACGCAGAGTAC 

GCGGG-3?, foUowing lile manufacturer's directions. Thc 
5' fragmem of r solirmr actin pATó gene was done using 
the reverse primer PAT6R (5'-AGGGAGGGGAAGACAG 
CACGAGG-3') desigood fT()m the pAT6 gene (ClUllpOS et 
al. 1990) and SMARTIJ. The resulting blUld of each PCR 

reaction was cloned into pCRlJ lUld sequenced. 

Detemlination of r crassiceps viability under oxidative 
conditiollS 

After a preincurotion of 4 h in RPMI 1640 (Sigma) with 

5% C02 at 37°C, parasites were immediately incuroted in 
medium with 1- 7.5 mM of H20 2 for I h at the same 
conditiollS Afterwards, parasites were washed and incubat
ed in 0.2 mL ofpig bile diluted 1:3 in RPMI 1640 for 30-

60 min to evaluate scolex evagination, which was observed 
in an invened microscope (Nikon Eclipse TSIOO). 

Tc1-C)'sPrx messenger RNA expression 

Three difTerem groups of r crassiceps cysticerci were used 
for the expression studies: (1) in RPMI 1640 medium for O, 
1,4, and 24 h; (2) in medium with H20 2 (0.25, 0.5, 1, lUld 
2 mM) for 30 min; lUld (3) in medium with H20 2 I mM for 

soma ja¡XmiCllIIJ mrce Iypica! 2-G'ys PIXS llave bcen 
cllarackTÍzcd, of which PIX! is indoced under oxidam 
conrulions, while PIX2 and Prx3 are hoosekceping genes 
(Kumagai et al. 2006; Sayed :md WiUiams 2004: Saycd et 
al. 20(6). The silcncillg of t)'pical l-Cys Prxs genes with 
dsRNAi drastically increased parasite sensibilily againsl H!ú::>: 
(Saycd el al. 2006). "\be lack of catalase and lhe fact tllat no 
high H ~2-reducing activily glutalhione pcroxidase has bcen 
foond in thc Plalyhclminlhes phylum (Ca!lahan et al. 1988; 
Mei and LoVerde 1997) highliglu too biologica! role of 
typical 2-Cys PIX as a rnajor liOUI"CC of H2ú::>: detoxifica.tion 
in thcsc pamsilcs (Péroz-Torrcs et al. 2002: Lu et al. 1998). 
Moreover, lhe loca.lizalioll of r .ro/i,,", 2-Cys Prxs on thc 
parnsite tcgumenl suggesls tllat they are in direcl eOlllact 
with the hoSI immune response (Molina-López et al. 2006). 

Here, we de>cribc lhe geoomic stnlCture of a T. .wli'ln' 
aoo a TaelJia cro!¡sicep.~ Iypica.l 2-Cys PIX gene (¡;,.]

C)~.prx. Tc2-C)~'Prx) aoo show tllal Tc2-C)"SPrx is nOI 
indoccd under oxidanl oondilions. Addiliona!ly, we sllow 
tllal r cra~siceJ!s is highly resistant to H20 2. 

i\I~ luials 3nd methods 

Biological malerials 

r so/i,,,,, cy.1Íccrci were dissected from naturally infectcd 
pork. washed thrce úmes with sleri!e poospllale-buffercd 
saline (PBS), and slored al -70"C until use. r crassiceps 
WFU straitl was cxtractcd from the pcritoncum of infcctcd 
BALBlcAnN female mice kiUed wim CO~ and washcd 
Ihrec limes wim slerile PBS (Evcrhan et al. 2004). 

Cloning of Tsl -()"SPrx and Tc2-()'SPrx genes 

r .\"O/i,,,,, and r cras,'iceps genomic ONA was eXlracted as 
deseribed pR.'viously (Campos ct al. 1990). Bricfly 1.5 g 
eysúccrci was digested wilh PrOlcinase K for 2- 3 h al 55"(: 
in TRIS 50 mM, EOTA 1 mM. and saroosyl 0.5%, followed 
by ccntrifugalÍon al 1,000 '< g for 15 min, phenollehloroform 
eXlrnctions. and isopropano! precipiuúon. EooRI-digested 
r so/i,,", gellomie ONA was used for lhe oonstruction ofa 
A-ZAP Iibrary us ing the Uni-ZAP@XR veetor System 
(Slmtagene, La 101la, CA, USA). One hundred and tWellly 
loousand clones were sercened ovemighl al 60"C wim a 
[a_J2 P)dCTP_labcled Tsl-C)'sPrx probe eomprising the 
complele cornp!emenury ONA (cONA) scquence of the 
gene labeled by niek-Iranslaúon wilh random primers 
(AmeMam Biosciences). Aftcr secoooary and ternary 
scrcenings. phage-posiúve clones were convened to Blue
seript plasmids using ExAssist helper phage (Stralagenc). 
Bacterial oolonies oomaining me plasmid Bluescript were 
grol'.11 ovcrnighl in LB ampicillin (100 IlglmL) medium. 
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Plasmid ONA was prepared with a!kaline Iysis standard 
melood and slXJuenced on an automalcd flUOTCscent dye 
ONA SlXJucncer ABI Pri!>l1l modcl 373 (Perkin-Elmer, 
Applied Biosyslerns). r crassieep$ 2-C)'s fu gene eloning 
was done by polymerase chain reoclion (PCR) amplifica.
non using 100 ng of parasile ONA and primers designed 
from 5' and )' non-eoding sequences of "fl.ol-C)'jPrx 
(forward: 5,-- IISGCCAATGTGTT TAAGGCTAGG-6~-3' 
and reversc: 5,_70SCAACCAGTI CAAAGAGTGGcMs-3'l 
with me following program: 1 eycle of94Q C. 30 cycles of 
94CC for 30 S. 55Q C for 1 mino 72°C for 1 min: and one 
final e;.¡lensioll of 72°C 5 mino TOO PCR prodOCI was 
cloned inlo pCRII dual prolllOler (InvÍlrogen) and me 
p!asmid preparation was scqucnccd as melllioned before. 
Putalive transeription factor binding sites were deter
mincd with the sequcnce analysis program PROMO: 
http: //a!ggen.!si·lIJIe.es/cgi-bin/prOlno_v3/prornolpromoinil. 
cgi?dirOB""TF _ 8.3). 

Transcription stan sile delerminatiOIl 

r $oliunr and r crossicf'¡J$ lolal RNA was prepared wilh 
TRlzol (Invitmgen) and uscd as temp!ale for transcriplion 
!;Iart sile (TSS) delcrmination using the Sman RACE 
cONA Amplifica.úon Kit and Advantage 2 Polymerase 
Mix (Clonlech). 80lh 5' parasile Prx RACE fragments were 
amp!ified by PCR using revcrsc primer Prx6R (5'-AACA 
TGTITGAGTTCACCATCGACAA-3') and forward prim
er SMARTII (5'-AAGCAGTGGTATCAACGCAGAGTAC 
GCGGG-3'), foUowing the manufacturer's diR:C1ions. Thc 
5' fragmenl of r .wlirm' :lClin pATó gene was done using 
me rcvcrsc primer PAT6R (5'-AGGGAGGGGAAGACAG 
CACGAGG-3') dcsigned from lhe pAT6 gene (Campos ct 

al. 1990) aoo SMARTII. 1ñc resulting band of cach PCR 
reaction was cloned inlo pCRII and sequenced. 

Dctermination of r crassicqM viability under oxidative 
oonditions 

After a preincubatiOIl of 4 h in RPMI 1640 (Sigma) wilh 
5% CO! al 37°C. pamsites were immediatcly incubated in 
medium wim 1- 7.5 mM of H:P2 for 1 h at lhe same 
oonditions. Afterwards, parasites wero washcd and incubat
ed in 0.2 mL ofpig bile di!uled 1:3 in RPMI 1640 for 30-
60 min 10 evaluale soole;.¡ evagination. whieh was observed 
in an invened microsoopc (Nikon Eclipse TSIOO). 

Tc1-C)'.~Pr.( mcssenger RNA expre.sion 

Thrce differem grollJls of r crossicf'¡J$ cyslicerci were used 
for me e;.¡pression sludies: (1) in RPMI 1640 medium for O, 
1, 4. and 24 h: (2) in mcdium wim H2ú::>: (0.25. 0.5. 1, and 
1 mM) for 30 min: and (3) in medium with H20 , 1 mM for 

somo japoniCllIIJ , Ibrce Iypica! 2-(.'ys Po.:s llave bcen 
cllarnckrizcd, of which Po.:! is indoca! undcr oxidant 
conrulions, while Po.:2 and Prx3 are hoo>ckceping genes 
(Kumagai et al. 2006; Saya! alld WiUiams 2004: Sayro et 

al. 20(6). The si!cncillg of t)'pical 2-Cys Po.:s genes with 
dsRNAi drastically increasa! parasite scnsibilily against H!Ú:2 
(Saya! et al. 2(06). The lack of catalase and the fact tllat no 
high H~(h-ra!ucing activity glutathione pcroxidase has bccn 
foond in thc Platyhelminthes phylum {CaUahan et al. 1988; 
Mei and LoVerde 1997) highliglu lhe biologicaJ role of 
¡ypical 2-Cy1; Po.: as a major >ourcc of H2Ú:2 detoxification 
in tllcsc pamsitcs (Péroz-Torrcs et al. 2002: Lu et al. 1998). 
Moreover, lhe localizalioll of r .wlillm 2-Cys Prxs on thc 
parasite tegument suggests tllat tbey are in direct eontact 
with the !losl immune response (Molina-López et al. 2(06). 

Here, we oc>eribe the geoomic structure of a T. ,wlirlnJ 
and a Taenia cfflssiceps Iypical 2-Cys Po.: gcne (n·]
C)"sPrx. Tc2-CysPrx) and silow that Tc2-C)-sPrx is not 
indocoo under oxidanl oondilions. AddilionaUy, we show 
tllat r cnL~siceps L~ highly resistant to H20~. 

i\l at u ials and meth ods 

Bioiogical maleríals 

r solir"'J cysticerci were dissected from natlll1l11y infecta! 
pork. washed thrce úmes with sterile phosphate-buffera! 
satine (PBS), and slora! at -70"C until use. r crassiceps 
WFU straitl was cxtractcd from lhe pcritoneum of infcctcd 
BALBlcAnN fema!e mice kiUa! wilb CO~ and wasila! 
Ihrec times wilb sterite PBS (Evcrhan et al. 2(04). 

Cloning of Tsl-<.)-sPrx and Tcl-C)"s Prx genes 

r .\'Olir"'J and r crassicep.~ genomic ONA was eXlracted as 
described p!\'''Viously (Campos ct al. (990). Bricfly t.5 g 
cysúcerci was digesta! with PrOleinase K for 2- 3 h at 55"(; 
in TRIS.50 mM, EOTA I mM. and saroosyl 0.5%, followa! 
by ccntrifugation at 1,000 0< g for 15 min. phenollchloroform 
extrnctions. and isopropanol precipiuúon. EooRI-digested 
T. solir,"J genomie ONA was used for 100 oonstruction ofa 
A-ZAP library us ing the Uni-ZAP@XR vector System 
(Stmtagene, La Jolla, CA, USA). One hundred and twenty 
lhousand clones were sercened ovemighl al 60"C wilb a 
[a_llP)dCTP_labcloo Tsl-Cy sPrx probe comprising the 
completc complerncnury ONA (cONA) scqucnce of too 
gene labeled by niek-translaúon wilh random pri mers 
(AmeMam Bioscienees). Aftcr secondary alld ternary 
sercenings, phage-positive CIoIlCS were convena! to B!ue
seript plasmids using ExAssist helpcr pllage (Stratagcne). 
Bacterial oolonies comaining Ihe plasmid Bluescript were 
gn;lI'.TI ovcrnighl in LB ampicillin (tOO IlglmL) medium. 
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Plasmid ONA was prepared with alkaline Iysis standard 
mclhod and scqocnced on an automaloo flUOTCscent dye 
ONA scqllCocer ABI Prism modcl 373 (Pcrkin-Elmer, 
Applied Biosysterns). r crassieep~·l-{')'S Prx gene cloning 
was done by polymerase chain reaction (PCR) anlp!ifica
tion using 100 ng of parasi te ONA and primers designed 
rrom 5' and 3' non-eoding sequenccs of Tsl-C)"jP rx 
{forward: 5,_- BSGCCAATGTGTT TAAGGCfAGG-6g-3' 
and reversc: 5'-~CAACCAGTT CAAAGAGTGGc;6Ss-3') 
with Ibe following program : I cycle of94Q C, 30 cycles of 
94CC f()T 30 s. 55°C for I min. 72°C for I min: and one 
final extcnsion of 72°C 5 mino TOO PCR prodUCI was 
clona! inlO pCRll dual promoter (InvÍlrogen) and Ibe 
plasmid preparation was scqucnced as mentioned before, 
Putative transcription factor bindillg silcs were deter
mina! with thc scquence analysis program PROMO: 
http://alggen.lsi.upe.es/egi-bin/promo_v3/promolpromoinil. 
cgi?dirDB"'TF _ 8.3). 

Transcription stan site dctermination 

r $olillm and r crossice¡J$ lolal RNA was prepared wilh 
TRlzol (Invitrogen) and liscd as tcmplate for transeriplion 
!;Iart site (TSS) detcrminaúon using the Sman RACE 
cONA Amp!ificaúon Kit and Advantage 2 Polymerase 
Mix (Clontech). Both 5' parasite Prx RACE frngments were 
amplified by PCR using revcrsc primer Prx6R (S'-AACA 
T(.TITGAGTTCACCATCGACAA-3') and forwaru prim
er SMARTll (5'-AAGCAGTGGTATCAACGCAGAGTAC 
GCGaG-3'), foUowing the manufacrurcr's din:ctions. Thc 
5' fragment of T. .\"Olirll11 aclin pAT6 gene was done using 
Ibe reverse primer PAT6R (5'-AGGGAGGGGAAGACAG 
CACGAGG-3') dcsigned from 100 pAT6 gene (Campos et 
al. (990) and SMARTII. 1ñc resulting band of cach PCR 
reaction was eloned ¡nto pCRJI and sequeoced. 

Dctermination of r crassicep.~ viabiliry under oxidative 
oonditions 

After a preincubation of 4 h in RPMI 1640 (Sigma) with 
5% CO2 at 37"C. pamsites were immediatcly rncubated in 
med¡um wilb 1- 7.5 mM of H:P2 for I h at 100 same 
oonditions. Aflerwarus, parnsitcs were washcd and iocubat
ed in 0.2 mL ofpig bile diluted 1:3 in RPMI 1640 for 30-
60 min 10 evaluate soolex evagination. whieh was obscrved 
in an invenoo mierosoopc (Nikon Eclipse TStOO). 

Tc1-C)'.~Pr.( mcssenger RNA expre>sion 

Thrce different groups of r cros.\'icep~· cysticerci were used 
for Ibe exprcssion sludic5: (1) in RPMI 1640 medium for O, 
1,4, and 24 h; (2) in medium wilb H2Ú:2 (0.25, 0.5. 1, and 
2 mM) for 30 min: and (3) in mcdium with H20 , I mM for 
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0,0.5 , 1,2,3, and 24 h. Gmups 2 and 3 were preincubaled 

4 h as melllioned before the addition of the medium with 
Hf)2. Messellger RNA expression was dctemtiocd by 
rcversc transcriptase (RT)-PCR with Olle Step RT-PCR kit 
(Invitrogell) using I Ilg of r crassiceps lotal RNA lelllplate 
alld pnmers PRX-3 (5'-CTCCGTGGTCfCITTATCA-3? 
alld PRX-9R (5'-CTATCTTGAGCTCATGAACG-3') lO amO. 

pliJY 2-Cys Prx. Likcwisc, ~-actin amplification was done 
with primcrs PAT6-5' (5'-TCCGGTATGTGCAAAGCC-3? 
alld PAT6-3' (5'-GTGATGCCAGATCTTCfCC3'). Empin
cally, we detconiocd that in 30 cyclcs ofPCR anlpliflCation all 
lhe anlplicollS wcre within me lillear range of product 
formation and did llOt platcau as a salurated prodllCl. 1be 
program uscd in all reactiollS was 50"(: for 30 min for revcrse 

lranscripta<;c reaction and 30 cyclcs of94°C for 30 s, 5O"C for 

I min, of 72°C for I min; and final cxtcnsion of 72°C 5 min 
for PCR reaction. Amplicons were visualized by cLectropho
rcsis in 2% agarosc gcLs staiocd with ethidium bromide. 

Tc2-q~·Prx protein cxprcssion by We,tcm blot 

Prerncubated r crassiceps cy,ts wcre irx:ubated in RPMI 
medium with H20 2 (O, 1, alld 2 mM for 30 min) and used 10 
prepare cmdc protein exlTacts. ApproximatcLy 60 mg of tis.<rnC 
was sonicated four timcs at 40 W for I min lcaving I min on 
ice betwccn cach pul<;c in 500 IlL of Iysis buffer (urea 8 M, 
C HAPS 0.5 M, pcpstatin 111M, lcupcplin 0.6 11M, phellyl

mcthancsulfony l tluoridc 0.2 mM, OTT 0.5 mM). Olle 
hulldred microlitcrs of lhe parasite su,pcllSion was punfled 

with 2-0 Clean-Up Kit (Arnerillam) following the manufac
turer's instructiollS. The resulting pcLlcts containing the total 
crude proteins wcre resu>pC1lded in 100 IlL alld centrifuged at 
12,oooxg for 5 min at 4"(:. 1be supcmatant was quantifled 
by lhe Bradford mcthod, aliquoted, and stored umil use at 

-20"C. Protein cxlTact (15Ilgllane) integrity was dcterntiocd 
in 12% sodium dodccyl sulfate polyacrylamide gel electro
phoresis (SOS-PAGE) with 2-mcrcaptocthanol and ,taiocd 
wim COOIl\a<;;;ie bloo. For Wc>tcm blol, 12% SO$-PAGE gels 
with 2 pg of protein cxtracts pcr millimeter of talle wcre 
IrallSferroo lO PVOF melllbranes (Towbin ct a l. 1979). 

Membrancs were incubated with rabbit scrum anti-nl
C)'sPrx (1:1,000) or rabbit anti-~-actin (Abcam, 1:2,000), 
washed, and illCUbated with pcroxidasc..conjugated anti-rabbit 

IgG. Boulld antibodies wcre revcaled with 3,3'-diantinoben
zidine aoo 1% H 20 2. 

R l"iults 

Analysis of 2-Cys Prx gene structure 

The nl-C)'sPrx and Tc1-q~.prx gellCS wcre cloned frOlll a 
genomic A-ZAP library and by PCR using genomic ONA, 

re>pectively. 1be genomic scqucnccs of both gellCS were 

deposited in GellBank ullder acccssion nurmers FJ621569 
and FJ621570, rer.pcctivcLy. 80th Prxs have me t)'pical 2-Cys 
Prxs catalytic molifs ~7FVCpYl, I6SEVCP I7I for nl-q~·Prr, 
and 46FVCp49, 167EVCP170 for Tc1-C)'sPrx), where aminQ

terminal catalytic and rcsolvrng carboxy-tcmtinal cy,teincs 
are Iocated. TIlcy also have residues and motifs similar lo that 

reported for pho>phorylation in SIIS and overoxidation in 
92GGVQ~ and 191 FMI92 in nl-C)'sprx and in Tcl-C)'sPrx in 
S81, 9IGGVQ9., and 19'1'M 191 (Wood el al. 2003). As scm in 

Fig. 1, scqucllCe analysis showed that both proximal 
promotcrs have a TATA bol<. and an Initiator (lnr) sequcnce, 
as well as pulative billding sitcs for NF-I (at -62 alld -65 pb 
for nl-C)'sprx alld Tc1-q~.prx, rer.pectivcLy). Nrf-2 (at-46 

and -153 for rd-q~·Prx and at -49 for Tcl-q~·Prx), alld 

Spl (at -275 for nl-q~prx). Jt is intcresting 10 llOte that 
bolh gellCS contain lhe -3 and +4 guanilles (in rcspect to the 
ITallSlation ,tan codon; gNNATGQ) dcscribed by Kozak to 
be translation ellharx:crs (Kozak 1987). 80th genes had Iwo 
cxons scparated by one small typc Jll illtron of 67 bp lhat has 

NGT-AGN donor-acccptor sitcs placed in codon 102 for rd
C)'sPrx and 101 for Tc1-C)'sPrx. Sequcnce analysis of both 
illtrons >howed a putalive UI recognition sequmce (nl
C)'sPrx: IssGTGAGTI60; Tcl-C)'sPrr. I60GTGACfI65; num

bering f1"Olll the fi!">t Ira1l-'iC1"ibed nuclcotide, sce bcLow) 
>panning the donor site (undcrliocd), and a pyrimidine-rich 
ITact for Ul Associated Factor (U2AF) billding (nl-q~·Prr. 
Yl4.yTACGTTGCTCTTCCfAG22I

; Tc1-CysPrx: YI&YAG 

CGTTGCTCTTCTTAGm ) po>itioned in the acceptor site 

(ulldcrliocd). For Tsl-q~Prx, cxon I is 134 pb alld cxon 2 is 
454 pb, while cxon I alld 2 of Tc1-C)'sPrx are 131 alld 
454 llt. 

Tran!iCnption slart site 

Analysis ofthe scqUCllCCS k:lcated up>tream ofthe ATG in 
nl-C)'sPr.t and Tc1-C)'sPrx illdicated the prescllCe of an 
Inr scqucllCe and a TATA box. To localize the TSS in both 
genes, we pcrfornted 5' RACE cxperimellts and scquellced 
of the anlpliflCd prodocls of nl-C)~prx and Tc1-C)'sPrx. 
1be TSS in nl-C)'sprx was mapped 20 nt up>tream of the 
tTanslation ,tart codon (ATG), whcrcas in Tcl-C)'sPr.t it 
was Iocated 27 nt upstrcam of the ATG. In both cascs, the 

TSS colTC>ponds lO an A located within Inr sequcllCe 
(TG~ATTCC, for nl-C)'sPr.t and TG~ATCC for Tc1-
C)'sPr.r, whcre lhe ~ is lhe fi!">t tTanscribed nucleolidc; 
Fig. 1). Further scquellCe analysis showed that the lnr and 

TATA sequences of nl-C)'sprx and Tcl-C)'sPrx are 
COllScrved in the Ce>toda gellCS, such as r solium actin 
genes pAn alld pATó, as well as lo lhe Echinococcus 
gra/lIllosus actin gelles EgaClI alld t.gaclll (Campos ct al. 
1990; da Silva et al. 1993); moreover, lhe nucleolide 
di>tance betweell both clCIIlelltS is COllScrved in all the 
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0,0.5, 1.2,3, and 24 h. Groups 2 and 3 were preincubated 

4 h as memioned before !he addition of!he medium with 
H~2. Messenger RNA exprcssion was detcmúocd by 
reverse lraru;criptase (RT)-PCR wi!h One Step RT-PCR kit 
( lnvilrogen) using I Ilg of T. Cro."lSiCl "{J.f total RNA template 
a1Jd primers PRX-3 (5'-C.-iCCGTGGTCf<..TITATCA-3? 
aOO PRX-9R ($'-CiATCTIGAG<..iCATGAACG-3') to am

plify 2-Cys Prx. Likewisc, ~-actin amplification was done 
with primer.; PAT6-5' (5'-TCCGGTATGTGCAAAGCC-3? 
aOO PAT6-3' (5'-GTGATGCCAGATClTCfCC-3'). Empiri
eaUy, we detenniocd!hat in 30 cyeles ofPCR ampliftcation aU 
lhe amplioo1lS werc wi!hin !he linear range of product 
fonnalion and did oot platcau as a salUrated prodUCL Thc 
program used m alJ reactions .... 3S 50«; for 30 min for reverse 

lranscriprasc reaction and 30 eyeles of94°C for 30 s. 5O"C for 

I min, of 72°C for I min: and fmal extcnsion of 72°C 5 min 
for PCR reaction. Amplicons were visuaJized by elcctropho
resis in2% agarosc gels staiocd with e!hidium bromidc. 

Tc2-C)~'Prx protein cxpression by Westero blot 

Preincubated T. cras!iicel~" cysts werc incubated in RPMl 
medium with H20! (O, 1, aOO 2 mM for 30 mm) and used to 
prepare crude protcin extracts. Approximatdy 60 mg of lissuc 
was sonicated four limes at 40 W for I mm leaving I min on 
ice betwccn each puL'iC in 500 IlL of Iysis buffer (urca 8 M, 
CHAPS 0.5 M, pepstatin I ¡tl-.1, Icupcptin 0.6 11M. phenyl

mcthanCSIIlfonyl f100ride 0.2 mM, OTT 0.5 mM). One 
huOOred microJitcrs of lhe parasite suspe1l5ion was purifted 

wi!h 2-D Clean-Up Kil (Amersmm) folkming thc manufac
lurer's instructio1lS. The rcsutting pellels eontaining !he total 
erude protcins werc rcsuspcnded in 100 IlL aOO centrifuged at 
12,OOOxg for S min al 4"('. Thc supernatant was quantiflCd 
by lhe Bradforu mcthod, aliquotcd, and storoo until use at 

-20"C. Protcin CXtTact (15Ilgllanc) integrity was &.."1ennincd 
in 12% sodium dodecyl sulfate polyacrylamide gel electro
phoresis (S05-PAGE) wilh 2-mercaptoethanol and staincd 
wi!h Coomassie blllll. For Weslcm blot. 12% SO$-PAGE gels 
wi!h 2 pg of protein exlraets per núUimcler of lane werc 
transferroo to PVOF membraoos (Towbin ct al. 1979). 

Membranes were ineubated wilh rabbit scrum anti-nl
CysPrx (1:1,000) or rabbit anli-l3-actin (Abcam.. 1:2,000), 
washcd, and incubated with peroxida>c..oonjugated anti-rabbit 

IgG. l3ouOO antibodies were reveakxl wilh 3.3'-díaminoben

zidine aDd 1% H~2' 

Resu tls 

Analysis of2-Cys Prx gene strucrure 

The Tsl-CysPrx and Tc2-q~.prx genes werc doned from a 
genomic h-ZAP librat)' and by PCR m;ing genomic ONA, 

rcspectively. Thc genol11ic scqucnccs of bo!h genes were 

dcpositcd in GenBank uOOcr accession nulJ'bcrs F1621S69 
and F1621570, respcaively. 80th Prxs Mve !he t)'pical 2-Cys 
Prxs catalytic motifs (7FVCFO, 161:1EVCp171 for Tsl-CpPrr. 
arxl 46FVCp49, 167EVCp170 for 7i.'2-C)'sPrx). where amin<l

ICmÚnal catalytie and rcsolving carboxy-tenninal cysteines 
are Iocated.1bcy also have rcsidocs and motifs similar lo lhal 

n.-porlcd for phosphot)'lalion in Sl!!l and overoxidation in 
92CCVQ9S and 191 FMI92 in nl-Cy.~Prx and in Tc2-C)'sPn in 
SIl7, 91 CGVQ94, and 19~M 191 (\\'ood et al. 2003). As >cm in 

Fig. 1, scqucnce analysis showcd !hat both proximal 
promoters have a TATA box and an Iniúator (lnr) sequcnce, 
as wdl as putative biOOing s ites for NF-I (at -62 aOO -65 pb 
for 7S2-C)'sPrx aOO Tc2-CysPrx, res:pectively). Nrf-2 (at-46 
and -153 for n2-q~.prx and al -49 for 7i..'2-q~.prx). aOO 

Spl (at -275 for T!,2-CysPrx). h is intcrcsting to note !hal 
both genes eontain lhe -3 and +4 guanines (in respecl lO !he 
translation stan cOOon: QNNATGQ) dcscribed by Kozak to 
be lranslation enhaocers (Kozak 1987). 8o!h genes had Iwo 
cxons scparated by one small type 1lJ mtron of 67 bp tMt has 

NGT-AGN donor-acccptor siles placed in eodon 102 for n2-
C)'sPrx and 101 for r..2-C)~·Pr.(. Sequence analysis of bolh 
mtrons sho ..... ed a putative U I recognition scqurnce (n2-
C)~'Pl'x: IssCTGAGTI60; Tc2-C)'sPrx: 160GTGAcrl6$; num

bcrmg from !he first transcribcd nucleotidc, see bdow) 
spanning thc donor site tundcrtincd), and a pyrimidine-rich 
tract for U2 Assoeíated Factor (U2A¡'l binding (Ts2-C)~'Prx: 
2O~TACGTTGCTCTTC<"TAGnl; Tc2-CysPrx: 2OlI-¡-AC 

CClTG<"iC1TcrrAGm ) positioned in thc acceplor site 

(undcrlincd). For TSl-C)'sPrx, CXOl1 I is 134 pb aOO CXOl1 2 is 
454 pb, while cxon I and 2 of Tc2-C)'sPrx are l31 aOO 
454 nI. 

Transcriplion start sile 

Analysis of lhe scqucnces Iocated upstream of the ATG in 
Ts2-C)".,·Prx and Tc2-C)~.p1'X iOOicatcd lhe prescnce of al1 
Inr ;;equcnce and a TATA box. To localize lOO TSS in both 
genes, we perfomled 5' RAeE experiments and sequenced 
of !he ampliftcd products of Tsl-C):'iPrx and Tc2-CysPrx 
Thc TSS in Ts2-C)'.fPn: was marred 20 nI upstrearn of!he 
tran,lalion stan codon (ATG), whcreas in r..'2-C)'sPr.l il 
was Iocated 27 nt upstrearn of me ATG. In bo!h cases, !he 

TSS colTcsponds to an A localed wi!hin lnr sequcnce 
(TG~TICC, for n2-C)'sPrx and TG~ATCC for Tel
C)'sPrx:. whcre the ~ is the first Iranscribed nucleotide: 
Fig. 1). Fur!her >cquence analysis showed !hal !he lnr alld 

TATA sequences of Tsl-C)'sPrx and Tc2-CysPrx are 
oonserved m !he Ce5loda genes, sueh as r solium actin 
genes pAn aOO pATó, as welJ a~ 10 too EdrillocOCClL" 

graI1UIl).~I13· aclin genes Egactl a1Jd fo.gaclll (Campos et al. 
1990:. da Silva el al. 1993):. moreover. the nucleotide 
di>1ance bctween bOlh elemems is oonscrved in alJ !he 
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0,0.5, 1,2,3, and 24 h. Oroups 2 arxl3 were preincubated 

4 h as memioncd before !he addition of!hc medillm wi!h 
HA. Mcssengcr RNA exprcssiOll was ootcmúocd by 
rcverse traru;criptase (RT)-PCR wi!h One Stcp RT-PCR kit 
( lnvitrogcn) using I Ilg of T. CroSSiL·lp.f total RNA templatc 
a1Jd primers PRX-3 (5'-CTCCOTGGTCf<..TITATCA-31 
aoo PRX-9R (5'-CTATCTIOAOCTCATOAACG-3') to am

plify 2-Cys Prx. Likewise, ~-actin amplification was done 
with primcrs PAT6-5' (5'-TCCOGTATOTGCAAAOCC-31 
aOO PAT6-3' (5'..QTOATGCCAOATCTICfCC-3'). Empiri
caUy, we dctrnniocd!hat in 30 cycles ofPCR ampliflCation aU 
the amplioons were wi!hin !he linear range of product 
fonnaliOIl and did not platcau as a saturatcd prodllCL Thc 
program used in all reactions .... 1IS soec for 30 min for reversc 

transcript.aoo reaction.and 30 cycles of94°C for 30 s_ 5O"C for 

I min, of 72°C for 1 min: .and fmal extcnsion of 72°C 5 min 
for PCR reaction. Amplioons were visualized by clectropho
rcsis in2% agarose gcls staiocd with c!hidium bromidc. 

Tc2-C)~'Prx protcin cxpression by Westero blot 

Preincubaled T. crassicep.,· cyst5 were incubated in RPM1 
mcdium with H20~ (O, 1, a1Jd 2 mM for 30 mm).and uscd lO 
prepare cm&: protcin extracts. Appmximatcly 60 mg of lissoo 
was sonicatcd four limes at 40 W for I min leaving 1 min 0Il 
ice betwccn each pulse il1 500 IlL of lysis buffer (urca 8 M, 
CHAPS 0.5 M, pepstatin I 1lM, lcupcptin 0.6 11M. phenyl

mcthanCS\llfonyl f100ridc 0.2 mM, OTT 0.5 mM). One 
hundred microlitcrs of lile parasite suspe1l5ion was purified 

wi!h 2-D Clean-Up Kit (Arncrsham) folkw.il1g thc manufac
lurer's instructio1l5. The rcsulung pclkts cOl1tail1ing !he IOtal 
crudc proteins were rcsuspcndcd in 100 IlL and cemrifuged at 
12,OOOxg for S min al 40('. Thc supernatallt was quantiflCd 
by lhe Br.adfoRl mcthod, a1iqooted, and 51Oroo until use at 

~20"C. Protcin extTact (15Ilgll.anc) integrity was <k'lcnnincd 
in 12% sodillm dodccyl sulfate poly.acrylamide gel electro
phoresis (S05-PAOE) wilh 2-men:aploethanol and staincd 
wi!h Coomassie bloo. For We>tcm blot, 12% SO$-PAOE gels 
wi!h 2 pg of protcin exlraet, per núUimcter of 1aoo were 
transferroo to PVOF membranes (fowbill el al. (979). 
Mcmbranes wcre incubatcd with rabbit !iCnlm anti-Tsl
C)'sPrx (1:1,000) or rabbil anl i-J3-actin (Abcam.. 1:2,000), 
wasOO:l, and incubated with peroxid.a>c..conjugatcd anti-rabbit 

IgG. Bound anubodics were reveakxl with 13'-diaminobcn

zidine aDd 1% H:P2' 

Rcsu lts 

Analysis of2-Cys Prx gene strucrure 

The Tsl-CysPrx and Tc2-q~.prx genes were cloned frOlll a 
genomic h-ZAP librat)' .and by PCR U.il1g gcnomic ONA, 

rcspecuvely. Thc geool11ic sequcnces of bo!h gelles were 

dcpositcd in OellBank undcr accession nutmcrs F1621569 
.and F162 1570, respeaively. 80th Prxs have !he t)'pical 2-Cys 
Prxs catalytic motifs ("FVCFO, '6I:IEVCP'" for Tsl-C)'sPrx; 
arxl 46FVCp49, '67EVCp'70 for 7i.'2-CysPrx). where amino

terminal catalytic and resolving carboxy-tenninal cysteines 
are locatcd. Thcy also have rcsidoos.and motifs similar lo lhat 

ll.'JXlrted for phospoot)'lation in S88 .and overoxidation in 
>nOGVQ9S and '9'FM'>n in 7'sl-Cy.tPrx.and in Tc2-C)'sPrx in 
SIl7, 9'OOVQ94, and '9~M'9' (Wood et al. 2003). As >cm in 

Fig. 1, scqucoce a nalysis showcd !hm both proximal 
promolers have a TATA bo:l: .and an Initiator (lnr) sequcnce, 
as wel[ as pulative binding s iles for NF-I (at -62 aOO -65 pb 
for T.d-C)'sPrx and Tc2-CysPrx, res:pectively), Nrf-2 (at-46 
.and ~153 for Ts2-q~.prx and al -49 for 7i.:2-q~.prx), .lOO 

Spl (at -275 for T!,2-CysPrx). lt is intcresting 10 note !hm 
hoth gelles cOl1tain lhe -3 and +4 guanines (in rcspccllo !he 
translation stan cOOon: QNNATOill dcscribcd by Kozak to 
be Iranslatiol1 enhaocers (Kozak (987). 8o!h genes had Iwo 
cxons scparatcd by one small type Jtt introl1 of 67 bp that has 

NOT-AON donor-acccptOT sítes placed in codon 102 for Ts2-
CysPrx.and 101 for Ti:l-CysPr.l. SeqllC1lCe analysis ofholh 
mtrons sho ..... ed a putauvc U I recognition sequmce (Ts2-
C)~'Pl'x: ,ssOTOAOT'60; Tc2-C)'sPrx: '600TOAcr'6$; num

bcring from !he first lranscribcd nllClcotidc, see bclow) 
spanning the donor site tundertincd), .and a pyrimidine-rich 
trael for U2 Assocíatcd Factor (U2Al-l binding (Ts2-C)~'Prx: 
~~TACOTTGCTCTTC<"TA02~'; Tc2-C)wPrx: ~s.¡-AO 
COTIG<..TC1TCITAOm ) positioncd in thc acceplor site 

(undcrlincd). For 7S1 -C)'sPrx, exon I is 134 pb and exon 2 is 
454 pb, while exOll I and 2 of Tc2-CysPrx are t3 I and 
454 nI. 

Transcriplion slart 5ite 

Analysis of the seqoooces Iocatoo upstream of lhe ATO in 
Ts2-G)'.,·Prx and Tc2-C)"sPrx indicatoo lhe prescoce of al1 
lnr seqoonee and a TATA box. To loealize too TSS in both 
genes, we perfonncd 5' RACE experimc11t5 and sequcnced 
of !he ampliflcd prodllCts of T".l-C):'iPn and Tel-CysPrx 
Thc TSS in Ts2-C)".fPn: was mappcd 20 nI up,trearn ofthe 
translation S1llM codon (ATO), wbereas in Ti:2-C)'sPr.l il 
was Iocatcd 27 nt upstrcam of the ATO. 111 bo!h cases, !he 

TSS corrcsponds to an A locatoo wi!hin Jnr sequcnee 
(TO~TICC, for Ts2-C)'sPrx and TO~ATCC for Tel
C)'sPrx:. whcre the ~ is tbe tirst transcriboo nllCleotioo; 
Fig. 1). Fur!her >cqucoce analysis showcd !hat !he lnr and 

TATA scqucnces of Tsl-C)'sPrx and Tc2-CysPrx are 
oonserved in !he Ccstoda genes, SIIch as T. solillnl actin 
genes pAn and pATó, as well as 10 the &hi"OCOC(:1L" 
granulo.\'1lS actil1 genes Egactl a1Jd fo.gaclll (Campos et al. 
1990:. da Silva el al. (993): moreover. the nuclootide 
distancc bctween bOlh clc111ents is conscrvoo in al! !he 
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To AAA Lo.eAoorTe • ,OC"IO V "'Ot.G. " 
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.~! ." ...... __ .". !1.2.~ ...................... . 
'ro G:rw.TCCTCTTCT'TC'T~oo::MTCGAC':"T~G"GTCJ.GGCT""TTTGTnTMOCAGAAT=c""==T""AGTUCGT=CT=..:A<XTrCG':'CT<>X<XJ.CTG"",,T 1'5 
're GTG"TCCTCTTCT'TC'T .. =~TCGA,.,. .... G"GTCGT""T""n .. ,.,..".TMGCGGAGT=T""'J'CA=T""AGT>JJCGT=CT=..:A<XTrCG':'CTOTCCCJ.CCGAG~T 1'9 
'r. V 1 , r r T • " O r-- T • ve . TI: 53 
~ ~ 

'r. ""T=TTTCAACG"TCGTGCT"':TO""""'CG>.="T=TCCC"OC=TT=T<>'!'TC~CCCJl.TTC>.GCCT"C""':'CJI.=C"TCG"""""CGT ... =G..,...,.G"""OTeO 365 
To MT=TrCMCGATCOTGCTOA,OAG"",<XA=G,==CAOCT'CCnOCC=AACCCJI.:rTCAOCTTATro"""""",,OCOTCG-.GCAACGTO",,CC.AANiG~TG:;TOO )69 
To IAT"DRAGErHQ~GCQ •• "C'TD'AT'HL'~"""'"~E ~ . )) 
To D , .0 n 

To TGT'TCAAOOCJ\TGAAMoY"l'OO""""=A":A<XAA'XAG""AATC'TCAG=AGTACG:;CGT!\CTGATCGAOOMeNlOO:roTTGCTCTCCClCGGTCTCr'T''l'CA'T\lA''''''TAA .!5 
To T"","""",OOCJ\TG"""~Y"I'OOT"""=OCCGA"CGMCC""""AATC':"COCOC"ACTACG'CGT!\CTG"'I'C""OOA"CAAGGCG,,","C=C"""" TcrCT""~TCATC"""G,,!AA 1!9 
To v Q G H ~ I • M L " o T N H " I , " o T G V o , I I Q G " A , ~ G L f I , o o ~ 113 
~ " 132 

oGGCATt =oTCAAATCAccAT(;MCoAtTTOCCCC,.,.ihT=TGCGTeOATGAGeCtcfOO:==G.>.CGCct'!'COlG'l'TCACGGiltAAGCIlTooCOAGGT .... OCCIXCCC'"' 605 
OGGC(;TT=TC"""TC"cc .. nAAf:oAC"!"TGCCTG"""T=TGCGTeO"TG""eCtcf=IX1'''G.>.CGCct'!'lXJ<G'l'TCACl)G.>,c",,",,,cooCO''oo~CC'''' 60) 

G IL ~ ~ ¡ r "O L' G" C v n ~ AL" 1, LO" r ~ r T O • H e ~ y e . .. w 113 
m 

'r. TTGCCGC=GA1OJI.MXTTT'CAAACCGM':'CCGGGTGlIT'l'I'GAAGTCGT'J'CA':'CA:;c'TCMI;ATACl'l:GM'TGCC"=T,"""""C=OTTGAGGCTrCGG'ITT""':TCATG:rG.>.T ," 
'r. CNCCC.l==A=cr-nJ.\GCCGM';,;CJhGTG.O.TTT ........ TCGTTa';,;A=JN>ATAO-- ." 
'r. WROGS K .rKONAGD.CS ' . SSR '95 .. ". 

CC"""'-rTT1't:),TO;;ATA= .. =T<-.,.,...,.,'M'GAT'rTTCihT= .. nG':'CCOT<-.... OC"UOTCCTTo''XAAI-"UCCG'''-''''''''''''TC', ... ''''''''''<;CG''''T<-"'TC<:: .. ==T ." 
T. oTCO<AC¡;cctM'CG!Oo=o=.>.c;Ac.CCM=ooocATCGoTr"c;AtGM/\C.:;O!'<AGl'G'.MG:TGr¡}.CT!:ro;; ¡Z7 

FIl:. I Gene ,truel= of T. MJ/ium (Th) and T. CTas.!icepJ (Te) 2-CY' 
Prx,. The trarucription <tan po;"t i< marke<! wilh an arrow. Initialor 

([nr) <equence. TATA box . • tan (ATG) and.1Op (fAG) codon>. donor 
and acceplor intron oeq""""es. and prolein reg~latory and catalylic 
motif, are in ba/J. Nocleo~de and ami"" acid identi.y is <!enoJe<! wilh 

sequences analyzed (Fig. 2). [Il order lO know if the TSS 
located ill the Jllr sequence of me Prxs gellCs studied is 
conoorved ill r solium pATó, we CQooocled more $' RAeE 
experimcllts, which mapped actill gellC TSS also illside lhe 
JIlf" ooquem:e (Fig. 2). This result demomlra tes sequem:e 
cOllServa lion belweCll differellt laelliids gClle proximal 
promoters. The r solium splice k:ader SequCllce reponed 
for a group of parasile gClles was aboollt ill al[ trallScrip ts 
analyzed (Brehm e t al. 2002). 

TATA '"< 

asten.k.! ami doI • . respecti,'ely. The 7J2.CysPn: polyadcnylation ,ile 
i< denOle<! wilh a /rianglt. Putati"e <plicing táelor ,;les fOr UI ar>d 
U2AF are unJerlinW. Puta~ve lmn>cription táctor binding ,;Ies are 
",Tiuen abo,'e Iheir corresponding motilS 

Viabilily of r crassiceps a/ld Tc1-C)'.\'Prx expressiOIl 
ull<k:r oxida/ll CQooiliollS 

JIl order lO know if r crassiceps 2-C)'s Prx gellC is irxluced 
ull<k:r ox ida/ll condilions, expression experimCllts were 
CQooucted usillg r crassiceps cyslicerci ill conlroUed 
CQooiliollS. FiTht, we e,tabliilled a CQncClltralioll curve lO 
detennillC viability ill cyslicerci incubated ill medium wilh 
H20 2 for 1 h. Viability of me parasiles was a<;sumed as lhe 

EQac tI -n TAT.v.u.GCCCTI'IGAMTCAC1: AGAAGGATq.C'T1&GAAGGATC,cnTG<.;TTGAGTGCAGTAGIIATG " E<,¡act Il -n TAT"TTTTACGTCGMACGGTGMCGTGGC<:6TTTGGATTTTACTCT TGCTl'IGCCTCTCGATG " ... " -n TATATAAACCGTGGGTCTTCAAGCl'ITCGGClr'CTTl'ICGACTTGTGC TGTATCTGTATCGGCTGTCTGCAACA'I'G " ... " -n TAT.v.GAAOCGCTTGGiGGGACI'ICCI'IGiGGq.CACT1'GiCCAAGGCCAG<:AGTAro " T U u -n TATAT'TTGGCGGTMGI\GCrGTGCGTGG~TTCCATTGTTTGCGrGTM'I'G " Tc:Prx -B TA'rATTTGGCGGTAAAGG"CGCTGTGGCTGT!Gl:'TCCCATTGT=TCGCGTTCAGTGATG '" 
FIl:. 2 Multiple alignmcnt ofCe<loda promolcr nocleotide 'e<¡uence<. 
Non.codi ng 5' ups1ream 'e<¡uence< of E gronu/illU3 oc~n I and aelin 
11 (Egtu;:/I. EgllClll) (da Sih'a et al. 1993). T. w/ium aelins pAT5 and 
pAT6 (M2 8996. M2899 7). TJ]·CysPrx (7JPn:. FJ621569). and Tel· 

CysPn: (TcPrx. FJ621570) "",re manually aligned TATA box ar>d bU" 
""'I""""e. and ATG <tan codon are in bald. The TSS is under/ineJ 
The 'ymbol 11 denOle, the locking nocleOlióe, S'·AGAAGA· 
CAAATCClTfOOTGAOCC3' 

il. Sp'inge, 
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Te GroATCCTCTTCTTC'TA=ATOOAr.-rftGA<:TCGTIICTACTr"rrTGTAGOCOOMT=.M"""'!'OC'1'T}JJAOTAOCIlTT'OCTCTTCT'fMCACC".=CT.TCecACGGAtlAT ;>. ! 
,.. v,.rY'.I<DY-- T r V C . ' " ' ~l 
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T . IAF"DRAGE'H~~.~,<"AC'TD'A"IILAVK.Y'hKE •• ?1 
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To ""1"Tt:MOO<'A "'''''''-' """"" ~ "'t:'1O)CClJA ~Ar<;""f;<;AC AGA .. ;r':TcA~occ.AC'T 'CG~"'T "" ""= A(l';;" """"" roTl'tl ~"""'G T<:"I'C1"'"í'>. "'O =A 'roA ,AA . ! 5 
TO TO,"",,,,,(JOCAro""""""'T~TG=G''''':;''-'CG,..rC'''''AATrrCOC'>CGW''CG3(ÜT'''''''''''''.GJ\OOMCAA(JGCGTT"C=C~=OTcrCTT,~TCA':'C"",~GA,AA I!j 
To v Q O H ~ ¡ • H t. A e T W 11 A f • ~ D •• y , f I , Q G Y " 1. ~ " t. r 1 , De" llJ 
~ " III 

G¡;¡¡(;A.r=tcMA=<;C~TC""""::GAT'M'OC=1"IO<:T="'=A1G"'G=G«'XTTCTI:G=CTTCO."""""CG-:;¡¡~AACiOl'G<lC""G<l.=CCAA 60~ 
GG(lG<;HCWCCTG ..... tt;>(C ... n>X;G~~ ... nGG="'tc;(; ... C""G==o::TAO.>.CG«HO::ACit'1'C-'-CGO>oC..,..""C=~(¡(;~OC.... 60) 
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FIIl. 1 Gene <UUdun: of T. JOIium (1J) aM T. cra.!.!j~ (Te) 2-CJlI 
Pr"". 'Ibe u-anscription start poinl i. marked wilh an <1r7t>w. Initiator 
(Inr) .eqUetlCl'. TATA box.'lan (ATO) aDd .IO¡¡ (TAO) codOfl'l, dOllOf 
and a.cceplOr inltOll seqO>f'OCes. and protein ",g~lalory and calalylic 
motif, are in bo/J. Nudeolide and ami"" acid idcnt;,y is reOOloo wilh 

SeqUCIlCCS analyzed (Fig. 2). In order lo know if \he TSS 
l{)Calcd in \he Inr scqucllCe of \he Prxs genes srudicd is 
eonscrvoo in T .wlillm pATó, we oondocled more 5' RAeE 
expcrimcnls, which mappcd actin gene TSS also insidc 100 
In.- scquencc (Fig. 2). This rcsull dcmonslrales Scq1lCl1CC 
eonscrvalion bclween differenl laeniids gene proximal 
promolcn;, The r ,'oli111" splicc !cadcr scquencc reponed 
for a group of parasile genes was abSCIll in all IransCTipt~ 
anaJy7.cd (Brehm el al. 2002), 

TATA In" 

a.<ten-.h <111<1 dut •• resJ"""fi,'ely. The 7J}.Cy.Pr;t polyooenylation .¡le 
i. dcnOlOO Wilh a tri<1"KI~ . I'Ulal i,'C 'Plicing fador ;;;les !Or UI and 
U2AF are ullli~rljnerJ_ PUIa~l'e Ir.Jruórnptioo taC10r binding siles are 
",Tiucn abo,'e Ihei, CQmsponding nlOlilS 

Viabilily of T. cra.'<.\·icep ,~ and Tc)·C)'.~Prx exprcssion 
undcr oxidanl oondilions 

In o lder 10 !mow if T cras.\'i .. ",p,~ ) .C)'!i Prx gene is indoccd 
undcr oxidanl eonditions, e:..:pression expcrimeIllS wcre 
oonductcd using T crauiceps cysticcrei in eonlrolled 
oondilions. Fir.;I, wc c5ublished a oollCentralÍOn curve lo 
dctennine viability in cysticcrci incubalcd in mcdium wilh 
H~02 for 1 h. Viabi!ity of!he parasiles wa'l assumcd as lhe 

~actI 

E<,¡ac tIl 
~" 
~" 

TAT.u..u.GCCCTAGlo.MiCAC1 ~GMGGI\TCACTAGMGGl\fCI\C'TTtGGTTGAGtGcAGTAGIIATG 
TATAT'I"I"rACGTCGMACGGrGMCGTGGCC6TTTGGA'M'TTACTCTTGCTAGCCTCTCGATG 

."" ~" .. " ~" 
T . Pu ~" 
t ",Prx ~H 

TATATAAACCaTGGGTCTTCAAGCATCGGClr'CTTACGACTTGTGCruTATCTGTATCGGCT<;TCTOCAACAro 4 ~ 

TA,........,.c;cGCTTOOTOOGACACCAGTGOC!.CJ.C1'l'GTCCMGGcCAGCMitATG 25 
T AT"'1"!'TGGCGGTMGAGCrGTGCGTG-GTGlo'-TTCCATTGTTTGCGTGTMTG 

TATAT'M'GGCGGTAAAGGACGCTGTGGCTGrTGl:'TC.'CCA!TGTCTGCTeOCGTrCI\~TGA.TG 

~' I Il . 2 Multiple 3lignm""-l ofQSloda promOI<f n""lcotido <"'IUC1>Ct"
Non-codi ng 5' "J"llrcam <"'IUC1>Ct< of E grunulcn ... arrin 1 and adin 
11 (Egucl/. Eguall) (da Si"'a '" al. 1993). T. ~o/ium aCliru; pAT5 and 
pATi> (M28996. M2899 7). Ts2_Cy<Prx (1<Pr;t. F1621569). "lid Te]-

CyJPrr (TePrx. I'J621570) "",re manu.ally aligned TATA bo. and Iru 
""'I""""e. and ATG Slan codon are in boId n-.. TSS is utUkrlinm 
The <ynlbol 11 denOlc< 11>0 larking n""ltOlides .'i'·AGAAGA· 
CAAATCCTITOOTGAOCC-3' 

fl. Springet 

.. .. .. 
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FIII. 1 Gene <UUC1U!l' of T. JOIium (1J) aM T. CTa.!.!iff[l.' (Te) 2..cY" 
PrX<. 'Ibe Iran<cription S1an po;,,1 i. marked wilh an "r7t>w. Iniliator 
(Inr) .eqUetlCl'. TATA bo~, lilan (ATO) and .11011 (TAO) codol"l'l. dooor 
and ac<:eplO" inU"On seq...-oc"". and protein reg~lalory an.d calalylic 
moliC< are in bo/J. Nudeolide and ami"" acid idcnliy is reOOled wilh 

sequcnccs analyzed (Fig. 2). In order lo know if me TSS 
!OCaled in me Inr sequcnce of me Prxs genes srudied is 
eonscrvoo in T so/i",,, pATó, we conducted more 5' RAeE 
expcrilllcnlS, wllich mapped actin gcllC TSS also insidc 100 
!nr sequencc (Fig. 2). This resull dcmonstrales SeqUCllCC 
eonscrvalion bclween differenl IlICniids gene proximal 
promolcrs. The T .,·oli,,,,, splicc leadcr ScqUCllCC reponed 
for a group of parasile gClles was abSCIll in al! lranscripl~ 
ana!y7.cd (Drehm el al. 2002). 

TATA In" 

a.<ten·d .. ,,11<1 dut •• rcsp<'C1i,·ely. ",. 1J2.Cy<Pr.r polyadenylalion sile 
i. &notro wilh 3 Jri""KI~ . I'Ulal i,·t 'Plicing flIC10r sil"" tor UI aoo 
U2AF are ullli~rlined. Pula~l'e Ir.lru;cription flIC10r binding sit"" are 
"Tiuen abo"c ~,ci, cotrelponding nlotif!; 

Viability of T. cra.'<.,·iceps wld Tc)·Cy.\·Prx expression 
undcr oxidanl conditions 

Jn order 10 know if T cra!i.\' i ... "ps 2·C)~ Prx gene is indoced 
undcr oxidanl eonditions, e:..:presslon experimeIlls wcre 
conductoo using T crauiceps C)'sticcrei in eontrolled 
conditions. Fir.;t, wc cstablished a concClllTaOOn curve lo 
dClemline viability in cysticerci incubaloo in medium wilk 
H20 1 for 1 h. Viability of me parasites wa'l assumed as the 

t<;¡actt 
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"AT.u..u.GC(."CTAGl\MiCAC"": ~GMGGI\TCAC"TAGMGGA TCACT1TGGT1 GAGTGCAGTAGIIATG 
TATATl"'l"'rACGKGMI\CGGrGMCGTGGCC6TTTGGA7TTTACTCTTGCTAGCCTC TCGATG 
TATATAAACCGrG.GGTcTTCAAGCATCCGClr'CT1'ACGAC!TGTGCT"GrA1CTG1"~TCGGCTGTcrGCAAcAro 4 q 

,.AT.u.GJ,AGCG-(."ITOOiOOGACACCAGicqCAC1'T"GTCCMGGcCAG<:AGTATG 25 
TATA1'T'T=GGTMGAGCrGTGCGTG{;~TTCCATTGTTTGCGrGTMTG 

T",Prx ~H TATAT'I'TGGCGGTAA1lGGACGCrGT=TGTTGl:''l'CCCA!TGTCTGCTeGCGTrCA~TGA.TG 

FIII. 2 Multiple 3Iig"I1\""1 ofQ <loda prom01C1" n"" lcotidc <"'IUC1'lC<'<' 
Non-coding 5' uJ"llrcam <eqUC1'IC<'< of E gn"'ulOJUJ ""rin 1 and aC1in 
11 (Eguc,l. Eguc'l/) (da Sil\'a '" al. 1993). T. .o/ium aCliru; pAn and 
pAT6 (M28996. M28997), Tsl_C>"Pr:< (1SPr.r. FJ621569), alld Te.?-

fl. Springet 

Cy!Prr (TcPr:<. I'J621570) ""'''' manu.ally aligned TATA bo. at>d Iru 
""'I""""'c. and ATG .11M codon a", in boId. ll>e TSS is ullikrlilldi. 
The <yn'bol 11 denote, lhe I",,~ing n""lcotidcs .'i··AGAAGA· 
CAAATCCTITGGTGAOCC-J' 
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Flg. J [)Clenninatiou of lhc Icthai OOllCtml11l1ion (LCsü) of T. 
Cro ... j~p1 \O 11,,0:. Cy.li=d ... M'l ~~pos<XI 10 dirte"'''l II~~ 

COOCCIII/S'Io'I'i for I b (¡na"g/f"1 prior ,'iallilily <lc'Cl1IU ,.atiOl' (]¡e(: 
"Malel1all ar.d ""'lhOO.'"), Parasle, i""ubal"<l in nlediUIl1 wil llQ~1 
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capadty of cysticcrci soolcx e"agination, \O follow its life 
cydc \O oouh v."\)nn. Wc fourxl !hat parn,itc viability is 
rt'doccd whcn Hf)l cOllrentratioll is incrcascd. Parasite 
viability remains unaffcctoo up \O 2 mM of H~2, and aftcr 
thís conllClltratiOll, it begins 10 dcCl'C'.tSc ulltil it reachcs zcru al 
5 mM. This viabílity kinetic!; .howcd thallcthal concentralion 
50 (LC~) of H~02 is 3.0 mM (Fig. 3). Thcse data wen: uscd 
to detcmlille et,mditioll> for Tc)-q~.prx mCS5Cngcr RNA 
(mRNA) and pro tcm cxprcssion as.'>II)'5. We evaluat~xI t11ll 
expression profile of tix> genc In pam,ilcs iocubatcd in 
mcdium widlOlll m::Klati"e insull. TOOsc cxpenment. soowcd 
tll:u Tcl-C.I',~P,"l rnRNA cxpl"C'iSion Icvcls rem::\iood UIl-

a 

t (ti ) • " ... ----'----
e 

t (h) os , 3 

", ------------
PIIl . 4 Gc."e Hpr", .. 'on prof,le of Tc]·CY,Pr.r from "YJ;IJ~"" 

upo,.:d tu H~O, delc""i .... \! by RT·PCR !lnd WI>. DCl<"nniJlalÍon o{ 
~ArrCli"on (l f TcJ-C.V!d+x mltNA In CY'\lcerci ; . I1\c..twe<! In RPMI 
"",diun' ""iliou, H,o, 1Il O '" 2~ 11; b e" l""'oo '" d,ITc"~"1 1-lzQ, 
<ooccnn,,,ions lO. JO m,n and e ~~poscd lO 11,0, 1 mM rOl" d,ff=nl 

changcd in C)'~,iccrcl ilx:ubatoo U1 mcd¡um for up to 24 It 
IFig. 4a). Thel1'foR', we u!il'd 4 h ofrreirx:ubalion prior to !hp 
iocubatiOl1 of parasitcs with H10 1. As .';CC11 in Fig. 4b, Tel
G)~'Prx rnRNA cxprc>.<;ion Itwcl did llOt ch:l1lge in parasitcs 

iocuhatoo for JU min wilh H¿<J:. cOOCClltrations ranging fmm 
O to 2. mM. Also gme mRNA cllpr.:ssion lcve! was llOt 
cllllngcd in parn,ites incuootcd "id} I mM of H~2 fOl" U.5 , 1, 
2.3, alld 24 h (Fig. 41'). In dlCsc cxp.:rin1E'n~ dle expm;sion 
k-vel of Td-G)'SPo: mRNA \Vas COll.'ilanl aoo Ihe inlCll5ity of 
tlle.' bands was similar !hroogbout litre and cOllCCllO"ations of 
H10~ used. On tlle otllcr rumd, Tc2-Cy"Pn protcin expre.sion 
Icve! reunined tlle >ame in parasitcs itll,'Ubated with U. 1. ~nd 
1 mM of Hf)! for 30 min (Fig. 4d). 

Wc Itave dor.ed I)t1C 1,'\:ne of a IYPI(,::\I 2-Cy~ Pr.; in r 
.w,/iJuJ¡ :md 7: eru'd;Ct1'S 1"hcir genomic :m:hitccture :md 
high idcmily al toc level of primary and llllc1cot idc 
SCqu('ToCC bllGGCSt !hal both genes :l/"C homulogous. Corn
putati()l1al analyscs showed two pUfnti"c ;¡il~ fúr Nrf2 l1l 
!hcir pronlOtcr i1CqlK'nCC, a factor inVQlvoo ;n da: rcgulalion 
of !l1ltioxidanl genes (Lec and Johnson 2ÚM). Bcsidc:s we 
found putativc sitcs for lhe: traru;criptiOll factors NFI and 
Spl , il i5 known thm !hese transcription fac:tors can imcract 
with me111bcrs uf tllt' basal trauscriptiOIl factor nuchillery, 
such !IS TBP arxl TrIlB (Xiao d al. 1994; Kim and Roedcr 
1994: EmiJi et al. 1994). Howevcr. funCliotJ:lI srudies 
shOllId bl.' dime to cotmborntc !hl'SC filldings. 

The pmxinml pmmotcrs ofboth gClles haw a TATA box, 
an Inr S~'q1lCll~"C, am! a ~inglc TSS dial CQITCSpond'i to an ¡\ 
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f lJ: . .3 DCltrmill¡¡U{)U or ti!': ictllal 1ll11l.·tmlralillll (LC~") iIf 1: 
tn.l",rIc~pt 10 II~O:. C~.ñ<:<."1~'¡ ",·ere uposoo 10 dilk~nl H;oOz 
C,""""IIU\lllIllS for I b (Irlangle'l pril>f ,iabili)' d"".11II1naUo" \Stt 
··MalenJl~ ar¡J mc~lod<··). Parusac.\ iocliliall'd In MIldium w~I~)kI1 
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capoclly of cysti.::erd .o;ook:x cvagination, 10 follo ..... its [ife 
cyck ro oouh .... \lml. \Ve fOllOO tIIat pam,il.: vi¡¡bility is 
redllCcd ..... hcn H10 1 cOllccnlration is illl..""Illascd. Parasite 
viabi!ity I"Cmains unaffuctoo IIp 10 1 mM uf H¡'ú:!, and alter 
lJ¡is conccntrolion, il begill5 10 (kCJr.!Sc llnti[ ill\.'"lIdlilS zcrQ al 
.'5 mM. This viabi[ity kirlC:lic:s ,how~-.d lhat klba[ cor"lCCtltrnlKm 
50 (LC~) of H20 Z is 3.0 rnM (Fig. 3). Thesc dala W~"'I1l 11....00 
to detclmine conditions fllr Tc2-q~.prx m~lIscr RNA 
(mRNA¡ :md protein cxprc!iliion a>.<;ays. We eva!um~xI U\I.\ 
e:> .. prcssiclll profi!e of loc gene in pam.ilcs iocubated in 
medium widlOUI oxldative insult Tbcsc experiments sho ..... cd 
Ihal Tc2-(I'.¡Pn: rnRNA exprcssioll [cvcls rcn\3~d un-
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FI ~ . ~ O""" "..:pr"'sioo (l"fofllc Qf Tc1-CWPr.r frOIll C~.\IJo:<>n::1 
~'f'<"S<"l1<> 11;0, IkIcnnillod by RT·PCR " .. ti WB. IkkTmin,nion of 
~~I"<li.'ll()l1 or T~}-C.V$Prr mRNA in CY.\IC"t"f'ci ; ~ .. ¡,¡,ub<uM m RI'MI 
"",di"", "'"00." H.,Q, ül () 11) J~ k; h ~Ap<>!iOO lo dirkf~1\1 ~l;oOl 
<oncenu"L1Ons ro< JO mm and ~ exl""'oo hl fl::O~ 1 mM fo. diITc"",n) 

changoo in cysticcrcl iocubaled In medillm fOl" up 10 24 h 

IFig. 4a). ThcrefoR', we lliiI'd 4 h ofpreiocub:lliunprior 10 ule 
incubation of parasill:s W!tII H10;. A5 sccn in Fig. 4b, Td
G.t~'Pr:r mRNA c.xpn:,sKm kwe! !.lid 1101 dungc in pantlo¡lC~ 
iocubatoo for 30 min ..... ith H~O~ eOIlC<.'IItralions rnllging fmm 
O to 2 mM. Also gme mRNA expr.:ssioo leve! ..... :l.~ 1X)I 

cl\8.ngoo in p:r.rasitcs rncuooted .... idl I mM ofH~Ol for 0.5, 1, 
2. 3, alld 24 b (Fig. 4c). In thcse I.'x(l<.'Tinll'll~ dX! expr.:'l;siou 
leve! of 7i-"l·()."pI~l mRNA was COll.'ilanl at1d dll' intmsity of 
ti"" bands ..... as similar throughoUl Lime and c!)11Ct.'Iltrntions of 
H:'.O~ lIoed On the olhcr rumd, Tcl-Cy.\'Prc prolún ~x]!rc::;sion 
leve! rcnn ined lbc! same in parnsit¡:s m...'Ilb:ltcd with O. l. nlld 
1 mM of H20! for 30 min (Fig. 4<1). 

Wc have dOlled une gene of ! typl(':t.[ 1-Cys Pn; in T. 
.W,lilllll ~d T. Cro.'l.f;(:l'p1. Tbeir gcn011lic nrcbileclure :md 
high ¡dl.'lltily a l l/K" !i:vd of prirnary and lI uclcOlide 
scqm:TlCtl SlIgsCSI lhal botb genes are horno/ogous. Corn
putaIlO1l:i! analyses l;howcd two plllatiye ~ilcs For Nrfl In 

tllcir promOIC1" sc:qUl.'IlCC, a faelor illVQlvc'\l iu dI<: rilgulalion 
of Blluoxidant genes (Lec a lid Jolmson lú04 l. Bcsidc:s wc 
fOllud pulalive 5iles for ¡hl.': IrnnscripliOll factors /'o'Fl and 
Sp[, it;5 ¡'-' oown that thI'SC tmnscription fiIClors can intcr1lCl 
..... ¡llt n1('mlJ<,rs of the basal Ir:lnscriptiOIl ¡actor lI\3chilll:ry. 
!illcb EI!i T BP ¡¡lid TF[IB (Xi:lQ <."1 al. 1994; Kim and Rueder 
L'J94: Emili el ~L 19')4). Howc\'cr. funClion:ll sruruc, 

,bOIlId be oor)(' 10 CQ1TIlbornle thL'Se firxlillgs. 
The pmxinm! promotcrs ofbolh genes have ~ TATA bo~, 

iln [nr S~'qIlent..: , and a ~iuglc TSS dial culTesponds lo :tn A 
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capaclly of cyst.i.::erci sook:x cvagination, 10 folio ..... its [ife 

cyck ro oouh .... \lml. We fOllOO Lhat pam,it.: vi¡¡bility is 
redoccd ..... hcn H~l corlCClllnuion is iD.."TIlascd. Parosite 

viability rcmains unaffucted up 10 2 mM uf H¡,Ú2, and alter 

Ihis I:OlIcentrolion, I1 begill5 10 (keK".tSe Ullti[ ill\.'lIdlCS zcro al 
.'í mM. TIlIs viabi[ity killclic:s ,how~-.d lhat klha[ COl"lCCfltrnlKm 
50 (LC~) of H20 Z is 3.0 mM (Fig, 3). Thesc dala wrn: 11....00 
to detelmille conditionli for Tc2-q~.prx m~IIScr RNA 

( mRNA) :md pmtcin exprc!iliion a>.'>8.yS. We eva!um~xI U\6 
c:>"pre .. iclll profi!c of loc gene in pam.ilcs illCubated in 

medium without oxldative insult T~ cxpcrimcnlS sho ..... cd 
111:11 Tt'2-(I'.¡PI-x mRNA exprcs!iioll [evels rem.3~d un-

a Withcut HIOI 
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Fl~. ~ 0 <:11" e>.pr"'sloo [l"fof,l c Qr 7C1-CWPr.r froOl ~y.\IJ"""" 
~'r<"o.l '" 11;0, IkIcnltÍllru by RT·PCR !lntl WB. Ik1<Tmin,,,iOll of 
~~I'f<li.'ion of T~}-CysPr,r mRNA in CY'Wt'fri : ~ IIIC ub<uM m RPMI 
rntdi"", ,,,,Il\00, 11.,0, ül () ,<> "1~ k; h ~Ap""OO 1<> diITcf~'" ~l;oO¡ 
<oocen'IlIlllllS ro< 10 mm and ~ ~xJlO"cd hl fl.:O~ 1 mM f()1" diIT=n, 

changoo in cySliccrcl inCllMled 111 mcdillm for up 10 24 11 
\Fig . 4a). ThcrefoR', 1'.'1.' lL'iI'd 4 11 ofpreiocub:uKIn prior to Lh .. 

incubation of parasitcs Wlth H10". N scen in Fig , 4b, Td
c.t~'Prx mRNA CXpre,SKlI1 kwe! did 1101 dUlIge in para>¡lC~ 
iocubatoo for 30 mili ..... ith H~O~ COIIC<.'!ltralions rnllging fmm 
O lO 2 mM. Also gme mRNA expr.:ssion leve! ..... :l.~ IX){ 

cllllJlgoo in pamsilcs mCllbated .... iul I 111M ofH~O~ fOl' 0.5, 1, 
2. 3, alld 24 h (Fig. 4c). In UlC!iI.' I.'){(l<."';meo~ UIe I.'xp""",;siou 
Ievl.'l 01' Tc1.C:\,,¡PI~lIllRNA W::IS COll.'ilanl and dll' intmsi!y of 

dl<:' ronds was similar lhroughoul time and concentrnlions uf 

H:'.O~ uscd 011 the othl.'r rumd, Tc2-Cy.I'Pt'X prulún ~x[!rc:;sion 

k-ve! rcnnined tb!! samc in parasit¡:s m...'Ilb:ltcd with O. l. nlld 
1 mM or H20 ! for 30 mili (Fig. 4<1) . 

\Ve l1avc dor.ed une gene of ! typl("\I[ 2-Cys P,.,. in T. 
.W,lilllll ~d T. cro'l.f i(:I'P1. Th""ir genomic nrchilcclurc ~d 

high ¡d':lItily al I!IC kvd of primary and IIUCkOlidl' 
scqm:TlCtl SlIgscst Ihal both genes arc hornologous. Com

putalioo\ll a!1\1lyscs ~üwed two plllntive ~iles Für Nrfl 111 

thcir promOlC1" sc:qul.'oce, a factor illvolv<'\I ill ule rilgulalion 

of antioxidant g¡'r.es (lec \100 Johnson ]ú04 l. Bcsidcs we 

fowld plllalive 5i¡cs for ¡hl.': IrlInscription factors NFl alld 

Spl , it 15 ¡"oown that thes<! tmllscription faclOls can intcrnct 

..... (Ih rr]('mJx,rs of the basal 1r.1I1ScriptiOIl factor lIIachillcry. 

!om:h El> TBP ¡¡lid TF[IB (Xi:l() <.'1 al. 1994; Kim and Roedcr 

11)94: Emili el ~l. [994). Howc\'CI". fullClion:ll srurucs 

,hOIlk! be 001)(' 10 CQ1TIlbornlc LhL'Sl' firxlings. 
The pRlXillla! promotcrs ofboth gcncs hnvtl ~ TATA bo~ , 

i1n [/Ir S~'qIIC-rK'I:, arrd a ~illglc TSS Ula! l'UlTespQllds lo an A 

b 
30 mi" H,O, 

(mM) O 0,15 0.5 , 
p" 

1 ____ -

--_ .... 
d 

30 min HIO, 

(mM) el 1 1 

timo:<. d D<1cm:t'I)aI,O<1 of Tc2·C~ .<J'r~ prc.= <::cp1t'S$ion in parasil<l!i 
il>rubalal JO "m, in RI'MI "'; 11, fl~O, I and 1 ,nM E>.pr<:JI!'ion 
~'p""mcnts ~'" do .. " by lriphm", and j)-ar1Ul WJ¡ ~,M a. a conlfoL 
A "'1'''''''''1U:.lJI·e gel and blOl <:Ir ,",eh "~l,,";'ncnl I!i $h",," 



 

located within lhe Inr !iCquence. This result is O)1ls istent 
with lhe dala reportoo for a subsel of marnmalian genes 
where TSS is located in Ihe Inr CQn!iCnsus sequence 
(YY~NWYY) CQmprising -2 lO +S and which has a TATA 
box Iocated at -28 to -34 from lhe TSS (Smale and 
Kadonaga 2003 ; Sandelin el al. 201)7). Addilional !iCque1lCC 
analysis of other Cestoda genes showed lhat pAT5, pATó, 

Egacll, and t.gaClll proximal promolers pre!iC1l1 strong 
similarilies to lhe ones reportoo in Ihis work, sincc all have 
a TATA and an Inr seqocnce wilh a CQnserved A placed in 
lhe mapped TSS on Tsl-C)'sPrx and Tc1-C)'sPrx. Therefore, 
we mapped lhe TSS of pATó and found it malches lO Ihe 
TSS of Tsl-C)'sFrx and Tcl-C)'sPrx, which suggesls that Ihe 
Inr prescnt in lhe genes analyzed CQUkl be functional and 
lhe TSS of pAn, t.gactl, and t.gaClll is conserved. 1be 
slrucrural region of Tsl-C)~.prx and Tcl-C)~.prx has Iwo 
exons splil by one intron with known splicing sequences 
(Padgen et al. 1986; Schellenberg el al. 2008). These 
analyses Mlowed lhat proximal promoler sequences, such 
as Inr and TATA boxes, characterized in man1malian genes 
are al!iO presenl in Ce,toda genes and lhat splicing signals in 
Tamia genus are nol difTerenl from other eukaryolic 
orgam,ms. 

Besides, we showed in vitro that T. crassiceps cy,ticerci 
have a LCso lO H20 2 of 3 mM. This extreme CQ1lcentralion 
of H20 2 is never reached in the hosl. Therefore, the lack of 
catalase and probably the presence of a Iow GPx activity 
lowan:l H 2Ú2 in Ihe!iC parasites suggests lhat resistance lO 
high H f)2 concentralion in the medium coukl be CQnferroo 
mainly by the lypical2-Cys Prxs. In Ihis CQntext, reports on 
S. mal1sol1i and S. japonicum show that lhere are Ihree 
Iypical 2-Cys Prxs i!iOfonns in schi,tosomalids: a cytosolic 
overoxidalion insensilive Prxl, which is overcxpressed 
under oxidant conditions and which CQuld panicipate in 
responsive anlioxidant defen!iC again,t exogenous H202; 
and a cytosolic Prx2 and a peplide-Iargeted mitochondrial 
Prx3, which are both housekeeping genes. The laller Iwo 
are pronc to overoxidalion by the presence of a C-Ienninal 
overoxidalion FM molif, which is similar lo lhe YF molif of 
Ihe Tamia genes srudied (Sayed and Williams 2004; 
Molina-López el al. 2006). The absence of a mitochondrial 
signal peplide and the prcscnce of the C-Ienninal YF IJlQlif 
suggesl lhat Tsl-C)'sPr.t and Tc1-C)'sPrx are cylosolic 
overoxidalion susceptible Prxs, such as schistO!iOmal Prx2. 
\Ve found that at the RNA and prolein levels Tc1-C)'sPrx is 
not overexpres!iCd under oxidant condilions. This expres
sion panem has been observed in olher Iypical 2-Cys Prxs, 
such as human Prx2 (Diet el al. 2007), lhe nemalode 
Haemol1chu.\· COI1/ortu.\" 2-Cys Prx (Bagnall and Kotze 
2004), lhe S. mal1sol1i Prx2 (Sayed el al. 2006) and 
P/asmodirm. jalciparum PffPX-I (Vano et al. 2005). Lack 
of induction of Tc1-C)'sPrx suggests Ihat this prolein coukl 
be an amioxidant housekeeping gene for endogenous H20 2 

il. Sp'inge, 
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that possibly participates as a redox regulator, rather Ihan a 
re>pOnsive gene againsl exogenous oxidalive slress. This is 
in acCQrdance wilh our previous observations madi": in Tsl
C)'sPr.t, where gene expression persi>ts Ihrough alllhe life 
cycle of T. solirm., even in lhe adull stage which is not 
subject 10 oxidalive stress (Molina-López el al. 2006). JI is 
likely that other non-enzymalic antioxidant sy,tems CQUld 
act lO protect me parasile, as seen in S. mamol1i, where 
oxidanl condilions induce albumin silent gene expression as 
a sacrificial protein prone lo oxidalion (Sayed el al. 2006). 

The shared proximal promoter archilecture found in Ihe 
Cesloda genes presenled here sugge,ts that the transcriplion 
rnachinery in Ihcsc parasiles is similar to lheir marnmalian 
CQunterpart, and lhal Ce>toda genes possess TATA and Inr 
!iCquences lhal serve for TSS positioning. This is lhe first 
report which describes a proximal promoter !iCquence of a 
gene in ce,todes. Our findings provide new insights for 
further invesligalions of genes in laeniids of medical 
inlere,t, which coukl contribule for lheir eradicalion. 

Ao kno." ted gme nu We Ihan~ MD. Alicia Ochoa Sáochez fOl" 
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located within the Jnr sequencc. This result ís cons istcm 

with lhe dala reponed for a SlIbsel of marnmalian genes 

where TSS is locatcd in the Jnr consellSus scquencc 

(yy ~NWYY) comprising -2 10 +5 and which has a TATA 

box Iocatcd at -28 lO -34 from the TSS (Smalc aOO 

Kadonaga 2003: Sandclin el al. 2007). Addilional seqtJCrocc 

analysis of OIhcr Cestoda genes showcd that pAT5, pAT6, 
Egacll, and EguClll proximal promotcrs present strong 

similarities 10 lhe o nes reponed in Ihis work. sincc al! have 

a TATA and an Jnr scqocncc wim a oon!iCTVCd A placcd in 

lhe mapped TSS on Tsl-CysPn and Tc2-q~.prx. Thcrefore, 

we mappcd the TSS of pAT6 aOO fOllOO it matehes to Ihe 

TSS of nl-C)'.~Pn and Tc2-C)'sPrx, which suggeslS that the 

Jnr proscnt in the genes analY7.N could be functional and 

lhe TSS of pATJ, Egactl, and Egacfll is eonservcd. TOO 
strucrural regiOll of n2-C)~'Prx and Tc2-C)~'Prx has two 

exons sphl by one immn wilh known splieing sequenccs 

(Padgen et al. J986: Sehellenbcrg et al. 2008). These 

analyses showed lhat pmxinlal pR)lTlOter slXjucnccs, soch 

as Inr and TATA boxes, charactcn7.cd in marnmalian genes 

are also present in Ce.toda gcncs aoo lhat splicing signals in 

Taenia genus are nOI different from other cukaryolic 

organiillls. 

Besidcs, we showed in vitro mat T. cr{/S.~iC>'ps cysticerei 

have a Leso to H20! of 3 mM. This extreme conccmralion 

of H20! is never reachcd in me hos1. Therefore. tite lack of 

eatalase and probably me pre>C11cc of a Iow GPx activity 

10waru H:2Ú! in theoo parasites suggests lhat resi stance 10 
high HP2 eonccnlration in me medium eould be ronferred 

mainly by the typical2-Cys Prxs. Jn this oontcxl, repons on 

S. mw,sOl1i and S. japol1ic,m, show mal lhere are Ihree 

Iypical 2-Cys Prxs isofonns in sehistosomatids: a eytosolic 

ovemxidation inscnsitive PDI 1, whieh is overcxpressed 

under oxidant eondilions and whieh oould panieipate in 

responsive amioxidam dcfense against cxogenous H202: 
aOO a eytosolic PDl2 and a pcptide-targetcd mitochoOOrial 

PDl3, whieh are bom housekeeping gencs. The lalter two 

are prollC lo overoxidation by me presencc of a e-terminal 

ovemxidation FM motif, whieh is similar lo the YF molif of 

the Taenia genes studied (Sayed and Williams 2004; 

Molina-Lópcz et al. 2006)' The absencc of a milochoOOrial 

signal pcptide aoo me prescnce of me C-tenninal YF motif 

suggest that T.d-CysPrx aoo Tcl-C)'sPrx are cylOsolic 

ovemxidation susceptible Prxs. sueh as sehistosomal Prx2. 
We fouOO ma! at me RNA aOO protcin levcls Tcl-C)~'Prx is 
not overexprcsscd under oxidant eonditions. This expres

sion panero has becn observed in otocr typical 2-Cys PDlS, 

soch as human Prx2 (Dict et al. 2007), lhe nemalodc 

Haemonch"s C011l0rfUS 2-Cys Prx (Bagnal! aOO Kotze 

2004), the S. nWlI.wmi Prx2 (Sayed et aL 2006) aOO 

P/a.mwdi'mJfalcipal1lm PITPX-l ( Yaoo el al. 2005). Lack 

of induction of Tc2-CysPrx suggests Ihat mis protein eoukl 

be an antioxidant oousekccping gene for endogeoous H~O~ 
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mat possibly partieipates.as a redox regulalOr, rather than a 

re.ponsive gene against exogeoous oxidalive stress. This is 

in acoordancc wim our previous observations madc in nl
C)'sPrx, where gene expression pers ists mrough al! me life 

cyele of T. .toli'mJ , even in the adult stage whieh is 001 

subjecl 10 oxidative stress (Molina-Lópcz el al. 2006). h is 

likdy ma! othcr oon-enzymalic antioxidant systems cou!d 

act to pmlect me parasile, as seen in S. mall$OI,i, where 

oxidanl eonditions induce albumin silenl gene expression as 

a sacrificial prOlein prone 10 oxidation (Sayed el al. 2006). 

The shared proximal pmmotcr an:hitccture fOllnd in me 

CeslOda genes prescnled ocre suggests lhat me transcription 

machinel)' in thesc parasites is sinlilar to lheir mamma!ian 

oolll\terpan, and that Ccstooa genes possess TATA aOO lnr 

ooqucnces lhat serve for TSS positioning. This iJi the lirst 

repon whieh describes a proximal pmmoter sequcnce of a 

gene in ccstodes. Our fiOOings provide new insights for 

funher inveslÍgations of genes in laeniids of medical 

interest, whieh eoukl eontribute for lheir eradication. 
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located within the JIlf" scquence. This rm;ult is coru;istem 
with lhe dala reponed for a SlIbset of marnmalian genes 
where TSS is locatcd in the JIlf" CQnscllSus scquence 
(yy ~NWYY) CQl1Iprisillg -2 10 +5 and which has a TATA 
box Iocated at -28 lo -34 from the TSS (Smale arxl 
Kadollaga 2003: Sandelin el al. 2007). Addiliollal scqueroce 
allalysis of othcr Cestoda genes showcd that pAT5, pAT6, 

Egacll, and Egaclll proximal promoters prescllt strollg 
similarities 10 lhe ooos reponed in Ihis work. siocc all have 
a TATA and an Jnr scqocnce wi!h a oon>CTVCd A placed in 
lhe mappoo TSS 011 Tsl-CysPa and Td-CysPrx. Thcrefore, 
we mappcd the TSS of pAT6 arxl fOllrxl it matehes to Ihe 
TSS of n2-C)'.~Pn and Tc2-C)'sPrx, which slIggeslS that the 
JIlf" proscnt ill too genes analY7.a:l could be fllllctional arxI 
lhe TSS of pATJ, Egacd, and EgacflJ is eonservcd. TOO 
strucrural regiOll of Tsl-CpPrx and Tc2-C)~'Prx has two 
exollS split by 000 imron wilh knOWIl splieing scquenccs 
(Padgen et al. J986: Sehellenbcrg et a!' 2008). These 
allalyses showed lhat proximal pl1)lllQter scqucnccs, sl.ICh 
as Illr and TATA boxes, characterizcd in mammalian geoos 
are also presenl in Ce.toda gcllCS aoo lhat splicing sigllals in 
Ta""ia genllS are 1101 different from other ellkaryolic 
orgallisms. 

Besidcs, we showcd in vitro !hat T. cras.~iceps cysticerei 
have a LCso to H20! of 3 mM. This extreme CQnccnlrnlion 
of H!O! is Ilever reachcd ill !he hos1. Toorefore, the lack of 
eatalase and probably !he pre>ence of a low GPx activity 
IOWan:! H:2Ú! in 100!iC parasites suggests that resistaoce 10 
high H20 2 eoncelllration in !he medillm eoold be conferred 
rnainly by too typical2-Cys Prxs. Jn this contcxt, repons 00 
S. mw,sOlli and S. japolli~',m, show !hal locre are Ihree 
¡ypical 2-Cys Prxs isofonns in sehistosomatids: a eytosolic 
overoxidation insensitive PIX 1, whieh is overcxpressed 
uOOer oxidant eorxlilions and whieh oollld panieípate in 
respollSive amioxidam dcfensc agail1St cxogenous H202: 
aOO a cytosolic PIX2 and a pcptide-targeted mitochorxlrial 
PIX3, whieh are bo!h housekceping gellCS. The lalter two 
are pronc lo overoxidation by !he presence of a e-termillal 
overoxidatiOll FM motif, whieh is similar lo the YF molif of 
the Taer/ia genes studied (Sayal and Williams 2004; 
Mo!illa-Lópcz et al. 2006)' The absence of a mitochorxlrial 
signal pcplide aOO !he prcscoce of!he C-tenninal YF rnolÍf 
suggest that T.d-C)'sPn: aoo Tc2-(')'sPrx are cytosolic 
overoxidation SIIsccptible Prxs. SIIeh as schistosomal Prx2. 
We fooOO !hm at !he RNA arxl protcilllevcls Tc2-C)~'Prx is 
not overexpresscd ullder oxid:mt eonditiollS. This expn:s
sion panero has bccn observcd in other typical 2-<)'s Prxs, 
sl.ICh as human Prx2 (Oict et al. 2007), 100 ncmalode 
HaemOlu'hlls COIIIOrfUS 2-Cys Prx (Bagnall aOO Kotze 
20(4), the S. man.wmi Prx2 (Saycd et aL 20(6) and 
P/a,mrodi''''Jfaldfx1I1l111 PITPX-l (YallO el al. 2005). Lack 
of induction of Tc2-CysPrx suggesls Ihm this prolein eookl 
be all anlioxidant housekccping gcoo for endogcoous H!02 
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!hat possibly partieipates as a rcdox regulalOr, rather than a 
re.ponsive geoo against exogellOlls oxidalive stress. This is 
in acCQrdance wi!h our previous observatioru; made in n2-
C)'sPrx, whero gene cxpression pcrsi,ts ihn:llIgh all !he life 
cyele of T. .\'OH''''J , even in the adult stage whieh is oot 
SIIbjccl 10 oxidative stress (Mo!illa-López el al. 2006). h is 
likeJy !hal othcr oon-enzymalic antioxidant sySlems cou!d 
:ICI 10 prolect !he parasilc, as seen in S. nramOl';, where 
oxidanl eondiliollS induce albumill silcnl gtloo expression as 
a sacrifieial prOlcin prone 10 oxidation (Saycd el al. 2006). 

The sharcd proximal promoter archilccture fOllrxl in !he 
Cesloda genes prescnlcd here SlIggeSls lhat !he transcríption 
machiocl)' in Ihcsc parasites is sinlilar lO lheir marnmalian 
colll\terpan, and that Ccstoda genes possess TATA aOO Inr 
SCquCllCes lhat serve fOl" TSS positioning. This is tlle firSl 
repon whieh describes a proximal promoter scquence of a 
geoc in ceSlodes. Our firxlings provide oow illSights for 
funher inveslÍgations of geoos in laeniids of medical 
intere,l, whieh eookl eonlTibute for locir cradicmion. 
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Taenia solium: Antioxidant Metabolism Enzymes as Tal'gets fol' Cestocidal 
Dl'ugs and Vaccines 
F . Vaca-Paniagua, A. TOlTes-Rivera, R. PalTa-UIl(!a and A. Landa '" 

Deparralllento de Microbiología y Parasirologia , Faclllrad de Medici/w, Unit"ersidad Nacional Allró/lOlIIa de México, 
Edificio A, f Piso, Cilldad Unil'ersiraria, 045JOMéxicoD. F., México 

Abstraet: TIlis n:view foclI,es in Ihe role Ihal anlioxidrull enzyllles play in prolection and olher inlpol1ant physiological 
fllnelions slleh as signal trnnMlllction. cdl diffe:renlimion. gro\\1h and apoplosis. Parasiles lIse Ihes.:: enzyllles lo evade 
ROS prodlleed by Ihe hosl inullllne response and for devdoplllenl inside Ihe hosl. In Ihe eesloda Taenia solium, Ihree 
antioxidanl enzyllles have been smdied: a cyslosolic CIl,zn sllperoxide disllllllase Iha! is a larjl:et of eestocidal drujl:s 
(bencinlidazoles): a 2-Cys p:roxiredoxin Ihat is a reglllalOl)' enzyllle ofH101. 1ll0leCllle essential for several physiological 
fllnctions: and l\\"O isofOllllS of glutathione transferases thm are illullllnological targets. sinee thcy prolecl inmumized Illiee 
againsl eystieercosis. Moreover. a11lhese enzyllles are presenl in a11 slages of the parnsile. These findings sllggesl tll.11 
antioxidanl enzyllles have r~l illlporta1l1 role in T. solium physiology ruld infection, Iherefore Ihey nlighl rcpresent the 
Aehilles· hed of Ihe parasite. 

Kt'")"wol"d s: Taenia SO/illlll, alllioxid~nl melabolism . sllperoxide dismulase, 2 -Cys peroxiredoxin, gl1llathione Iransferase. 

E N ZYl\·IES OF ANTIOXIDANT i\"IETABOLISM 

Taenia SOfill lll , in human and pig infeclion, musl confront 
hosl immune response [1]. Oxidalive damage produced by 
reactive oxygen species (ROS) sllch as superoxide anion 
(O}·). hydrogen peroxide (H10Ú and hydroxyl radical is one 
of the major challenges Ihal the parasite must confront. 
Besides, ROS allack all cellular components and produce 
new and more aggressive ROS such as lipid hydroperoxides 
and reac live carbonyls [2]. It is well known Ihat Ihese 
molecules can damage or kili parnsites {3]. Neverlheless, 
ROS are necessary for Ihe physiology of organisms, in pro
eesses sueh as si~nal regulalion, edl differenlialion. growlh 
and apoplos is [4 , 5]. Taellia SO/illlll is armed wilh enzymalic 
ROS scavengers such as superoxide dismulase (SOO), 2-Cys 
peroxiredoxin (2-Cys PIX). and h",o g lulalhione Iransferases 
(GSTs). Anlioxidanl enzymes are also responsible for 
mainlaining a fine balance between externa l and infernal 
ROS in ce11s. To dale, only Ihese Ihree enzymes from Ihe 
anlioxidanlmelabolism have been smdied in T. SOfilllll. 

1) Superoxide dismulases are a family (SOO, E.e. 
1.15.1.1) of mela110enzymes which catalyze Ihe O2. 
dismutalion inlo H20 2 and oxygen (Oú. They are classified 
in four types, according lo Ihe melal presenl in Ihe calalylic 
site of Ihe enzyme: manganese (Mn-SOO); copper-zinc 
(Cu,Zn-SOO); iron (Fe-SOO); and llichi (Ni-SOO) [6, 7, 8]. 
Each SOO is encoded by a different gene and Ihey have 
different slrncmres and subce11u lar localizalions. To date, 
hvo Iypes of SOOs have been reported in helminths: a Mn
SOO Ihal is localized inlo Ihe mitochondrial matrix wilh a 
homolelfameric slmcture of ~96 kOa, conslinned by 
monomers of -22 kOa. Eveft monomer contains a MnH 

alom coordinaled wilh Ihe H2 
, H8

' , H171
, 0 167

, QU6 amino 
acids [9]. It is an essenlial gene. sillce knock out mice (Mn
SOO·/·) are severely affecled and die only a few days after 
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birlh [la]. Helm inlhs also possess hvo enzymes of CU,Zn
SOO. an exlrace llu lar CU,Zn-SOO (ECCu .Zn-SOO), which 
is secreled, due il has a hydrophobic signal peplide; and a 
cytoplasmic Cu.Zn-SOO (Cu,Zn-SOO), \Videly dislribmed in 
Ihe cytosol and in ihe cell nucleus. ECCu,Zn-SOO is a 
lelrameric g lycoprolein composed by four idenlical 30kOa 
subunils and prevents cell damage inilialed by eXlracellular 
superoxide [11]. In contrasl, CU,Zn-SOO has a homodimeric 
slmclure wilh ~32 kDa. Recent reports showed Ihal CU,Zn
SOO-nu11 Drosopllila melanogaster and knock-out mice 
(Cu.Zn-SOO.f") exhibit a decreased growlh rate and shor
lened lifespan [12 . 13). In addition, CU,Zn-SOO expression 
is upregulated by phosphalidylinositol 3 kinase and nuclear 
faclor-KB in ral cells [1 4]. AIso, SOO is implicaled in 
regulation and cell growth Ihrough the conlrol of 01 · levels 
in Ihe aclivation of signaling palhways (e.g. ras/rac-Rafl 
MAPK and RafIMEKIERK) [15 . 16]. 

BOlh CU,Zn-SOO enzymes contain one alom of Cu2+ and 
one of Zn2+ at Ihe active sile. Copper is coordinaled wilh 
hislidines (H-I6 . H~B . H6, . HIlO), one of which makes a bridl!:e 
between Cu and Zn. Zinc is bound lo am ino acids H6

" HI1
, 

H80 and 0
8

' . fonning a stmclure Ihat resembles a Zn flllger 
domain [17]. Each monomer fo lds as a flatlened Greek-key 
f3 -barrel. made of eighl alllipara llel f3 -slrands connecled by 
seven loops. This barrel fonns a channel by which O2 .. is 
directed 10 Ihe aClive site by a posilive eleclroslalic field 
constil1lled by charged residues. The channel and melal
binding amillo acid residues are conserved in virnla lly all 
known CU,Zn-SOOs [11]. The mechanism of catalysis invol
ves two general steps. 1) Cu2+ reduction by one molecu le of 
02·· 10 produce molecular oxygen, and 2) Cu- oxidation by 
anolhe-r 0 2·· moleell le- lo generale- H 201. Firsl sle-p involves 
coordinalion of 01 · 10 Ihe oxidized copper center stabilized 
by a conserved R I~ l. where one electron is transferred from 
02·· lo SOO-Cu2+, yielding O2 and the reduced SOO-Cu-(H) 
complex. In Ihis process imidazole ring ofH6l is prolonaled. 
In Ihe second slep anolher 02·· is driven eleclrostatica lly 
Ihrough the channel lo the aclive site and coordinaled wilh 
SOO-Cu- and Rl~ l . The prolon gained by H6l is Iransferred 
lo Ihe 02-, while anolher prolon is laken from one water 
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Abstl'llct: This rcvicw foclI,cs in Ihe role that anlioxidrult C1lZ)'me~ play in prolection and other impol1all1 physiological 
fllllctiollS such as signal Inlllsduction, ccll diffC1"C1ltiation. growlh and apoplosis. Parasiles use Ihese enzymes lo evade 
ROS prodllced by Ihe host itruuune rcspome and for devdopmrnl illside Ihe hos\. In Ihe cesloda TaeJlia so/illm. Ihree 
antioxidanl C1lZ)'llle~ h:we bern smdied: a cystosolic Cu,zn superoxide disllllltase Ihal i~ a larj!:el of ceslocidal dmj!:s 
(bC1lcinúdazoles): a 2-Cys p:roxircdoxin Ihm i~ a regulalO1y enzyme ofH]O], molecule essrntial f01" several physiological 
fUlIctions; and IWO isofollllS of glll1athione Imnsfera~es mm are imnlllllological targch, sitlce mcy prolecl itlilluillized mice 
agaitlsl cysticercosis. Morrover. aU Ihese enzymes are presrnt in al1 slage> of me pamsite. Thesc filldings SllggCst Ihal 
antioxidanl enzymes ha.-e f¡1J important role in T. solium physiology alld infection. Ihercfore Ihey mighl rcprese1l1 the 
Achillcs' hed of Ihe parasite. 

Krywol'd s: Tael /ia SO/illlll, anlioxid,lllt lllelabolisllL superoxide dislll1llase, 2 -Cys peroxiredoxin, ghl1alhione Iransferase. 

El\"ZYl\'IES OF ANTIOXIDANT i\1ETABOLISM 

Taenia SOfilllll, in human and pig itlfeclion, musí confront 
hosl imlllune response [1]. Oxidalr,'e damage produced by 
reactive oxygen species (ROS) sllch as superoxide anion 
(Ol-) . hydrogen peroxide (H!02) and hydroxyl radical is one 
of the major cha11enges Ihal the parasite musI confronto 
Besides, ROS altack a11 ce11ular componellls and produce 
new alld more aggressive ROS such as lipid hydroperoxides 
and reaclive carbonyls [2]. It is we11 known Ihat Ihese 
molecules can damage or kili parnsites [3]. Neverlheless . 
ROS are necessary for Ihe physiology of orgallisms. in pro
cc~~es SlIch as signal regulatioll. cdl diffcrcmiation. growlh 
and apoplosis [4. 5]. Tae/!ia SO/illlll is arllled wilh enzymalic 
ROS scavengers such as superoxide dismUlase (SO O), 2-Cys 
peroxiredoxin (2 -Cys PIX) . alld I\vo glulalhione Iransferases 
(GSTs). Anlioxidanl enzymes are also responsible for 
mainlaining a fine balance belween external and infernal 
ROS in cells. To dale, ollly these Ihree enzymes from Ihe 
anlioxidant melabolislll have been smdied in T. SOfilllll. 

1) Superoxide dismUlases are a family (SOO, E.e 
1.15.1.1 ) of mela110enzymes which calalyze Ihe O2' 
dismutalion inlo H20 1 and oxygell (OÚ. They are c1assified 
in four types, according 10 Ihe melal presenl in Ihe calalylic 
sile of Ihe enzyme: mallganese (Mn-SOO); copper-zinc 
(Cll.Zn-SOO); iron (Fe-SOO); and nickel (Ni-SOO) [6. 7. 8]. 
Each SOO is encoded by a different gene and Ihey have 
differelll stmclllres and subcellular localizalions. To date . 
1\\'0 Iypes of SOOs have been reported itl helminths: a Mn
SOO Ihal is localized hilo Ihe mitochondrial matrix wilh a 
homolelrameric SlmClllre of - 96 kOa. conslituted by 
monomers of - 22 kOa . Everl monomer contaitls a MnH 

alom coordinaled wilh Ihe H2 . Ha:. H 171
. 0 167

. Q l46 amino 
acids [9]. It is an essential gene. sílice knock out Illice (Mn
SOO·I) are severely affecled and die only a few days after 
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birlh [la]. He lminlhs also possess Iwo ellzymes of CU.Zn
SOO. an exlracel1ular CU.Zn-SOO (ECCu.Zn-SOO). which 
is secreled, dile il has a hydrophobic signal peptide; and a 
cytoplasmic CU.Zn- SOO (Cu.Zn-SOO) , widely distributed in 
Ihe cytosol and in ihe cell nuc1eus. ECCu .Zn-SOO is a 
lelrameric g lycoproleitl composed by four idenlical 30kO a 
subullits and prevellls ce11 damage inilíaled by eXlracel1ular 
superoxide [11] . In COlllrast CU .Zn-SOO has a homodimeric 
stmclure wilh ~3 2 kDa. Recent reporls showed Ihal CU,Zn
SOO-nul1 Drosop/¡i/a lIIelanogaster and knock-out mice 
(Cu.Zn-SOO-') exhibit a decreased growlh rate and shor
lened lifespan [12 . 13]. In addition. CU.Zn-SOO expression 
is uprep:ulated by phosphatidylinositol 3 kinase and nuclear 
faclor-KB in ral cel1s [14]. A Iso, SOO is implicaled in 
regulation and cell growlh Ihrough the conlrol of O2-' levels 
in Ihe activation of signaling palhways (e.p:. ras/rae-Rafl 
MAPK and RafIM:EKIERK) [15 .1 6]. 

Bolh Cu,Zn-SOO enzymes contain one alom of Cu!+ and 
one of ZnH at Ihe active sile. Copper is coordinaled wilh 
hisliditles (H-I6. Hn . H6J. H l!o), one of which makes a bridl!e 
belween Cu and Zn. Zinc is bound lo amino acids H6J. H11 . 
H80 and OS>. fonn itlg a Slmclure Ihat resembles a Zn fUlger 
domain [17]. Each 1ll0nOlller folds as a flatlelled Greek-key 
j3-banel. made of eighl antiparallel j3-strands connected by 
seven loops. This banel fonlls a challuel by whích O2-' is 
directed 10 Ihe aClive site by a posilive electroslalic field 
consliluted by charged residues. The channel and melal
binding amitlO acid residues are conserved in virtua11y a11 
known OI,Zn-SOOs [11 ]. The mechanislll of calalysis invol
ves two general steps. 1) CuH reduclioll by one molecule of 
O!-- 10 produce molecular oxygen, and 2) Cu- oxidation by 
Hnother O 2-- moleclll~ lo generate H102 . Firsl slep illvolve~ 

coordinalíon of 02 ' 10 Ihe oxidized copper center stabilized 
by a conserved R I ~l. where one electron is transferred from 
0 1-' lo SOO-CuH, yie ldillg O2 and the reduced SOO-Cu-(H) 
complex. In Ihis process imidazole ring ofH61 is prolonaled. 
In Ihe second slep anOlher O2-' is driven electroslatically 
liuough the challuel to the aclive site and coordinaled wilh 
SOO-Cu- and Rl~l. The prolon gailled by H61 is Iransferred 
lo Ihe 0 i-, while anolher prolon is lakeu from oue water 
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anlioxidalll enzymes ha\'e fIll important role in T. so/ium physiology and infcetion, Iherefore Ihey mighl rcpreselll the 
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E l"ZYl\'IES O F A NTIOXIDANT i\'IETABO LISM 

Taellia SOfilll/l, in human and pig nlfeclion, musl confront 
hosl immune response [1] . Oxidalive damage produced by 
reactive oxygell species (ROS) sllcb as superoxide anion 
(Ol') . hydl'ogen peroxide (H20 2) and hydroxyl radieal is one 
of lhe major cha11enges Iha! the parasite must confronto 
Besides, ROS attack a11 ce11ular componellls and produce 
new and more aggressive ROS such as lipid hydroperoxides 
and reaclive carbonyls [2]. It is we11 known Ihal ¡hese 
molecules can damage or kili parnsites [3]. Neverlheless . 
ROS are necessary for Ihe physiology of orgallisms. Ul pro
ce~ses such as signal regulatioll. cdl differemiation. growlh 
and apoplosis [4 , 5]. Taenia SO/illlll is al"llled wilh enzymalie 
ROS scavengers such as sllperoxide dismUlase (SO O), 2-Cys 
peroxiredoxin (2-Cys PIX). alld [WO g!ulalhione Iransferases 
(GSTs). Anlioxidanl enzymes are also responsible for 
mainlainnlg a fine balance belweell external and internal 
ROS in cells. To dale. only these Ihree enzymes from Ihe 
antioxidant melabolism have been studied in T. solill lll . 

1) Superoxide dismUlases are a family (SOO, E.e. 
1.15.1.1 ) of melalloenzymes whieh calalyze Ihe O2' 
dismutalion imo H101 and oxygen (Oú. They are c1assified 
in four types, according 10 Ihe melal presenl in Ihe calalylie 
sile of the enzyme: mangallese (Mn-SOO); copper-zinc 
(Cu.Zn-SOO); iron (Fe-SOO); and Iliekel (Ni-SOO) [6, 7, 8]. 
Each SOO is encoded by a different gene and Ihey have 
differelll stmcmres and s\lbcellular localizalions. To date . 
1\\'0 Iypes of SOOs bave beell reported ni hehllinths: a Mn
SOO Ihat is localized illlo Ihe mitochondrial matrix wilb a 
homotetrameric slmcmre of - 96 kOa. conslinned by 
monomers of - 22 kDa . Everl monomer contaÍlls a MnH 

alom coordinaled wilb Ihe H2 . Ha:. H171
. D 167

. Q l 46 alllino 
acids [9]. It is an essential gene. sillce knock out mice (Mn
SOO·I) are severely affecled and die only a few days after 
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binb [lO] . Helmnllhs also possess Iwo enzymes of CU,Zn
SOD. an exlracellular CU.Zn-SOD (ECCu .Zn-SOD), whieh 
is secreled, dile il has a hydrophobie signal peptide; and a 
cytoplasmie CU.Zn-SOD (Cu.Zn-SOD) , widely distributed in 
Ihe cytosol and in ihe cell nuc1eus. ECCu .Zn-SOD is a 
letramerie g lycoprolein composed by four idenlical 30kDa 
subunils and prevents cell damage inilialed by eXlracelllllar 
superoxide [11] . In cOlllrasl. CU.Zn-SOO has a hOlllodimeric 
stmclure wilh ~3 2 kDa. Recent reports showed Ihal CU,Zn
SOD-null Drosopll i /a lIIelanogaster and knock-out mice 
(CII.ZIl-SOO-') exhibit a decreased growlh rate and shor
lened lifespan [12 . 13]. In addition, CU.Zn-SOD expression 
is upregulated by phosphalidylinositol 3 kinase and nuclear 
factor-KB in ral ceHs [14] . AIso. SOD is implicaled in 
regulation and cell growlh Ihrough the conlrol of O2'' levels 
in Ihe activation of signaling palhways (e.g. ras/rae-Rafl 
MAPK and RafIM:EKIERK) [15 . 16] . 

Bo!b CIl,Zn-SOO enzymes contain one alom of Cu2+ and 
one of Zn2+ at Ihe active sile. Copper is coordinaled wilh 
hislidines (H./6. Hn . H6J. HIlO), one ofwhi ch Illakes a bridl!:e 
belween eu alld ZIl. Zinc is bound to amino acids H6J, HI I. 
H80 alld D8>, f0I111nlg a Slmclure Ihat resembles a Zll fUlger 
domain [17] . Each lllonomer fo lds as a flatlelled Greek-key 
¡3-banel. made of eighl allliparallel ¡3-strands cOllllected by 
sevell loops. This banel fOl"lllS a chanuel by which O2'" is 
directed 10 Ihe aClive site by a posilive ele<:troslatic field 
consliluted by charged residues . The chanllel alld melal
binding amUlO acid residues are conserved in virnlally all 
known OI,ZIl-SODs [11] . The mechanism of calalysis invol
ves two general steps. 1) Cu!+ reduclion by one molecule of 
O2'- to produce molecular oxygen, and 2) Cu- oxidatioll by 
another o~" molecl1 l ~ 10 generate H10l . FirSI slep involve~ 

coordinalion of 02 ' 10 Ihe oxidized copper center stabi lized 
by a conserved R I~ ! . where one electron is transferred from 
0 1" lo SOD-Cn!+, yielding O2 and the reduced SOO-Cn-(H) 
complexo In Ihis process imidazole ring of H6! is prolonaled. 
In Ihe second slep anOlher O2'' is driven electroslatically 
through the challuel to the aclive site and coordinaled wilh 
SOD-Cu- and Rl~l . The prolon gailled by H61 is lransfened 
lo Ihe 0 i -, while anolher prolon is t.1ken from one water 
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molecule. This reaction produces H202 and the regeneration 
of active-site copper (SOO-CU2) and HÓ

\ completing the 
cata lytic cyc1e. 

SOO-Cu2- + O2 .. + H+ ...... SOO-Cu-(H-) + O2 (1) 

SOO-Cu+(H) + 0 ] - + H- ...... SOO-Cu2+ + H20 2 (2) 

In platyhelminthes such as Sc/¡is(Osoma IIImlSOIll 
(Trematoda), two CU,Zn-SOO enzymes have been identi
fied: a cytosolic and other extracellular that contains a signal 
peptide. Both are coded by diITerent genes. They are 
localized in the subtegumental tissue and one is secreted to 
the host-parasite interface (18 .1 9). The CU,Zn-SOO cONAs 
of S. lIIansoni and Fascio/a Ileparica have been cloned and 
characterized [20, 21). Recently, ~ ctystal stlllcture of S. 
/l/mlsoni cytosolic Cu,Zn-SOO (SmCtSOO) was solved [22]. 
This study showed that SmCtSOD and human Cu,ZnSOO 
have differences in two amino acids (L B2 and VB5) that are 
in the entrance of the channel near the active site. These 
amino acids play an important role in confonnation and 
charge distribution for substrate attraction; therefore they 
could be used to develop inhibitors against the parasite 
enzyme. On the other hand, SOO has been used as target for 
dlllgs and in vaccination studies. For example, immunization 
experiments using S. mansoni Cu,Zn-SOO enzyme and ONA 
constlllcts of the gene showed signil1cant levels of protection 
in mice [23]. Moreover, in vitro inhibition assays with 
bencimidazoles and pirimidine derivatives on cmde extracts 
from trematodes (F. /¡eparica and Dicrocoelill/l/ denn·iriclIlII) 
and cestodes (A10/liezia e.\pansa, A1. benedeni , Avirelfina 
ce/llripllncrata . Dipy lidillm caninulII and T. /¡ydarigelw) 
showed a decrease in SOO activity [24. 25]. In other snldy, 
mice infected with Ec/¡inococclIs granllfoslls cysts , treated 
wilh mebendazo le showed 1m increase in Ihe pam5ile SOD 
aClivity. In contrasto albendazo le and praziquante l had no 
effecl on the activily of this enzyme [26]. On the other hand, 
there are severa l reports in nematodes of the existence of 
Mn-SOO [27], and only one repor! in trematodes [28], blll 
there are not repOlts for ceslodes. 

Cu,Zn-SOD has been purified of cyslicerci exlracts from 
T. raeniaeformis and T. solill/l/ (Cesloda). These enzymes 
have tetrameric and dimeric stmctures, wilh -64 and -30 
kOa, respeclively [29. 30]. In T. sofilllll a clone encoding a 
Cu,Zn-SOD was isolated from a cDNA library of Ihe larval 
stage. The deduced amino acid clone indicales thal the 
enzyme has a predictive monomeric Mr of - 15.6 kOa, the 
classical motifs and amino acids involved in Ihe function of 
cylosolic Cu,Zn enzymes. Amino acid sequence analysis 
revealed 71% idenlity with S. /l/ansoni, 60% with mam
malian and less than - 54% with other helminth Cu,Zn
SOOs. and Ihe conserved ¡3-barrel stmcnlre of the enzyme 
consisling of eight antiparallel ¡3-slrands joined by loops 
(Fig. 1) . This barrel constiniles Ihe channel through 0]·- is 
conduced to the catalylic sile, ",here H202 and O] are 
produced. A functional recombinant T. SOlill1ll CU,Zn-SOO 
of 30 kDa was produced and westem blot analysis with 
anlibodies against Ihis enzyme showed that this enzyme is 
expressed in all stages of the parasite. Antibodies did not 
affecl the enzymalic activity; neverJleless, they crossreacted 
wilh several Taenia species but nOI with trematodes, 
nematodes, pig, human or bovine Cu,Zn-SOO enzymes. In 

Lauda n al. 

Fig. (1). Slmcmralmood of Taenia SOlill1ll Cu.Zn-SOO monomer. 
11 shows Ihe ¡3-barrd slmclme fomu~d of eighl anliparalld p-strands 
(anuws) joincd by loops (lines). Modd was conslmcled by 
MODELLER program [32] 

vitro snldies with thiabendazole and albendazo le inhibited 
Ihe activily of T. solill/l/ Cu.Zn-SOD, blll nO! the bovine 
Cu,Zn-SOO [31). Interestingly, these data show slmctmal 
differences belWeen the SOO ofthis parasite and its hosls. 

2) Peroxiredoxim (Prxs, E.e. 1.11.1.15) are conserved 
enzymes reported from archeobacleria to humans. covering 
plants, mammals, protozoa and helminths [33). These 
peroxidases catalyze Ihe reduction of 1) hydrogen peroxide 
(H20Ü to water; 2) hydroperoxides (ROOH) to Ihe corres
pondinJl: alcohol and water; and 3) peroxynitrile (OONO") to 
nitrite and waler. usillg thioredoxin as electron donor [34-
36]. 

H20 2 + e· ...... 2H20 

ROOH + e· ...... ROH - H20 

OONO· + e· ...... N02 + H20 

(1 ) 

(2) 

(3) 

Prxs do not need prosthetic groups, metals or coenzymes 
for Iheir catalysis. Their slmctural classificalion is based on 
whether they use one or IWO cysleines for catalysis. 
According to this, there are I -Cys and 2-Cys PIXS. TIle 1-
Cys Prxs have only one cysleine inside the amino terminal 
motif PVCT (N-Cys). while the 2-Cys have the conserved N
Cys in Ihe molif FVCP and a carboxy tenninal cysteine (C
Cys) in Ihe motif VCPA [37]. Additionally, 2-Cys Prxs can 
be further divided into 2-Cys typical and 2-Cys atypical. In 
Ihe three classes the first slep of calalysis. Ihiolate and 
sulfenic acid fonnation. is the same. Typical 2-Cys Prxs are 
homodimers joined head to tail , where Ihe N-Cys is facing 
Ihe C-Cys of the adjacent monomer. Their catalytic 
mechanism involves Ihe formation of Ihe Ihiolate fonn of the 
N-Cys (N-Cys-S·), stabilized by guanidino group of RI!7. 
This highly reactive thiolale reduces Ihe peroxide in a 
nuc1eophilic attack yieldi..ng the cysleine su lfenic acid (N
Cys-SOH) and water The reaclion causes a local rearrange
ment of Ihe active site exposing the N-Cys-SOH to Ihe 
solvento This stlllcmr~lmodificalion brings the otherwise far 
(-10 A) C-Cys of Ihe other monomer close enough for the 
fonnation of an inlernlOlecular disulphide bond in a conden-
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molecule. This reaction produces H202 and the regeneration 
of active-sile copper (SOO-CU2) ~nd HÓ

\ compleling the 
cala lytic cyc1e 

SOO-Cu"- + O2'" + H+ --+ SOO-Cu-+(H) + 0 1 (1) 

SOO-Cu+(H) + O 2'- + H- --+ SOO-CuH + H 20 1 (2) 

In platyhelminthes such as Schis;osoma mm/solll 
(Trematoda). t\\'o CU.Zn-SOO enzymes have been identi
fied: a cytosolic alld other extrace11ular Ihat contains a signal 
peplide. BOIh are coded by difTerent genes. Tbey are 
localized in Ihe sublegumental lissue and oue is secreted 10 

the bosl-parasite interface (18 . 19). The CU .Zn-SOO cONAs 
of S. mal/sonf and Fascfo/a ¡leparfca have been cloned and 
characterized [20, 21). Recently, a cryslal stmcmre of S. 
mal/solli cytosolic CU.Zn-SOO (SmCtSOO) was solved [22] . 
Tbis study showed that SmCISOO and human OI.ZnSOO 
have difTerences in two amino acids (L ll2 and ym) that are 
in the entrance of the channel near the active site. These 
alllino acids play an illlportalll role in confomlation and 
charge distribmion for subslrale attraction: therefore they 
could be used to develop inhibitors against the parasite 
enzyllle. On the other hand. SOO has been used as targel for 
dmgs and in vaccinatíon studies. For exalllple. immunization 
experimellts using S. mallsoni Cu,Zn-SOO enzyme and ONA 
constlllcts of the gene showed siglli!1cant levels of prolection 
in Illice [23). Moreover. ill \'irrc inhibilion assays with 
bencimidazoles and pirimidille derivatives on crude extracts 
from tremalodes (F. heparica and Dicrocoelilllll denn'iricllm) 
and cestodes (.lIfO/liezia expallsa. }vI. bellede/Ji. Avirelfilla 
celnrip l/ncrara . Dipylidilll11 call i llu lII and T. hydangelw) 
showed a decrease in SOO activity [24, 25]. In olher study, 
mice infected with Ec/¡iIlOCOCClls gral/llfoslls cysts, treated 
wilh mebenduzole showed un illcreuse in the parasile SOO 
activity. In cOlllrast , albendazole and praziqualllel had no 
effec! 011 the activilY of Ihis enzyllle {2 6]. 011 the olher hand. 
there are several repOlts in nematodes of the existence of 
Mn-SOO [27], alld only one report in tremalodes [28], bnt 
there are not reports for cestodes 

Cn.Zn-SOO has been purified of cyslicerci eXlraCIS frolll 
T. raelliaefonl/is and T. sofillm «('estoda). These enzymes 
have tetralllel1C and dimeric stmctures. wilh -64 aud -30 
kOa. respeclively [29. 30]. 111 T. soliulII a clone encoding a 
CIl.Zn-SOO was isolaled from a cONA libraly of Ihe larval 
stage. The deduced alllino acid clone indicllles thal the 
enzyme has a predictive monomeric Mr of - 15.6 kOa, the 
classical mOlifs and amino acids involved in Ihe function of 
cylosolic Cu.Zn enzymes. Amino acid sequence analysis 
revealed 71% idemity with S. mallsolli. 60% with mmll
malian and less Ihan -54% with olher helminth Cu.Zn
SOOs. and Ihe conserved f3 -banel stmctme of the enzyme 
consisting of eight antiparallel f3-slrands joined by loops 
(Fig. 1). This barrel constitutes Ihe channel through O2'' is 
cOllduced lO Ihe calalylic sile. ",here H201 and 0 2 are 
produced. A functional recombinaol T. soliw/I CIl.Zn-SOO 
of 30 kOa was produced and westem blot analysis with 
anlibodies againsl Ihis ellzyllle showed Ihal this enzyme is 
expressed in a11 stages of the parasite. Antibodies did nOI 
affecl Ihe enzymalic acti\'ity: lleverJleless. they crossreacted 
wilh several Taenia species but nOI with lTelllatodes, 
nemalodes, pig. human or bovine CU,ZIl-SOO enzymes. In 
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Fig. (1). Strucmral modd of Taenia solill/ll ClI,Zn-SOO mOllomer. 
It shows tbe !,>-barrd structmc fomuxl of eight antiparalld p-strands 
(m1"OW5) joined by loops (lillCS). Modd was comlructed by 
MOOELLER program [32). 

l"in-o smdies with Ihíabendazole and albendazo le inllibiled 
Ihe aClivily of T. sclillm CU.Zn-SOO. b1l1 nOl the bovine 
Cl1,Zn-SOO [31]. Inlerestingly, these dala show structmal 
differences beT\.veen Ihe SOO of Ihis parasite alld its hosls. 

2) Peroxiredoxim (PIXS, E.e. 1.11.1.15) are conseried 
enzymes reponed frmll archeobacleria to hUlllans. covering 
plallts, mammals, prolozoa and helminths [33] These 
peroxidases catalyze Ihe reduclion of 1) hydrogen peroxide 
(H 20 1) lO water: 2) hydroperoxides (ROOH) to Ihe corres 
pondinp: alcohol and water: and 3) peroxynitrile (OONO) to 
nitrite and waler. using thioredoxin as electron donor [34-
36]. 

ROOH + e- --+ ROH - H20 

OONO" + e" ..... NO] + H20 

( 1) 

(2) 

(3) 

Prxs do nol need prostlletic groups. melals or coenzymes 
for !heir calalysis. Their slmcmral classificalion is based on 
whether they use one or TWO cysteines for catalysis. 
According lO this , there are 1-Cys and 2-Cys PrxS. The 1-
Cys Prxs have only one cysteine imide the amino terminal 
motif PYCT (N-Cys). while Ihe 2-Cys have Ihe conserved N
Cys in Ihe motif FVCP and a carboxy lenninal cysteine (C
Cys) in Ihe motif vePA [37] . Additiona11y, 2-Cys Prxs can 
be further divided illlo 2-Cys typicaland 2-Cys atypical. In 
Ihe Ihree classes the fiNt slep of calalysis. Ihiolate aud 
sulfenic acid fOllllation. is Ihe same. Typical 2-Cys Prxs are 
homodimers joined head lO taH, where ¡he N-Cys is facing 
Ihe C-Cys of Ihe adjacelll lllonomer. Their catalytic 
mechanism invo1ves Ihe fonnalion of Ihe tlliolate fonn of Ihe 
N-Cys (N-Cys-S). stabilized by gllanidino group of R ln

. 

This highly reactive tbiolate reduces Ihe peroxide in a 
nucleophilic attack yieldÍllg the cysleine sulfenic acid (N
Cys-SOH) and water The reaction causes a local realTange
ment of Ihe active site exposing the N-Cys-SOH to Ihe 
solvent. This slmcmnl modification brings the otherwise far 
(- 10 A) C-Cys of Ihe OIher monomer close enough for the 
fOflllalion of an Ílllermole<:ular disulphide bond in a conden-
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molecule. This reaction produces H10l and the regeneration 
of active-sile copper (SOO-Cu") and HÓ

\ compleling the 
cala lytic cyele. 

SOO-Cu"- + O2'' + H+ --+ SOO-Ot(H) + 0 1 (1) 

SOO-Cu+(H) + 0 1" + H- --+ SOO-CuH + H10 1 (2) 

In platyhebninthes such as Schisfosoma mmlSOIll 
(Trematoda). N/o CU,Zn-SOO enzymes have been identi
fied: a cytosolic and other extracellular Ihat contains a signal 
peplide. Both are coded by difTerent genes. Tbey are 
localized in Ihe sublegumental lissue and one is secreted 10 

the hosl-parasile illlerface (18 . 19). The CU .Zn-SOO cONAs 
of S. mal/sonf and Fascfola /¡eparica have been cloned and 
characterized [20, 21]. Recently, a cryslal stlllcmre of S . 
mmlsol/i cytosolic CU.Zn-SOO (SmCtSOD) was solved [22]. 
This study showed that SmCtSOO and human OI.ZnSOO 
have differences in two amino acids (L 112 and V m ) that are 
in the entrance of the channel near tlle active site. These 
amino acids play all importalll role in conformation and 
charge distribmion fOl" subslrale attraction: therefore they 
could be used to develop inhibitors against the parasite 
enzyme. On the other hand. SOO has been used as targel for 
dmgs and in vaccinalion studies. For example. immunization 
experiments usiug S. 1IU/l/sO//i Cu,Zn-SOO euzyme aud ONA 
constlllcts of the gene showed sigllÍl1cant levels of prolection 
in mice [23). Moreover. in vin'c inhibilíon assays with 
bencimidazoles and pirimidine derivatives on cmde extracts 
fmm tremalodes (F. lIeparica and Dicrocoelilllll denn'iricllm) 
aud cestodes (,\1m¡iezia expansa. ,1.1. benedeni. AI'irelfina 
cellfrip1lllCrnra . Dipyfidilllll call inulII and T. hydangelw) 
showed a decrease in SOO activity [24, 25]. In other snldy, 
mice infected with Ecllinococclls grallllfoslIs cysts, treated 
with mebenduzole showed un illcreuse in the pamsite SOD 
aClivity. In cOlllrast , albendazo le and praziqnalllel had no 
effecl 011 the activilY of Ihis enzyme [26]. 011 the other hand. 
there are several repOlts in nematodes of lhe existence of 
MIl-SOO [27], alld only oIle report iu tremalodes [28], blll 
there are not reports for ceslodes 

CU.Zu-SOD has beeu purified of cyslicerci eXlraCIS from 
T. rneniaefol1l/is aud T. SOfill1ll (Cesloda). These euzymes 
have tetrameric aud dimeric stmclures. wilh -64 and -30 
kOa. respeclively [29. 30]. 111 T. soliulII a clone encoding a 
OI.Zn-SOD was isolaled fmm a cDNA líbnny of Ihe larval 
stage. The deduced amino acid clone indicales thal the 
ellzyme has a predictive monomeric Mr of - 15.6 kOa. the 
classical mOlifs and amino acids involved in Ihe fnnction of 
cytosolic C\l,Zn enzymes. Amino acid sequence analysis 
revealed 71% idemity with S. lIIaI/sol/i. 60% with mmn
malian and less Ihan -54% with olher helminth Cu.Zn
SOOs. and Ihe conserved f3 -banel Slmcnlre of the euzyme 
consisling of eight antiparallel f3-slrands joined by loops 
(Fig. 1). This banel constinltes Ihe channel Ihrough 0 1" is 
couduced lO Ihe calalylic sile. where H10l and 0 2 are 
produced. A functional recombinaot T. soliwl/ CU.Zn-SOO 
of 30 kDa was produced and westem blot analysis with 
anlibodies againsl Ihis ellzyme showed Ihat this enzyme is 
expressed in al1 stages of Ihe parasile. Antibodies did nOI 
affecl Ihe enzymalic actÍ\'ity: neverJleless. they crossreacted 
wilh several Taenia species but nol with trematodes, 
nemalodes, pig. human or bovine Cu,Zn-SOD enzymes. 111 
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Fig. (1). Strucmral modd of Taellia .mlilllll ClI,Zn-SOO mOllomer. 
It shows tbe !,>-barrd stmcturc fOffilro of eigbl 3ntiparalld p-strands 
(mrows) joined by loops (lilles). Modd was comlrucled by 
MOOELLER program [32]. 

l'in-o smdies with thiabendazole alld albelldazole inhibiled 
Ihe aClivily of T. SClill1ll CU.Zn-SOO. but llot the boville 
Cu,Zn-SOD [31]. Interestingly, these dala show stmctllfal 
differences bel\.\'een the SOO of Ihis parasite aud its hosls. 

2) Peroxiredoxim (Prxs, E.e. 1.11.1.15) are conser.'ed 
enzymes reponed frcm archeobacleria to humans. covering 
plants, mammals, protozoa and helminths [33]. These 
peroxidases catalyze Ihe reduction of 1) hydrogen peroxide 
(H10 l ) lO water: 2) hydroperoxides (ROOH) to Ihe cones
poudinp: alcohol and water; and 3) peroxynitrile (OONO) to 
nitrite aud waler, using thioredoxín as electron donor [34-
36]. 

ROOH + e' --+ ROH ~ H10 

OONO' + e' ..... NO" -+ H10 

(1) 

(2) 

(3) 

Prxs do not need prostlletic groups. metals or coenzymes 
for Iheir calalysis. Their sll1lcnlral classificalion is based on 
whether they use oue or TlVO cysleines for catalysis. 
According lO this, there are l -Cys aud 2-Cys Prxs. The 1-
Cys Prxs have only one cysleine inside the amino terminal 
mOlif PVCT (N-Cys). while Ihe 2-Cys have Ihe conserved N
Cys in Ihe mOlif FVCP and a carboxy lenninal cysteine (C 
Cys) in Ihe motif VCPA [37] . Additional1y, 2-Cys Prxs can 
be further divided ill10 2-Cys typical aud 2-Cys atypical. In 
Ihe Ihree classes the fiNt slep of catalysis, Ihiolate aud 
sulfenic acid fOllllation. is Ihe same. Typical 2-Cys Prxs are 
homodimers joilled head lO taH. where ¡he N-Cys is facillg 
Ihe C-Cys of the adjacelll monomer. Their catalytic 
mechanism involves Ihe fonnalion of Ihe Ihiolate fonu of Ihe 
N-Cys (N-Cys-S). stabilized by guanidino group of R ln

. 

This highly reactive thiolale reduces Ihe peroxide in a 
llucleophilic attack yieldÍllg the cysleine sulfenic acid (N
Cys-SOH) and water The reaclion causes a local rearrauge
ment of Ihe active site exposÍllg the N-Cys-SOH to Ihe 
solvent. This slmcmral modificalion brings the otben .... ise far 
(- lO A) C-Cys of Ihe other monomer close enough for the 
formalion of an Ílllermoleclllar dislllphide bond in a conden-
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sation reaction between Ihe m'o cysteines. TIle next step is 
the reduction of the disu ltide by thioredoxin. which renders 
the active fonn of the enzyme ready for thiolate fonnation 
[38). Atypical 2-Cys Prxs are monomeric proteins in which 
the N-Cys sulfenic acid reacts with the C-Cys of the sallle 
1ll0nOlller fonning an intramolecular disulfide bond. which is 
reduced by Ihioredoxin. The I -Cys Prxs are monomers Ihat 
have only Ihe N-Cys. The identity of the molecule or 
lllolecules Ihat react with the N-Cys su lfenic acid of I -Cys 
Prx are still uncertain. Recent studies in malllmals and yeasts 
have demonstrated Ihat 2-Cys Prxs, a lthough antioxidant, are 
not just backup systellls for other peroxidases, instead, they 
pllrticipllte in signll l trlln~rlnction regllll1lion [ 'IQ] For 
exalllple. knock oul experilllenls of2 -Cys Prx in mallllllalian 
cells showed an up regulation of JNK and p38 MAPK 
palhways in response lo TNFu. In contrasl, Ihe increased 
expression of the enzyme had a down regulation effect on 
these two signaling pathways afler induction with TNFu 
[40). In this respecto it has been demonslrated their 
palticipation in regulation resides in the capacity of the 
aclive site sulfur to be oxidized from Cys-SOH (cysteine 
sulfenic acid) to CyS-S02H (cysteine sulfinic acid) under 
oxidative stress during catalysis [41]. This "overoxidation" is 
absent in a ll olher known peroxidases (e.g. catalase, 
g lutalhione peroxidase) and renders 2-Cys Prxs catalytically 
inactive. Overoxidalion, previously thoughl to be biolo
gically irreversible, is slow ly reversed by m'o ATP
dependenl reductases, sulfiredoxin and seslrin [42. 43]. 
Although there are other proteins with cysleines that can be 
oxidated lo the sulfinic fonu , sulfiredoxin reduction of this 
group is specific for 2-Cys Prxs (44]. Under this light, Wood 
and colleagues have suggesled tha! they may acl as mole
cular sensors or " floodgates" of hydrogen peroxide, distin
guishing between signal transduction and the deleterious 
effect of this oxidant molecule. This mode1 postulates Ihat 
under normal conditions H20 1 is reduced by Prxs, while in 
e1evaled endogenous production caused by signal 
transduction, they become temporally inactive (opening the 
floodgate) enough time for the signal to lake place [45]. Two 
motifs are responsible for overoxidalion of the 2-Cys Prx 
enzyme, the GGLG and the YF motifs localized in the 
carboxy tenninal site. In a S. /l/a llso/li 2-Cys Prx, Sayed and 
colleagues demonstrated Ihat the transference of an YF motif 
from an overoxidation sensitive 2-Cys Prx to an over
oxidation insensitive I -Cys Prx converts Ihe last in an 
overoxidation sensitive enzyme [46]. This work highlights 
the biological s ignificance of these molifs in the regulalion 
of catalysis . In Prxs wilh N-Cys-SOH , these motifs face each 
other burying Ihe calalytic site away from the C-Cys-SH of 
the adjacent monomer, preventing the fonnalion of the 
disulfide bond. This facl permits N-Cys-SOH to be furlher 
oxidized to N-CyS-S02H, resulting in the inaclivation of the 
enzyme [45). 

Several 2-Cys Prxs have been cloned in platyhelminlhes, 
and due to the apparent lack of catalase and low activily of 
g lutalhione peroxidase in Ihese organisms, it's believed Ihat 
they play an imporlant role in parasite defence againsl host 
immune-derived oxidative stress [27]. S. /l/a llsoni (SmPrx2 , 
SmPrx3) and F. ¡,epariea (FhePrx) enzymes have revealed 
similar stmcture and overoxidation (GGLG and YF) motifs 
as Iheir mamlllalian homologues [46, 4;]. 
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Taenia solill/l/ possess a Iypical 2-Cys Prx (Ts2-CysPrx) 
encoded by a single copy gene. TIle recombinanl enzyme 
showed aClivity with both H20 1 and cumene hydroperoxide 
and has the regulatory GGVQ and FM motifs [48] (Fig. 2) . 
Prxs of other cestodes, such as E. g rmlll losll s and E. /l/IIITilo 
ell /aris, also presented these molifs [49]. Addilionally, Ts2-
Cys Prx has the phosphorylation site V90SRKE, described 
recently as an inactivating element for enzyme catalysis 
during mitosis. and t\Vo olher pulative sites (FI6TCKA and 
Fl64TDKH) that could be illlplicated in enzyme regulation 
[50]. Moreover, Ts2-Cys Prx is expressed during the enlire 
life cycle and is localized in the parasite tegumenl. 
FlIrthemlOre, 2 -C:y~ Prxs liTe expTesserl among Ihe Tmmin 
genus, as has been demonslraled by western blotting, where 
antibodies against Ts2-Cys Prx recognized a band of same 
molecular mass in T. sagilla ra adult and T. erassieeps 
cysticerci protein extracls [48]. It has been proven that these 
organisms are resistant to extreme hydrogen peroxide 
concenlrations ill vin"o, however, these significant mecha 
nisms remain slill unclear. 

3) Ghllathione transferases (GST, E.e. 2.5.1.18) 
comprise a versatile falllily of enzymes that \Vere identified 
as glutalhione (GSH) conjugaters. This fact , placed them 
only as detoxiticalion enzymes for a long lime. The general 
reaclion of conjugation of GSH to eleclrophilic compounds 
generales a conjugate that is transported out lo the cell by 
severa l palhways [51-53]. The reaclion can be a nudeophilic 
attack, aromatic substitution, epoxide ring opening, rever
sible Michael addilion, isomerization or peroxidation. 

GSH + RX -->- GSR+ HX (1) 

In recent years a wide diversity of functions have been 
attributed lo GSTs. ~uch as leukotriene and prostagJandine 
biosynthesis. calabolism of aromatic amino acids, xenobiotic 
IranspOlt. modulation in signal process, ion channel 
modulation and/or fonuation [51 -55]. 

The GSTs are grouped in Ihree subfalllilies according 10 
Iheir cell location: 1) mitochondrial GSTs; 2) microsoma l or 
MAPEG (membrane-associated proteins involved in 
ecosanoid and g lutathione metabolism); and 3) cytosolic or 
canonical GSTs. The tirst group indudes Ihe unique kappa 
(K) dass. This c1ass has a very high peroxidase activity and 
its location suggests a main role in B-oxidation of fally acids. 
Fonnerly, K dass was induded with cylosolic GSTs, but a 
ne\V hypolhesis about its evolution postulates this dass is not 
Ihe ancestor of cytosolic GSTs, inslead, bolh evolved toge
Iher and then diverged [52, 53]. The second group, micro
somal GSTs, is the less characterized of the three. Some 
studies have identified four dasses (1, n , nI and IV). 
However. these classes are nol well detined ye\. Microsomal 
GSTs are very differenl to mitochondrial and cylosolic GSTs 
in gene, primary and lerliary stmcmre. They are involved in 
t:<.:os<llIoid lIIt:l<luolimJ. sylllllt:s is uf !t:ukolrit:lIt:s <llId 
prostaglandins and aclivation of SOllle lipoxygenases. The 
tirst microsoma l GST was identitied by conjugation with 
GSH. bul this activity is nol their main function [52. 54]. 

The last group. cylosolic GSTs. is Ihe best characterized. 
The group members could be divided in 1) organism-specific 
GST dasses such as lambda (L). phi (F) and lau (U) in 
plants, beta (B) in prokaryotes. delta (O) and epsilon (E) in 
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sation reaetion between Ihe two eysteines. TIle next step is 
the reduetion of Ihe disu lfide by Ihioredoxul. which renders 
the active fonu of tbe enzyme ready for Ihiolate fonllation 
[38]. Atypical 2-Cys Prxs are monomeric proteins in which 
the N-Cys sulfenic acid reaets with the C-Cys of Ihe salUe 
monomer fonlling an intramoleeular disulfide bond. whicl! is 
redueed by Ihioredoxin. The I -Cys Prxs are monomers Ihal 
have only the N-Cys. The identity of the moleenle or 
moleeules Ihal reael wilh the N-Cys sulfenic acid of I -Cys 
Prx are slilI uneertain. Reeent studies in mammals and yeasts 
have demollstrated thal 2-Cys Prxs, a lthough antioxidant. are 
not just baekup syslems for other peroxidases. illstead. they 
pllrticipllte in signll l tflln ~rlnction regnlillion [3Q] For 
example. klloek out experiments of2 -Cys Prx in mammalian 
eells showed an up regulation of JNK and p38 MAPK 
pathways in response 10 TNFu. In eontrasl, Ihe ulereased 
expression of tbe enzyme had a down regulation effeel on 
these two signaling pathways afier ulduetion with TNFa 
[40] In this respeet. it has been demonstrated Iheir 
participation in regulation resides in Ihe eapadty of the 
aelive site sulfur to be oxidized from Cys-SOH (eysteine 
sulfenie acid) to Cys-S01H (eysleine sulfinic acid) under 
oxidative stress during eatalysis [41]. This "overoxidalion" is 
absent in a ll olher known peroxidases (e.g. eatalase. 
glutathione peroxidase) and renders 2·Cys Prxs eatalytically 
inaetive. Overoxidation. pre,'ionsly thoughl to be biolo
gically irreversible. is slow ly reversed by m'o ATP
dependent reduetases . sulfiredoxill and seslrin [42, 43]. 
Ailhongh there are other proteins with eysteines that can be 
oxidated lo the sulfinie fonu. sulfiredoxin reduetion of this 
group is specifie for 2·Cys Prxs [44]. Under this lighL Wood 
and eolleagues have suggesled Iha! Ihey may ael as mole
cular sensors or "floodgales" of hydrogen peroxide. distin
guishing between signal transduetion and the deleteriolls 
effeel of this oxidant moleeule. This model poshi lates Ihal 
under nonllal eonditiolls H10 2 is redueed by PIXS. while in 
elevaled endogenous produetion eaused by signal 
transduetion, they beeome temporally inaetive (opening tbe 
floodgate) enough time for the signallo lake place [45]. Two 
motifs are responsible for overoxiclalion of the 2·Cys Prx 
enzyme, the GGLG and Ihe YF motifs loealized in Ihe 
earboxy lenninal sile. In a S. mallsolli 2-Cys Prx, Sayed and 
eolleagues demonstrated Ihal Ihe transferenee of an YF motif 
frolll an overoxidatioll sensitive 2-Cys Prx 10 an over
oxidalion insensitive I -Cys Prx eonverts Ihe lasl in an 
overoxidation sensitive enzyllle [46]. This work highlights 
the biological significanee of these Illolifs in the regulalion 
of eatalysis. In Prxs wilh N · Cys-SOH, these Illotifs faee eaeh 
other burying Ihe ealalytic site away frolll Ihe C-Cys-SH of 
the adjaeent Illonomer. preventing the fOnllation of ¡he 
disulfide bond. This fael permits N·Cys·SOH 10 be furlher 
oxidized to N·CyS· S02H, resulting in Ihe inaelivation of the 
enzyme [45). 

Several 2·Cys Prxs have been c10ned in platyhelminthes. 
and due 10 the apparent laek of eat~lase and low aetivily of 
glulalhione peroxidase in Ihese orgmisms, it' s believed Ihal 
they play an important role in parasite defellee againsl host 
immune-derived oxidative stress [27]. S. mansoni (S mPrx2. 
SmPrx3) alld F. l!eparica (FhePrx) enzymes have revealed 
similar slmemre and overoxidalion (GGLG and YF) motifs 
as Iheir malllmalian homologues [46. 4i] . 
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Taellia soli1l111 possess a Iypieal 2-Cys Prx (Ts2 ·CysPrx) 
eneoded by a single eopy gene. TIle reeombinanl enzyme 
showed aelivity with bolh H10 2 and eumene hydroperoxide 
and has the regulalOly GGVQ and FM mOlifs [48] (Fig. 2). 
Prxs of other eestodes. sueh as E. grmllllos1Is and E. IIIl1lrilo
c1Ilaris, also presented Ihese mOlifs [49] . Addilionally. Ts2 -
Cys Prx has the phosphOlylation site V90SRKE. deseribed 
reeently as an inaetivalillg element for enzyme eatalysis 
during mitosis . and two olher pulative sites (F16TCKA and 
F!64TDKH) thal eould be implieated in enzyme regulation 
[50]. Moreover. Ts2 -Cys Prx is expressed during the enlire 
life eycle and is loealized in the parasite tegUlllenl. 
Fm1hemlOre, 2 -("y ~ Prx~ IIfe expres~ erl ~monF Ihe Tmmin 
genus, as has been demollslraled by weslern blotting, where 
antibodies against Ts2 ·Cys PIX reeognized a band of same 
molecular mass in T. saginara adult and T. crassiceps 
eysticerci protein extraets [48]. It has been proven thal Ihese 
organisms are resistant 10 extreme hydrogen peroxide 
eoneenlrations in vHro . however. these s ignifieant mecha · 
nisms remain still undeaL 

3) GIllIathione transferases (GST, E.e. 2.5.1.18) 
eomprise a versalile family of enzymes Ihat were identified 
as glutalhione (GSH) eonjugaters. This fael. plaeed them 
ollly as deloxifiealion enzymes for a long lime. The general 
reaelion of eonjugation of GSH 10 eleelrophilic eompounds 
generales a eonjugau that is trallsported out lo Ihe eel! by 
several palhways [51·53]. The reaelÍon can be a nuc1eophilie 
altaek. aromalie substinltion, epoxide ring opening. rever· 
sible Michael addilion. isomerization or peroxidalion. 

GSH + RX --+ GSR+ HX ( 1) 

In reeent years a wide diversity of f\llletions have been 
~tlribllted 10 GSTs. wch as lellkotriene and prostaglandine 
biosynthesis. ealabolism of aromatie amino acids, xenobiotic 
Iransport. modulation in signal proeess, ion ehanuel 
modulation andlor fonnation [51 -55]. 

The GSTs are grouped in Ihree subfamilies aeeording 10 
Iheir eell loeation: 1) miloehondrial GSTs; 2) microsomal or 
MAPEG (membralle-associated proteins involved in 
eeosanoid and g lutalhione melabolism): and 3) eytosolie or 
eanonical GSTs. The first group ineludes lbe unique kappa 
(K) elass. This class has a very high peroxidase aetivity and 
its loeation sugg.ests a main role in ¡3·oxidation of fatly acids. 
Fonnerly. K c1ass was illc1uded with eylosolie GSTs, but a 
new hypolhesis about its evolution posnliates lbis class is not 
Ihe alleeSlor of eytosolie GSTs. inslead, bOlh evolved toge· 
Iher and Ihen diverged [52, 53]. The seeond group, micro
somal GSTs. is Ihe less eharaeterized of the Ihree. Some 
shldies have idelltified four c1asses (L n , III and IV). 
However. Ihese classes are nOI wel! defined yel. Mierosomal 
GSTs are very different to mitoehondrial and eylosolie GSTs 
in gene, primary and lerliary slmemre. They are involved in 
<!<':us<llIuid IIId<lUulhlll. s)'1I111<!s is uf kukulrÍ<::u<!s <lml 
proslaglandins and aclivation of some Iipoxygenases. The 
firsl microsomal GST was identified by eOlljugation with 
GSH. bUl this aetivity is nol their main funetion [52.54]. 

The last group. eylosolie GSTs. is Ihe besl c1mraeterized. 
The group members eould be divided in 1) organism-specifie 
GST c1asses sueh as lambda (L). phi (F) and lau (U) in 
plants, beta (B) in prokaryotes. delta (O) and epsilon (E) in 
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sation reaetion belween Ihe IVo'O eysteines. TIle next step is 
the reduetioll of Ihe dis\l!fide by Ihioredoxul . which rellders 
the active fonn of tbe enzyme ready for Ihiolate fonnation 
[38]. Atypical 2-Cys Prxs are monomeric proteins in whieh 
the N-Cys sulfenic acid reaets with the C-Cys of Ihe sallle 
monolller fonning an illlramoleeular disulfide bond. which is 
redueed by Ihioredoxin. The I -Cys Prxs are monomers Ihal 
have only the N-Cys. The identity of the moleeule or 
moleeules thal reael wilh the N-Cys sulfenic acid of I -Cys 
Prx are slill uneertain. Reeelll sludies in mammals and yeasts 
have demollstrated thal 2-Cys Prxs, a ltbough anlioxidant. are 
not just baekup syslems for OIher peroxidases. illstead. Ihey 
pllrticipllte in signll l tflln~rlnction regu];llion {39] For 
example. klloek out experimems of2 -Cys Prx in mammalian 
eells showed an up regulation of JNK and p38 MAPK 
palhways in response 10 TNFu. In eontrasl, Ihe ulereased 
expression of tbe enzyme had a down regulation effeel on 
these two signaling pathways afier ulduetion with TNFu 
[40]. hl this respeet. it has beell demollslrated Iheir 
participation in regulation resides in Ihe eapacity of the 
active site sulfur to be oxidized from Cys-SOH (eysteine 
sulfenie acid) to Cys-S01H (eysleine sulfinic acid) under 
oxidative stress during eatalysis [411. This "overoxidalion" is 
abselll in a ll olher known peroxidases (e.g. eatalase . 
glutathione peroxidase) and renden 2-Cys Prxs eatalytically 
inaetive. Overoxidalion. pre,'iously thoughl to be biolo
gically irreversible . is slow ly reversed by m'o ATP
dependelll reduetases . sulfiredoxill and seslrin [42, 43]. 
Ailhough there are other proteins with eysleines that can be 
oxidated lo the sulfmic fonu. sulfiredoxul reduetion of this 
group is specifie for 2-Cys Prxs [441. Under this lighL Wood 
and eolleagues have suggesled Iha! Ihey may ael as mole
cular sensors or " floodgales" of hydrogen peroxide. distin
guishing between signal transduetion and Ihe deleterious 
effeel of this oxidant moleeule. This model posmlates Ihal 
under nonnal eonditiolls H10 2 is redueed by PrxS. while in 
elevaled endogenous produetion eaused by signal 
transduetion, they beeome temporally inaetive (opening tbe 
floodgate) enough time for the signallo take place [45]. Two 
motifs are responsible for overoxidalion of the 2-Cys Prx 
enzyme, Ihe GGLG and Ihe YF motifs loealized in Ihe 
earboxy lenuinal sile. In a S. mansolli 2-Cys Prx, Sayed and 
eolleagues demollstrated Ihal Ihe trallsferenee of an YF motif 
frolll an overoxidation sensitive 2-Cys Prx 10 an over
oxidation insensith'e I -Cys Prx COllverts Ihe lasl in an 
overoxidation sensitive enzyllle [46]. This work highlights 
the biological significanee of these Illolifs in the regulalion 
of eatalysis. In Prxs wilh N-Cys-SOH, these Illotifs faee eaeh 
other burying Ihe ealalytic site away from Ihe C-Cys-SH of 
the adjaeent Illonomer. preventing the fomlalion of the 
disulfide bond. This fael permits N-Cys-SOH 10 be furlher 
oxidized to N-CyS-S02H, resulting in Ihe inaelivation of the 
enzyme [45). 

Several 2-Cys Prxs have beell c10ned in platyhelmimhes. 
and due 10 the apparelll laek of eat~lase and low aetivily of 
glutalhione peroxidase in Ihese orgmisllls, it's believed Ihat 
they play an important role in parasite defenee againsl host 
imlllune-derived oxidath'e stress [27]. S. mal1sol1i (S mPrx2. 
SmPrx3) alld F. l!eparica (FhePrx) enzymes have revealed 
sUllilar slmemre and overoxidalion (GGLG and YF) motifs 
as Iheir malllmalian homologues [46. 4i]. 
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Taenia sofil/III possess a Iypieal 2-Cys Prx (Ts2 -CysPrx) 
eneoded by a single eopy gene. TIle reeombinanl enzyme 
showed aelivity with bolh H10 2 and eumene hydroperoxide 
and has the regnlalOly GGVQ and FM motifs [48] (Fig. 2). 
Prxs of olher eestodes. sneh as E. gral/n/osI/s and E. IIl11ftifo
cllfaris, also presented Ihese mOlifs [49]. Addilionally. Ts2 -
Cys Prx has the phosphOlylation site V90SRKE. deseribed 
reeently as an inaetivating elemelll for enzyme eatalysis 
dnring mitosis. and two olher pulative sites (F16TCKA and 
Fl

6-lTDKH) thal eould be implieated in enzyllle regulation 
[50]. Moreover. Ts2 -Cys Prx is expressed during the enlire 
life eyc!e and is loealized in Ihe parasite tegUlnenl. 
FurthemlOre, 2 -("y ~ Prx~ ilre expres~ erl ilmollg Ihe Tmwin 
genus, as has been demonslraled by weslern blolting, where 
alltibodies against Ts2 -Cys PIX reeognized a band of same 
molecular mass in T. saginara adult and T. crassiceps 
eysticerci protein extraets [48]. JI has been pro,'en tha! Ihese 
organisms are resistalll 10 extreme hydrogell peroxide 
eoneenlrations in "in'o . however. these s ignifieant meeha 
nisms remain slill unclear-

3) Ghnathione Iransferases (GST, E.e. 2.5.1.18) 
eomprise a versalile family of enzymes Ihat were identified 
as glutalhione (GSH) eonjugaters. This faet. plaeed them 
only as deloxifieation enzymes for a long lime . The genera l 
reaelion of eonjugation of GSH 10 eleelrophilic eompounds 
generales a eOlljugau that is transported out lo the eeH by 
several pathways [51 -53]. The reaelion can be a nuc1eophilie 
attaek. aromalic substinltion, epoxide ring opening. rever
sible Michael addilion. isomerizatioll or peroxidalion. 

GSH + RX ...... GSR+ HX ( 1) 

In reeent years a wide diversity of fmletions have been 
attribllted 10 GSTs. weh as lellkotriene and prostaglandine 
biosYllthesis. ealabolism of aromatic amino adds, xenobiotic 
Iransport. modulation in signal proeess, ion ehallllel 
modulation amilor fonnation [51 -55]. 

TIle GSTs are grouped in Ihree subfamilies aeeording 10 
Iheir eellloeation: 1) miloeholldrial GSTs; 2) microsomal or 
MAPEG (membralle-associated proteins involved in 
eeosanoid and glutalhione Illelabolism): and 3) eytosolie or 
eanonical GSTs. The first group uleludes tbe unique kappa 
(K) class. This c!ass has a very high peroxidase aetivity and 
its loeation sugg.ests a main role in f3 -oxidation of fally adds. 
FOnllerly, K c1ass ",as inc1uded with eylosolie GSTs. but a 
uew hypolhesis about its evolution posnllates tbis class is not 
Ihe alleeSlor of eytosolie GSTs, illslead, bOlh evolved toge
Iher and Iheu diverged [52, 53] . The seeond group, micro
somal GSTs. is Ihe less eharaeterized of the Ihree. Some 
snldies have identified four classes (1, JI , III and IV). 
However. Ihese c1asses are nOI weH defined yet. Microsomal 
GSTs are very differelll to mitoehondrial and eylosolie GSTs 
in gene. pnmary and lerliary slmemre. They are involved in 
<!<':os<llIoid IIIdauolhlll. s)'1I1IJ t:sis of kukolrÍ<::u<!s <lml 
proslaglandins and aclivation of some lipoxygenases. The 
firsl microsoma l GST was identified by eonjugation with 
GSH. bUl this aetivíty is nOI their main funetion [52.54]. 

The last group. eylosolie GSTs. is Ihe best eharaeterized. 
The group members could be divided in 1) organism-spedfie 
GST c1asses sueh as lambda (L). phi (F) and lau (U) in 
plants, beta (B) in prokaryotes. delta (O) and epsiloll (E) in 
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HsPrx2 
SmPrx2 
SmPrx3 
TS-2CyaPrx 
EgPrx 
EmPrx 

··· · ··········MASGN· ······ARIGKPAPDPKATAVVDGAPKEVKL5DYKGKYVV 39 
··· · · · ··----- · ·-·- · --·-·-MLLPNQPAPDFEGTAVIGTELRPISLSQ~KYVL 35 
MLLQGFIKGALRYNRSSVSNLCRHYAAHVQRPAPDFCGTAVVDGQFKEIKLRDFAGKYLV 60 
··········· · ·········MHEAAAVIGRPAPGFTCKALVDGELKDVSLSDYKGKYVI 39 
---_ ·-- -- · - · - -- - ·-- --- - -MAAVVGKLAPSFTCKALVDGELKDVSLSDYRGKYVI 36 
.. . .. . . . . . . . . . . ... . . . . . . MVALVGKLAPSF!CKALVDGELKDVSLSDYRGKYVI 36 

HsPrx2 
SmPrx2 
SmPrx3 
Ta.-2CysPrx 
EgPrx 
EmPrx 

LPFYPLDFTPVCPTEIIAFSNRAEDFRKLGCEVLGVSVDSQPNHLAWINTPRKEGGLGPL 99 
LVPYPLDFTPVCPTELIAPSERAAEPQSRGCQVIACSTDSVYAHLAWTKLDRKAGGLGQM 95 
LPFYPLDFTFVCPTELTAFSDRIDEFKNEGVEVVGVSTDSHFSHLAWINTPRKEGGLGGL 120 
LPFYPMDFíFVCPTEIIAPNDRAGEFHQRGCQLLACSTDSAYSHLAWNNVSRKEOOVQGM 99 
LPFYPMDFTPVCPTEIIAPNDRADEPHQRGOQLLACSTDSGYCHLAWNNVSRKEGGVQGM 96 
LFFYPMDFTFVCPTEIIAPNDRADEFRQRGOQLLACSTDSGYCHLAWNNV~RKEGGVQGM 96 

HsPrx2 
SmPrx2 
SmPrx3 
Ta.-2CysPrx 
EgPrx 
EmPrx 

NIPLLGDVTRRLSEDYGVLKTDEGIAYRGLFIIDGKGVLROITVNDLPVGRSVDEALRLV 159 
NI PLLSDKNLR 1 SRA y EVLDEQEGHAFRGMFLI DRKGI LRQITVNDRPVGRSVDEAI RLL 1 5 5 
RYPLLADYQKQVTRDYGVLHEELGVALRGLFIISADGIIRQITINDLPAGRSVDEVLRLV 180 
KIPNLADTNHRISRDYGVLIEEQGVALRGLFIIDDKGILRQITIDDLPVGRCVDEALRLL 159 
RIPNLAQTNHKISROYGVLIEDQGIALRGLPIIODKGVLRQITINDLPVGRSVOEALRLL 156 
RIPNLADTNHKlSRDYGVLIEDQGIALRGLFIIDDKGVLRQITINDLPVGRSVDEALRLL 156 

HsPrx2 
SmPrx2 
SmPrx3 
Ts - 2CysPrx 
EgPrx 
EmPrx 

QAFQYTDEHGEVCPAGWKPGSDTIKPNVDDSKEYFSKHN 198 
DAFIFFEKHGEVCPANWKPNSATIKPDPVASLSYFSSVH 194 
RAPQYTDKYGEVCPADWQPKGPTIKPDLKKYKEYFHKVN 219 
DAFQF!DKHGEVCPANWRPGSKAPKPNAGDLKSPHSSR· 197 
OAFQf'!DKHGEVCPANWQPGSKTFKPSAGDLKSFMSS· · 193 
OAf'Of"!DKHGEVCPANWHPGSKTFKPSAGDLKSnlSS- - 193 

Hg. (2). Alignmelll of 2-Cys Prxs of hmuan and platyhdminthes. HsPrx2, Horno sapiens (P32 I 19): SmPrx2, Schistosoma mansoni 
(AAGI5598): SnlPlX3, Schistosoma rr.ansoni (AAGI5509): Ts-2CysPIX. Taenia solium (AAV9 1322): EgPrx. EchinococCIIs gram¡/osus 
(AAD02002): EnlPlX. EchinocoCC/ls multi/ocu/aris (BACI1863). Cmalytic domains are marktd with astensks. o\"elUxidation regllL1tOly 
!Ilotifs are: in bold and Cestoda plItatin phosphOlylation sites are IUlderlined. Alignment was done with CIlIstalW 
(http://www.ebi .ac.ukldllstalwl). 

insecls; and 2) ubiquitous c1asses such as mu (M) , alpha (A), 
pi (P), Iheta (T), sigma (S), zela (Z ) and omega (O) c1asses. 
This c1assificalion was eslablished lIccording lo biochemica l, 
genelic . immllllological and slmclural properlies. Al1 dIese 
enzymes have subunits of 24 to 27 kDa. with an average of 
250 amillo acids in Iheir primary stmctnre and a l1 share the 
same lerliary and quaternary slmClUre: dimers with subunits 
composed of two domains. The firsl doma in, Ihe G sile, is 
located at the N-terminal porlion and is responsible for GSH 
binding. This domain is conserved in a l1 c1asses and has a 
lionedoxin like fold constructed by Ihree he lices and four 
sheets (BaBaB¡a). In the G sile, according lo Ihe c1ass, Ihe 
amino acids Y (M, P and A c1assesJ or S17 (T, Z, F, U and D 
c1asses) or c to (O and B dasses) are responsible for GSH 
aclivalion. Aclivation allows the nuc1eophilic allack lo Ihe 
eleclrophilic compound. Second domain, named H sile, 
embraces C-termillal region. This r~gion binds the substrate 
and il is conslituled exc1usively by u -helices. The number of 
Ihe helices can change from four to seven among c1asses. 
This varialion has been used as an argumenl to explain Ihe 
wide range of subslrates for detoxification and a lso 
specificity among dasses [51 -53 , 55]. Each monomer 
conlains the G and H domains. TIle dimer can be fonned by 
idenlical (homodimers) or differelll (heterodimers) subunits 
of the same c1ass. Until now, the reason for activity of GS T 
as dimers is nol c1ear, however. Ihe stabilization of dimeric 
slmclure has beell relaled lo Ihe cooperativity belWeen 

subunits. This process has been shown in some GSTs, 
although alosleric changes have nOI been demonslrated [56]. 

In Plalyhelmilllhes, firsl GSTs identified came from the 
Trematoda S. )apOniclIlII . S. 1//al/sOlli and F. hepatica [58 , 
59]. In Cestoda IWO nalive GSTs of T. SO/illlll with a 
molecular mass of 25.5 (SGSTM1) and 26.5 kDa (SGSTM2) 
were copurified from a soluble extracl of cyslicerci [60]. 
Amino lennina l sequellces and preliminary activity 
delerminalions wilh I-Chloro-2, 4-nitrobellzene (CNDB, the 
universal subslrate for GSTs) and other subslrates showed 
Ihat bolh GSTs have resemblance 10 the M dass [60, 61]. 
Primary slmctme of a recombinanl SGSTMI revealed the 
presence of the mu-Ioop, Ihe typical molif of Ihat c1ass. In 
addition, Ihe activity ranges with substrales such as elha 
crynic acid. bromomlfophtalein. some alkena ls, cumene 
hydroperoxide, and its sensilivities to inhibitors such as 
cibacron blue, bromosulfophlalein and chlorolriphellyltin, 
confinlled ils mu natnre. Furlhennore, vaccination assays 
calTied 0111 in a T. crassiceps murine cysticercosis model 
wilh both GSTs as anligens. showed a 90% decrease in 
parasile load, where 25% of Ihat proteclion was given by 
SGSTMl and the r~sting olher 65% by SGSTM2. This 
finding suggests thal both GSTs have great significance for 
Ihe parasile sun'ival [61]. Recently, a SGSTM2 was purified 
from a soluble extracl of cysticerci, and characlerized. In Ihat 
study, properlies such as aclivities wilh different substrates 
and sensitivilies lo c1ass-specific inhibitors suggesled that the 
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MLLQGFIKGALRYNRSSVSNLCRHYAAHVQRPAPDFQGTAVVDGQFKEIKLRDFAGKYLV 60 
···········-···-·····MHEAAAVIGRPAPGPTCKALVDGELKDVSLSDYKGKYVI 39 
.... - ...... _ ... - - ...... · MAAVVGKLAPSFTCKALVDGELKDVSLSOYRGKYVl 36 
........................ MVALVGKLAPSF!CKALVDGELKDVSLSDYRGKYVI 36 

HsPrx2 
SmPrx2 
SmPrx3 
TS ·2CysPrx 
EgPrx 
EmPrx 

LFFYPLDFTPVCPT~IIAFSNRAEDFRKLGCEVLGVSVOSOfNHLAWlNTPRKEGOLCPL 99 
LVPYPLCFTPVCPTELIAPSERAAEFQSRGOQVIACSTDSvYAHLAWTKLDRKAGGLGQM 95 
LFFYPLOFTFVCPTELTAFSDRIDEFKNEGVEVVGVSTDSHFSHLAWINTPRKEGGLGGL 120 
LFPYPMDFTFVCPTEIIAPNDRAGEFHQRGOQLLACSTDSAYSHLAWNNV~RKEGGVQGM 99 
LFFYPMDFTPVCPTEIIAFNDRAOEPHQRGCQLLACSTDSGYCHLAWNNVSRKEGGVQGM 96 
LPPYPMDFTFVCPTEIIAPNDRADEPRORGOQLLACSTDSGVCHLAWNNV!RKEGGVQGM 96 

HsPrx2 
SmPrx2 
SmPrx3 
Ts-2CysPrx 
EgPrx 
EmPrx 

NIPLLGDVTRRLSEDYGVLKTDEGIAYRGLPIIDGXGVLROITVNDLPVGRSVDEALRLV 159 
NIPLLSDKNLRISRAYEVLDEQEGHAPRGMPLIDRKGILROITVNDRPVGRSVDEAIRLL 155 
RYPLLADYQKQVTRDYGVLHEELGVALRGLFIISADGIIRQITIHDLPAGRSVDEVLRLV 180 
KIPHLADTNHRISRDYGVLIEEQGVALRGLPIIDDKGILRQITIDDLPVGRCVDEALRLL 159 
RIPHLADTNHKISRDYGVLIEDQGIALRGLFIIDDKGVLRQITINDLPVGRSVDEALRLL 156 
RIPHLADTNHKlSRDVGVLIEDQGLALRGLFIIODKGVLRQITINDLPVGRSVDEALRLL 156 

HaPrx2 
SmPrx2 
SmPrx3 
Ts·2CySPrx 
EgPrx 
EmPrx 

QAFQYTDEHGEVCPAGWKPGSDTIKPNVDDSKEYPSKHN 19a 
DAPIFPEKHGEVCPANWKPNSATIKPOPVASLSYPSSVH 194 
RAFQYTDKYGEVCPADWQPKGPTIXPOLKKYKEYFHKVN 219 
DAFOFTDKHGEVCPANWRPGSKAPKPNAGDLKSFM$SR - 197 
DAPQp!DKHGEVCPANWQPGSKTPKPSAGDLKS FMSS .. 193 
DAf'QF!DKHGEVCPANWHPGSKTPKPSAGDLKSPlISS·· 193 

Fig. (2). Alignmall of 2-Cys PI'XS of hmnan alld platyhdminthes. HsPl'x2. Horno sop;ens (P3211 9): SmPl'x2. Schistosoma mallsmti 
(AAGI5598): SIlú'1X3. Sch;stosoma rr,allsoll; (AA.GI5509): Ts-2CysP¡x. Taellia so/il/m (AAV91322): EgPrx. EchillococCIIs gralllilosl/s 
(AAD02002): EmPIX. Ech;/IococcllS /Iwlti/ocularis (BACI1863). Catalytic domains are mal'kcd with aSlensb.. ovemúdation l'eglllmOly 
motifs are in bold alld Cesloda pmative phmphoryL1tioll sites are IUlderlined. Aligllmalf was done \Vith ClustalW 
(http: //ww\V.ebi .ac.uk!clustalw/). 

illSecls : and 2) ubiquitous classes such as mu (M). alpha (A) . 
pi (P), Ihela (T), sigma (S). zeta (Z) and omega (O) classes. 
This classificalion was established 3ccording lo biochemica l, 
gellelic . immunological alld slmclural properlies. AH these 
ellzymes have subullits of 24 lo 27 kDa. wilh an average of 
250 amillo acids in Iheir primary slmcture and .'111 share Ihe 
same lertialY and quatemary stmcTUre: dimers with subunits 
composed of Iwo domains. The firsl doma in. Ihe G sile, is 
located al the N-tenllillal porlion and is responsible for GSH 
binding . This domaill is conserved in al1 classes and has a 
tiolTedoxin like fold constmcted by Ihree helices and four 
sheets (¡3a¡3a¡3fla). In the G sile. according lo Ihe class. Ihe 
amino acids y ' (M, P and A classes) or S17 (T. Z. F, U alld D 
classes) or C IO (O and B c1asses) are responsible for GSH 
activation. Activation allows the nllcleophilic allack lo Ihe 
e1ectrophilic compound. Second domain, named H sile. 
embraces C-Iermillal region. This r~gion binds the subslrale 
and il is conslituled exdusively by u · helices. The number of 
the helices can change from four lo seven amollg d asses. 
This variation has been used as an argumenl lO explain Ihe 
wide mnge of subslrales for deloxificalioll and .'l Iso 
specificity among c1asses [51 -53. 55]. Each monomer 
cOlllains the G and H domaills. TIle dimer can be formed by 
idenlical (homodimers) or different (helerodimers) SIIbuuits 
ofthe same c1ass. Unlilnow. Ihe reasoll for activity ofGST 
as dimers is nol clear. however. Ihe slabilization of dimeric 
Slmclllre has beeu relaled lo Ihe cooperativity beTWeell 

subunils. This process has beell showll in some GSTs. 
although alosleric changes have nOI been demonslraled [56]. 

In Plalyhelminthes. firsl GSTs identified came from the 
Tremaloda S. jopon/el/ III , S. mOllson; and F. heporico [58 , 
59] . In Cesloda TWO Ilalive GSTs of T. solillm wilh a 
molecular mass of 25.5 (SGSTM1 ) and 26.5 kDa (SGSTM2) 
were copurified frolll a soluble extracl of cyslicerci [60]. 
Amino lemlÍna l sequences and preliminary activily 
delenllinaliollS wilh 1-Chloro-2. 4-nitrobenzelle (CNDS, the 
universal substrate for GSTs) and olber substrales showed 
Ihal bolh GSTs have resemblallce 10 Ihe M c1ass [60, 61]. 
Primary stmcll.lre of a recombillanl SGSTM1 revealed the 
presence of the mu·loop. Ihe typical motif of Ihat dass. In 
addil ion. Ihe aClivity ranges wilh substrales such as elha 
crynic acid. bromomlfophlalein. some alkena ls, cumene 
hydroperoxide, and its sellsilivities to inhibitors such as 
cibacron blue, brolllosulfoplnalein and chlorotriphellyltill. 
confinlled its mu namre. Furthenllore . vaccinalion assays 
calTied oul in a T. crassiceps murine cysticercosis model 
wilh bOlh GSTs as anligells. showed a 90% decrease in 
parasile load, where 25% of Ihat proteclion was given by 
SGSTMl and Ihe r~ sling olher 65% by SGSTM2. This 
finding suggesls thal bolh GSTs have greal significance for 
Ihe parasile sun'ival [61]. RecentIy. a SGSTM2 was purified 
from a soluble extracl of cyslicerci, and characlerized. In Ihat 
snldy. properlies such as activilies wilh differellt subslrates 
and sensitivilies lo dass· specific inhibitors suggested Ihal the 
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LVPYPLDPTPVCPTELIAPSEAAAEFQSRGCQVIACSTDS\1YAHLAWTKLDRKAOOLGQM 95 
LFFYPLDFTFVCPTELTAFSDRIDEFKNEGVEVVGVSTDSHFSHLAWINTPRKEOOLGGL 120 
LFFYPMDFTFVCPTEIIAPNDRAGEFHQRGCQLLACSTDSAYSHLAWNNV~RKEGGVQGM 99 
LPFYPMDFTPVCPTEIIAFNDRAOEPHQRGCQLLACSTDSGYCHLAWNNVSRKEGGVQGM 96 
LPPYPMDFTFVCPTEIIAPNDRADEFRQRGCQLLACSTDSGVCHLAWNNV!RKEGGVQGM 96 

HsPrx2 
SmPrx2 
SmPrx3 
Ts-2CysPrx 
EgPrx 
EmPrx 

NIPLLGDVTRRLSEDYGVLKTDEGIAYRGLFIIDGKGVLRQITVNDLPVGRSVDEALRLV 159 
NIPLLSDKNLRISRAYEVLDEQEGHAPRGMPLIDRKGILRQITVNDRPVGRSVDEAIRLL 155 
RYPLLADYQKOVTRDYGVLHEELGVALRGLFIISADGIIROITINDLPAGRSVDEVLRLV 180 
KIPHLADTNHRISRDYGVLIEEQGVALRGLFIIDDKGILRQITIDDLPVGRCVDEALRLL 159 
RlpNLADTNHKISRDYGVLlEDQGIALRGLFIIDDKGVLRQITlNDLPVGRSVDEALRLL 156 
RIPHLADTNHKlSRDVGVLIEDQGLALRGLFIIDDKGVLRQITINDLPVGRSVDEALRLL 156 

HsPrx2 
SmPrx2 
SI\'IPrx3 
Ts-2CysPrx 
EgPrx 
EmPrx 

QAFQYTDEHGEVCPAGWKPGSDTIKPNVDDSKEYPSKHN 198 
DAPIFFEKHGEVCPANWKPNSATIKPDPVASLSYFSSVH 194 
RAFQYTDKYGEVCPADWQPKGPTIKPDLKKYKEYPHKVN 219 
OAFOFTOKHGEVCPANWRPGSKAFKPNAGDLKSPMSSR- 197 
OAPQp!OKHGEVCPANWQPGSKTPKPSAGOLKS PMSS .. 193 
DAf'Qf'!DKHGEVCPANWHPGSKTFKPSAGDLKSPlISS·· 193 

Fig. (2). Alignmall of 2-Cys PIXS of human aud platyhdminthes. HsPlx2. Horno sapiens (P3211 9): SmPlx2. Schistosoma mallsmli 
(AAGI5598): SulPlX3. Schistosoma rr,tl/lsolli (AJ\,GI5509): Ts-2CysP¡x. Taetlia so/ium (AAV91322): EgPrx. EchillococCIIs grOlwlosllS 
(AAD02002): EmPIX. Echi/lococclIS I1wltilocularis (BACI1863). Catalytic domains ill"e mal'kcd with asterisb., ovemúdatioll regulatOly 
motifs are: in bold alld Cesloda pmalive phosphOlyL1tiou sites are IUloolined. Aligumalf was done with ClustruW 
(http://www.ebi .ac.uk!clustalwl). 

illSecls: and 2) ubiquitous classes s\lch as mu (M). alpha (A) . 
pi (P), Iheta (T), sigma (S), zela (Z) and omega (O) classes. 
This classification was established according to biochemical, 
genetic. immunological and stmctural properties. AH Ihese 
enzymes have subunits of 24 to 27 kDa. with an average of 
250 amillo acids in Iheir primary stmcture and .111 share the 
same tertiary and quatel1laly SlmClUre: dilllers wilh subunits 
composed of two domains. The first domain. the G site, is 
localed al Ihe N-H,'l1llillal portion and is responsible for GSH 
bindillg. This domaill is conserved in aH classes and has a 
tiolTedoxin like fold constmcled by three helices and four 
sheets (BaBaBfla). In Ihe G site. accordillg to the class. the 
amino acids y ' (M, P and A classes) or Sil (T. Z, F, U aud D 
classes) or c to (O and B c1asses) are responsible for GSH 
activation. Activation allows Ihe nucleophilic attack to the 
electrophilic compound. Second domain, named H site. 
embraces C-termillal region. This r~gion binds Ihe substrate 
and it is constituted exclusively by u -helices. The nllmber of 
the helices can change from four to seven amollg classes. 
This varialion has been used as an argllment to explain the 
wide mnge of substrates for detoxification and a lso 
specificity among c1asses [51 -53. 55]. Each monomer 
conL1illS Ihe G and H domains. The dimer can be formed by 
idemical (holllodimers) or different (heterodimers) sllbunits 
oflhe same c1ass. Untilnow. tlle reason for activity ofGST 
as dimers is not clear. however. Ihe stabilization of dimeric 
SlmClllre has been related to the cooperalivity belWeen 

subunits. This process has been shown in sOllle GSTs. 
althollgh alosteric changes have not been demonstrated [56]. 

In Platyhelmimhes, first GSTs identified came frolll Ihe 
Tremaloda S. japoniculII, S. lIIa llsoni and F. heparica [58 , 
59] . In Cestoda IWO native GSTs of T. SOlill1ll with a 
molecular mass of 25.5 (SGSTM1) and 26.5 kDa (SGSTM2) 
were copurified frolll a soluble extraet of cyslicerci [60]. 
Amino lel1llÍnal sequences and preliminary activity 
determinatiollS with 1-Chloro-2. 4-nitrobenzelle (CNDR Ihe 
universal subslrale for GSTs) and olher slIbslrates showed 
Ihat both GSTs have resemblance 10 Ibe M c1ass [60, 61]. 
Primary stmcll.lre of a recombillant SGSTM1 revealed Ihe 
presence of Ihe mu-loop. Ihe typical motif of Ihal c1ass. In 
addit ion. Ihe acth'ity ranges with s\lbstrates sueh as etha 
crynic acid. bromomlfophtalein. some alkena ls, cumene 
hydroperoxide, and its sensitivities 10 inhibitors such as 
cibacron blue, bromosulfoph!alein and chlorolriphenyltin, 
confinlled its mu naIDre. Furthenllore . vaccination assays 
calTied 0111 in a T. crassiceps mllrine cysticercosis model 
with bOlh GSTs as antigens. showed a 90% decrease in 
parasite load, where 25% of Ihal proleclion was given by 
SGSTMl and the r~sting olher 65% by SGSTM2. This 
finding suggests Ihat both GSTs have great significance for 
the parasite survival [61]. Recently. a SGSTM2 was purified 
from a soluble eXlract of cysticerci, and characlerized. In that 
sll.idy. properties such as activities with differellt subslrales 
and sensitivilies to c1ass-specific illhibitors suggesled that Ihe 
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Table 1, Compalisoll Amollg Platybehnill thes G lutathiolle Tl'a usfel'ases 

MW 
° rJi: aoi"O 

G ST 
P~lIe ro of .:I eti,iti..,. "ith d a" tO.:l rker. f allero of seositi, i ties d as. 

Ref, 
(Eozylne) (~ ltel 'uatin subst l'ates') rnal'ke l'S iuhihiton' 

(!<Da) 

Schislruamaja¡xmicum Sj26 26 M,P, A M [59[ 

Schistasoma mansoni Sm28 " P M [59[ 

Fasóa/a hepalica 

Fhl 26 M A 

Fh7 26 A. P M [58) 

FM 7 26 M.P, A A 

lbSl 26 M.P, A M 

Taenia solium 

SGSTM1 25 M M [61) 

SGSTM2 26 A, M, P M [62) 

C/onorchis sinensis 

C.28GST " A, M, P A.M [63) 

CsGSTM1 26 A, M, P A.M [64) 

·Stt ~ ~Chon lutathion~ !r:m,fera .. s 
M- mu ela,,, A- alpba el""" P-pi <La" 

enzyme shares characteristics of M and A c1asses [62]. Our 
biochemical snldies on a recombinant SGSTM2 enzyme 
confitlll this hybrid behavior (unpublished results) . findings 
that are comparable with other platyhelmilllh GSTs (Table 
1). 

C O NCL UDIN G R EMARK S 

After T. SO/illlll infects its host, it must defend againsl the 
immune response for establishment. Antioxidant enzymes 
aCI nOI only as ROS scavengers for cell proteclion. they 
operate also as regulators ofits levels, pernlitting 10 carry out 
important physiological processes. lt is well known Ihat the 
resistance of Ihe helminths on Iheir hosts depend on the 
quantity ofparasite antioxidant enzymes. 

Three enzymes in T. SOIiIlIll, Cu.Zn-SOD, 2-Cys Prx and 
two forms of GST (GSTMI and GSTM2) can inactiva te 
ROS. Moreover, they are localized in Ihe lan'al legument, 
where Ihe battle against immune host response takes place. 
On the other hand, the findings: 1) about the inaclivation of 
the Cu,Zn-SOD activity by bencimidazoles; 2) Ihe novel 
regulatory motifs found in Ts2 -Cys Prx address Ihe ques
tions: are Ihese motifs implicaled in the ability of cysticerci 
to lolerate high quantities of H20 2? Are redox and signaling 
regulation processes similar or different in para sites and its 
hosts?; 3) the vaccination assays. where the glutathione 
transferase s were able to confer high protection against 
cysticercos is in mice and 4) the discovery of epilopes on 
these enzymes, nOI found it the hast enzymes, suggest Ihal 
these enzymes can be used as targets 10 kili the parasite. 

Our funlre efforts will be led to obtain Ihe crystal 
slmcture of these enzymes to identify, by docking simulation 
and biochemical techniques. Ihe binding sites for new 

inhibitors and immunogenic regiollS 10 deve lop safe dmgs 
and vaccines against T . SOIiIlIll. 
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Tablr 1, COJnpa!isoll Amollg Platybr lminthrs Glutathione Tl'all~rel'asf'S 

MW 
° rJi: ani, m 

GST 
P~ttern of 3cti,'iti .. s ,,;Ih d a" m.:uk .. rs Pa ttern of . .. "sili,;li ... das. R..r. 

(Enzy", .. ) (all""natin suh,tnr~,') 'na'·k .... s inhihitors* 
(kDa) 

SchiSllJ.'iomajaponicllm Sj26 26 MP. A M [59) 

SchislOsoma man.'iani Sm28 28 P M [59) 

Fasóala h"palica 

fb1 26 M A 

fb7 26 A_P M [58) 

1M7 26 M, P, A A 

Fh51 26 M.P. A M 

Ta""ia óolillm 

SGSTMI 25 M M [61) 

SGSTM2 26 A.M, P M [62) 

ClonolLhis sin"nsis 

C.28GST 28 A, M.P A_M [63) 

C.GSTMI 26 A, M, P A_M [M) 

·Stt~1 o;o:lIon lutarhion~ ttan,feu~ 

l\j- mu d .. , .. A- alpbad .. ". P- p. <la .. 

enzyme shares characteristics of M and A c1asses [62]. Our 
biochemical studies on a recombinant SGSTM2 enzyme 
confulll this hybrid behavior (unpublished results). fmdings 
thal are comparable with other platyhelmilllh GSTs (Table 
1)_ 

CONCL UDING REi\"lARKS 

After T. SO/il/III infects its host. it must defend againsl the 
immune response for establishment. Antioxidant enzymes 
aCI nOI only as ROS scavengers for cell proteclion. they 
operale also as regulators of its levels, permitting 10 can)' out 
impoltant physiological processes. 11 is wel! kllown Ihat the 
resistance of Ihe helminths on their hosts depend on the 
qualllity ofparasite antioxidant enzymes. 

Three enzymes in T. sofil/III . Cu.Zn-SOD, 2-Cys Prx and 
two fOflm of GST (GSTMI and GSTM2) can inactivale 
ROS. Moreover. they are localized in Ihe lan'al legument, 
where Ihe battle against immune hosl response takes place. 
On Ihe other hand. the fmdings: 1) about the inactivation of 
Ihe CU.Zn-SOD aClivity by bencimidazoles: 2) Ihe novel 
regulatory Illotifs found in Ts2 -Cys Prx address Ihe ques
tions: are Ihese mOlifs illlplicaled in the ability of cysticerci 
10 lolerale high quantities of H 20 1? Are redox and signaling 
regulation processes similar or differelll in parasiles and its 
hosts?: 3) Ihe vaccillation assays. where the glutathione 
transferases were able 10 confer high protection againsl 
cysticercos is in mice and 4) the discovel)' of epilopes on 
these enzymes. nOI found it the hast enzyllles. suggest Ihal 
Ihese enzymes can be used as targets 10 kili Ihe parasite. 

Our funlre efforls will be led to oblain Ihe cryslal 
SlmClllre of Ihese enzy:mes to identify, by docking simulation 
and biochemical lechniques. the binding sites for new 

inhibitors and immunogellic regions 10 develop safe dmgs 
and vaccines against T. SOfil/lII, 
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Tablr 1, Com!l ~lison Among Platybrlminthr s Gluta thione TI'~ Il ~re l 'a sf'S 

MW 
Orl:3ni, m 

GST 
Pattern of acti, itie" "ith d a" m:t l'kers Paltern of setlsiti,ities dass 

Ref. 
(Enzyme) (altel'natin snh,tl'3f~S') mal'ku s inhibito rs* 

(kDa) 

Schis/osomajaponicum Sj26 26 MP, A M [59] 

&hislOsoma mansani Sm28 " P M [59] 

Fasóala h"palica 

fb1 26 M A 

fb7 26 A_P M [58] 

1047 26 M, P, A A 

Fh51 26 M. P. A M 

Tmm ;o "olium 

SGSTM1 25 M M [61] 

SGSTM2 26 A,M, P M [62] 

Clonorchis sin"ns;s 

C.28GST " A, M, P A_M [63] 

C.GSTM1 26 A, M, P A_M [64] 

• SttIt'XI o;o:hon lutalhion~ tr"",feu~ 

),1- U1II el •• ., A- . lpb.d" ... P- p. cla .. 

enzyme shares characteristics of M and A c1asses 162]. Our 
biochemical studies on a recombinant SGSTM2 enzyme 
confulll this hybrid behavior (unpublished results). fmdings 
thal are comparable with other platyhelmilllh GSTs (Table 
1)_ 

CONCL UDING REMA RKS 

After T. SO/iUIII infects its host, ir must defend againsl the 
immune response for establishment. Antioxidalll enzymes 
aCI nOI only as ROS scavengers for cell proteclion. they 
operale also as regulators of its levels, permiltUlg 10 can)' out 
impoltallt physiological processes. lt is well kllown Ihat the 
resistance of Ihe helminths on their hosts depend on the 
quamity ofparasite alltioxidant enzymes. 

Three enzymes Ul T. sofiulII. Cu.Zn-SOD, 2-Cys Prx and 
two fOflm of GST (GSTM1 and GSTM2) can inactiva te 
ROS. Moreover. they are localized in the lal>'al legument, 
where Ihe battle agaillst immune hosl response takes place . 
On the other hand. Ihe fmdings: 1) abont the inactivation of 
the CU.Zn-SOD aClivity by bencimidazoles: 2) Ihe novel 
regulatory motifs found in Ts2 -Cys Prx address the ques
tiOllS: are Ihese motifs implicaled in the ability of cysticerci 
to lolera te high qualltities of H 20 1? Are redox and signaling 
regulation processes similar or differetll in parasites and its 
hosls? : 3) the vaccillation assays. where the glutathione 
trallsferases were able to confer high protection agaillsl 
cysticercosis in mice and 4) the discovel)' of epilopes on 
these enzymes. nOI fOUlld it the host enzymes. suggest that 
these enzymes can be used as targeN 10 kili Ihe parasite . 

Our fnnlre efforts will be led to obtain Ihe clyslal 
Sll11Cltlre oflllese enzy:mes to idelllify, by dockulg simnlation 
and biochemical tec1miques. the binding sites for new 

inhibitors and illllllllllogenic regions 10 develop safe dl11gs 
and vaccines againsl T. soliulII. 
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