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"Mecanismo de resistencia a cadmio 

mediado por tioles en Euglena gracilis" 



Resumen 

Euglena gracilis es un protista fotosintético con una elevada capacidad de 

resistencia y acumulación de cadmio (Cd2+). Como parte del mecanismo de resistencia; 

Euglena sintetiza polímeros de glutatión (GSH), denominados fitoquelatinas (FQs), los 

cuales son capaces de secuestrar e inactivar al Cd2
+. En plantas y algunas levaduras, el 

mecanismo de resistencia y acumulación de Cd2
+ mediado por GSH y FQs consiste en la 

compartamEmtalización de ambos compuestos dentro de la vacuola. El Cd2
+ puede ser 

transportado a la vacuola como ion libre o en forma de complejo FQ-Cd ó GS2-Cd, ambos 

procesos son dependientes de energía y catalizados por transportadores independientes. 

Dentro de la vacuola, los complejos FQ-Cd, el Cd2
+ libre y el sulfuro forman complejos de 

alto peso molecular (HMWC; = 30 kDa) alrededor de un núcleo de CdS, los cuales 

inactivan y mantienen fuertemente unido al Cd2
+. 

Euglena gracilis carece de una vacuola tipo planta y mas del 60% de las FQs y el 

Cd2
+ se localizan en el c\oroplasto (Mendoza-Cózatl et al., 2002), lo que nos llevó a 

proponer un modelo de compartamentalización en el cual el Cd2
+ puede entrar al 

c\oroplasto como ion libre y unido a GSH, FQs o ambos. Además, las FQs también 

podrían sintetizarse en el interior de este organelo, a partir de GSH endógeno. Puesto que 

la inactivación completa del Cd2
+ requiere de la formación de HMWC, pensamos que estos 

complejos pueden estar presentes en el c\oroplasto de Euglena. 

La presente tesis se centró en los siguientes objetivos: 

1. Caracterizar algunos de los eventos involucrados en el mecanismo de resistencia 

propuesto: (a) entrada de Cd2
+ al c\oroplasto como ion libre, (b) localización 

intracelular de la fitoquelatina sintetasa y (c) caracterización de los HMWC de 

Euglena. 



2. Analizar la capacidad de Euglena gracílis de acumulación y remoción de Cd2+ del 

medio de cultivo en presencia de diferentes metales pesados. 

Los resultados obtenidos para el primer objetivo muestran que el Cd 2+ puede entrar al 

cloroplasto de Euglena en forma de ion libre mediante dos procesos: difusión facilitada 

(cinética saturable) y difusión simple (cinética lineal). Los parámetros cinéticos que se 

obtuvieron para el transporte fueron una Vm de 11 nmol Cd2+ min-1 (mg proteínar1 y una 

KmCd de 13 IJM para el componente saturable, mientras que el componente lineal presentó 

una pendiente de 0.13 nmol Cd2+ min-t (mg proteínar1 IJM-1, que representa el incremento 

en la velocidad de captación de Cd2+ por cada IJmol Cd2+/L presente en el ensayo. El 

transporte de Cd2+ no se afectó por la adición de desacoplantes, inhibidores de la 

fotosíntesis, exposición a la luz u oscuridad. Sin embargo, el transporte se inhibió por K+ o 

por baja temperatura (4°C). Los cloroplastos de las células cultivadas con 50 IJM CdCI2 

(cloroplastos ZCdso), mostraron un incremento del 60% en la Vm del transportador [11.2 vs 

18.1, nmol Cd2+ min-1 (mg proteínart
], mientras que la Km y la velocidad del componente 

lineal permanecieron constantes. Las propiedades cinéticas del transporte de Cd2+ 

sugieren que el transportador podría pertenecer a las familias de transportadores CDF 

(Cation Difussion Facilitator) ó ZIP (Zinc-lron protein) (Mendoza-Cózatl y Moreno-Sánchez, 

2005). 

Por otro lado, la retención del Cd2+ en los cloroplastos correlacionó con la cantidad 

de tioles y sulfuro. Los cloroplastos ZCdso contenían 4 veces más tioles y sulfuro que los 

cloroplastos control y retuvieron 6 veces más Cd2
+ que estos últimos. Además, 

determinamos que las FQs pueden sintetizarse en el interior del cloroplasto y que 

aproximadamente el 39% de la fitoquelatina sintetasa de Euglena gracilis se localiza 

dentro de este organelo. Las fitoquelatinas del cloroplasto se localizaron en su mayoría en 



la fracción soluble de alto peso molecular (> 50 kDa), lo cual sugiere que la formación de 

HMWC está relacionada con la resistencia e inactivación del Cd2
+ en Euglena gracilis 

(Mendoza-Cózatl et al., 2005). Estos complejos se aislaron a partir de células enteras, y 

se obtuvo un compuesto homogéneo de 148 kDa. Su caracterización fisicoquímica reveló 

que difieren significativamente de los HMWC encontrados en plantas y levaduras respecto 

a su peso molecular y su composición, tanto de péptidos como de aminoácidos. Sin 

embargo, la estequiometría tiol+sulfuro/Cd2
+ de 3.4 coincide con la encontrada en plantas 

y levaduras, lo cual también sugiere que estos complejos están involucrados en la 

inactivación y acumulación de Cd2
+ en Euglena gracilis (Mendoza-Cózatl et al., 2005). 

Finalmente, se evaluó la capacidad de Euglena para remover Cd2
+ del medio de 

cultivo variando la concentración de Zn2
+ y Pb2

+. Euglena fue capaz de remover hasta el 

80% del Cd2
+ cuando se cultivó en presencia de 20 y 50 ¡.1M CdCb. Concentraciones 

mayores de Cd2
+ disminuyen drásticamente el crecimiento por lo que, a pesar de 

incrementarse la captación de Cd2
+ por célula, disminuye la capacidad de remoción total 

del cultivo. El (5-300 ¡.1M) no tuvo efecto sobre la capacidad de remoción del Cd2
+ ni afectó 

el contenido de tioles no proteicos (Cys, GSH, FQs). Por otro lado, el Pb2
+ (100 Y 200 ¡.1M) 

disminuyó la capacidad de remoción de Cd2
+, a pesar de tener un efecto aditivo en el 

incremento en la concentración de tioles inducido por Cd2
+, sugiriendo que ambos metales 

comparten el mecanismo de resistencia y acumulación mediado por tioles. 



Abstract 

Euglena gracilis is a photosynthetic protist with a high cadmium (Cd2+) 

resistance and accumulation capacity. As part of the Cd2
+ resistance mechanism, 

Euglena synthesizes phytochelatins (FQs), glutathione (GSH) derived peptides, 

which chelate and inactivate Cd2
+. In plants and someyeast, the phytochelatin

GSH mediated Cd2
+ resistance mechanism involves the compartmentation of Cd2

+ 

and the FQ-Cd complexes (or GSrCd complexes) into the vacuole. Both 

processes are energy-dependent and catalyzed by independent transporters. Once 

inside the vacuole, FQ-Cd or GSrCd complexes, free Cd2
+ and sulfide form high 

molecular weight complexes (HMWC; 30 kDa) around a CdS crystallite core which 

maintain Cd2
+ tightly bound. 

Euglena gracilis lacks a plant-like vacuole and more than 60% of the Cd2
+ 

and FQs are located inside the chloroplast; these facts led us to propose a 

compartmentation model in which Cd2
+ may enter into the chloroplast as a free ion 

and bound to FQs or GSH. In addition, and because GSH is present inside the 

chloroplast, FQs could be also synthesized inside the organelle. Because full Cd2
+ 

inactivation requires HMWC formation, we proposed that these complexes may 

also be formed inside the Euglena chloroplast. 

This thesis was focused on the following objectives: 

1.- From the model described above, (a) characterization of Cd2
+ transport 

as a free ion into the chloroplast, (b) intracellular location of phytochelatin synthase 

and (c) characterization of Euglena HMWC. 

2.- Determine the ability of Euglena to remove Cd2
+ form the culture media 

in the presence of different heavy metals. 



- - ------------ -------

The results obtained demonstrated that Cd2+ can enter into the chloroplast 

as a free ion through two processes: facilitated diffusion (saturable kinetics) and 

simple diffusion (linear kinetics). Kinetic parameters obtained for the transporter 

were Vm 11 nmol Cd2+ min-1 (mg proteinr1 and KmCd of 13 ~M, whereas the linear 

component showed a slope of 0.13 nmol Cd2+ min-1 (mg proteinr1 ~M-1 which 

represents the increase in Cd2+ uptake for each ~mol per liter in the assay. Cd2+ 

transport was not affected by uncouplers, photosynthesis inhibitors, light or 

darkness. However, Cd2+ transport was inhibited by K+ and low temperature (4°C). 

Chloroplasts isolated from cells grown in the presence of 50 ~M CdCh showed a 

60% increase in the Vm of the transporter without affecting the Km or the uptake 

rate through the linear component. The kinetic properties of the Cd2+ uptake into 

the chloroplast suggested that the transporter involved may belong to the CDF 

(Cation Diffusion Facilitator) or ZIP (Zinc-Iron Proteins) transporter families 

(Mendoza-Cózatl and Moreno-Sánchez, 2005). 

On the other hand, Cd2+ retention in chloroplasts was related with the thiols 

and sulfide content. Chloroplasts ZCdso contained 4-fold more thiols and sulfide 

than control chloroplasts and retained 6-fold more Cd2+ than the later ones. In 

addition, FQs may be synthesized in the chloroplasts and approximately 39% of 

the phytochelatin synthase was located inside this organelle. Along this line, the 

FQs found in the chloroplast were located mostly in the high molecular weight 

fraction (>50 kDa), suggesting that HMWC may be part of the Cd2+ resistance

inactivation process in Euglena gracilis (Mendoza-Cózatl et al. , 2005). These 

complexes were purified to homogeneity as a 148 kDa compound. Their 

physicochemical characterization revealed significant differences from the HMWC 



isolated from plants and some yeast, regarding molecular weight, amino acid and 

peptide composition . However, the thiol+sulfide/Cd2
+ ratio of 3.4 agreed with that 

reported for plants and yeast, suggesting that these complexes are involved in the 

Cd2
+ accumulation-inactivation process in Euglena gracilis. 

Finally, the ability of Euglena to remove Cd2
+ from the culture medium in the 

presence Zn2
+ and Pb2

+ was evaluated. Euglena was able to remove up to 80 % of 

the Cd2
+ present in the medium when cultured in the presence of 20 and 50 IJM 

CdCI2. Higher concentrations, although increased the Cd2
+ uptake per cell, 

severely decreased the cell density of the culture, thus diminishing the overall 

removal capacity of the culture. Zn2
+ (5-300 IJM) showed no effect on the Cd2

+ 

accumulation or content of non-proteic thiols (Cys, GSH, FQs). On the other hand, 

Pb2
+ (100 and 200 IJM) decreased the Cd2

+ removal ability of Euglena. This was in 

contrast to the increase in the thiol content promoted by Pb2
+, suggesting that both 

heavy metals share the thiol-mediated accumulation mechanism. 
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Capitulo 1. Los metales y su clasificación. 

1.1 Los metales en la evolución 

Hace aproximadamente 4,500 millones de años que este planeta se formó y junto 

con él, se formaron la mayoría de los elementos que conocemos actualmente. De los más 

de 100 elementos que conforman la Tabla Periódica, sólo 30 fueron seleccionados para 

formar parte de las células (Lehninger et al., 2000). Durante el transcurso de la evolución, 

las condiciones de la Tierra se han modificado drásticamente, de reductoras a oxidantes, 

convirtiendo elementos que antes eran inaccesibles para los organismos (metales en 

forma de sulfuros insolubles) en compuestos solubles (sulfatos) y, por lo tanto, accesibles 

para las células (Clarkson, 1995). Se piensa que esta fue la principal razón por la cual los 

organismos no sólo tuvieron que contender con una "tormenta" de nuevos elementos, 

principalmente metales y oxígeno, sino que además los organismos evolucionaron de tal 

manera que han aprovechado sus propiedades para incluirlos como parte esencial del 

metabolismo celular (Clarkson, 1995). 

Los elementos más importantes (99%) que constituyen a los seres vivos son C, H, 

0, N, S. P. El 1% restante comprende al menos 20 elementos, algunos de ellos 

denominados "traza", entre los cuales se encuentran el sodio, potasio, magnesio, calcio, 

. manganeso, hierro, cobalto, cobre y zinc (Lehninger et al., 2000) . Es interesante notar 

que, hablando particularmente de metales, sólo aquellos de mayor abundancia en los 

océanos fueron los que se incorporaron al metabolismo celular y a los cuales se les ha 

denominado metales esenciales (Tabla 1.1). 

Existe otra variedad de metales, relativamente poco abundantes en la naturaleza 

como el oro, la plata , el cadmio, el mercurio y el plomo, que carecen de función biológica y 

por lo tanto se han denominado no esenciales (Tabla 1.1). Sin embargo, los metales no 



esenciales pueden compartir características fisicoquímicas con los metales esenciales, de 

tal manera que los sístemas de transporte de un organismo pueden ser incapaces de 

distinguirlos y, por lo tanto, incorporar ambos tipos de metales a la célula (Guerinot, 2000; 

Willíams et al., 2000). Una vez dentro, los metales no esenciales usurparan las funciones 

de los metales esenciales, teniendo como resultado un efecto tóxico para la célula. Este 

fenómeno de toxicidad no es único de los iones metálicos. 

Tabla 1.1 Concentración de algunos metales (lJg / mi) en cuerpos de agua no 

contaminados 

Metal 

Esenciales 

Cobaltoa 

Cobre 

Hierro 

Zinc 

No esenciales 

Plata 

Cadmio 

Cromo 

Mercurio 

Níquel 

Plomo 

Vanadio 

Aguas Intracontinentales Aguas Oceánicas 

< 0.1 

0.2-2 

0.5-5 

0.005-0.05 

0.1-0.5 

< 0.0012 

0.01-1 

0.05-0.5 

< 0.5 

< 0.007 

0.32-0.57 

0.014-0.028 

0.6-1 

0.00004-0.0025 

0.00016-0.124 

0.00016-0.05 

0.001-0.005 

0.05-0.65 

0.001-0.015 

0.0046-0.55 

a La valencia de cada elemento no fué especificada. Tabla modificada de Moreno-Sánchez y Devars, 1999. 

Oxianiones tales como el arsenato(As04
3
. ) o el cromato (CrO/-) pueden interferir 

en el metabolismo relacionado con el fosfato (P04
3
.) y el sulfato (SO/-), respectivamente 
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(Ohtake et al. , 1987; Gorby, 1988; Cervantes et al. , 2001). Por otra parte, resulta también 

interesante que los elementos menos abundantes y, por lo tanto, los menos accesibles a 

los organismos, son los de mayor toxicidad para la mayoría de los sistemas biológicos 

(Tabla 1.1; ver más adelante). Independientemente de si un metal es esencial o no, y 

debido a la reactividad de los metales con las biomoléculas, un incremento en la 

concentración intracelular de ambos tipos de metales resulta tóxica para las células, por lo 

que estas deben tener mecanismos que regulen finamente la concentración intracelular de 

los metales esenciales y otros que discriminen e inactiven a los metales no esenciales. 

1.2 Nomenclatura de metales 

La mayor parte de la literatura científica actual acepta, sin mayor argumentación, la 

distinción entre metales esenciales y no esenciales. Los primeros son indispensables para 

alguna función biológica, los segundos no. Adicionalmente, la literatura científica maneja 

muy frecuentemente el término "metal pesado". Existen al menos 10 diferentes 

definiciones de "metal pesado" y la mayoría están relacionadas con la densidad de los 

elementos (revisado por Duffus, 2002). Hay autores que se refieren a los "metales 

pesados" como aquellos elementos con una elevada densidad (> 3.5 g/mi), siendo 5 g/mi 

la densidad usada con mayor frecuencia (Parker, 1989; Lozet y Mathieu, 1991 ; Morris, 

1992). Sin embargo, diversos autores y agrupaciones con autoridad científica (la Unión 

Internacional para la Química Pura y Aplicada, IUPAC, por ejemplo) han externado su 

preocupación acerca de la ambigüedad del termino "metal pesado" y de la falta de 

seriedad con la que se ha evaluado la "pesadez" de un elemento (Nieboer and 

Richardson , 1980; Duffus, 2002) . Históricamente, también se ha relacionado el término 

"metal pesado" con la toxicidad biológica y el daño ambiental. Sin embargo, el grado de 
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toxicidad de un elemento o el riesgo para un ecosistema no está relacionada de ninguna 

manera con la densidad o "pesadez" de un elemento (Duffus, 2002) . 

Una clasificación alternativa para metales, basada en la reactividad de cada metal 

con los principales grupos funcionales de las biomoléculas, consiste en agruparlos de 

acuerdo con sus características fisicoquímicas. Esta clasificación se basa en el 

comportamiento de los metales como ácidos de Lewis (aceptares de electrones) y estaría 

conformada por 3 grupos principales: clase A o ácidos duros, clase B ó ácidos suaves y 

clase intermedia (Tabla 1.2.1; Duffus, 2002). De acuerdo con esta clasificación, los 

metales de la clase A tienen preferencia por moléculas con oxígeno, los metales de la 

clase B muestran afinidad por moléculas con nitrógeno y/o azufre y los de la clase 

intermedia no muestran una afinidad distintiva por algún grupo en particular (Duffus, 2002). 

Sin embargo, hay que notar que los metales de la clase A pueden diferenciarse fácilmente 

por sus propiedades respecto a los de las clases B e intermedia, mientras que en estas 

dos últimas las diferencias no son tan obvias. De hecho diversos autores, usando esta 

misma clasificación, han colocado al Cd2
+ en la clase intermedia, mientras que la IUPAC lo 

ha colocado en la clase B (Nieboer y Richardson, 1980, Duffus, 2002). 

Por otro lado, la clasificación de metales de acuerdo a su reactividad, aunque 

sistemática y basada en propiedades fisicoquímicas, puede no reflejar o anticipar el grado 

de toxicidad de un metal hacia un organismo o ecosistema. Por ejemplo, para la mayoría 

de los organismos, el orden que siguen los iones metálicos en cuanto a su toxicidad está 

bastante bien conservado: Hg2
+ > Ag1

+ > Cu2
+ > Cd2

+ > Pb2
+ > Zn2

+ (compilado por 

Nieboer and Richardson, 1980; Devars et al. , 1999). De acuerdo con este orden, 

parecería claro que los metales pertenecientes a la clase B (metales suaves) son los más 

tóxicos, y que esta toxicidad estaría relacionada con su interacción con los grupos tioles (-
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SH) o amino (-NH3) de las biomoléculas. Sin embargo, tomando como ejemplo al Cd2+, 

dos de sus efectos más estudiados son el desplazamiento del Ca2+ del complejo Ca2+_ 

calmodulina y el desplazamiento del Na+ y del Ca2+ de monómeros de fosfatidilserina y 

fosfatidiletanolamina, siendo esta última una de las bases para explicar el daño a las 

membranas biológicas (Vallee y Ulmer, 1972; Díaz-Barriga, 1991). Como se muestra en la 

tabla 1.2.1, tanto el Ca2+ como el Na2+ pertenecen a la clase A de metales, por lo que no 

habría una relación estricta entre la clase del metal y el mecanismo de toxicidad del metal. 

Tabla 1.2.1 Clasificación de metales de importancia biológica (esenciales y no esenciales) 

según la IUPAC. 

Clase A 
Metales duros 

CiaseS 

Clase 
intermedia 

Aceptores de electrones de tamaño pequeño y poco polarizablesa 

Aceptores de electrones de mayor tamaño y muy polarizablesa 

a Respecto a la capacidad de deformación de su nube electrónica. Modificada de Duffus, 2002. 

Otro punto importante a considerar es la valencia del elemento. Dependiendo de su 

estado de oxidación, el plomo, el hierro y el cobre pueden ser colocados en diferentes 

clases: Fe3+ (clase A), Cu1+ y Pb2+ (clase B) y Fe2+, Cu2+, y Pb4+ (clase intermedia). La 

especie química del ligando también juega un papel importante en la estabilidad de un 

complejo ligando-metal, así como el número de grupos funcionales que interactúan con el 

metal. La tabla 1.2.2 muestra diferentes constantes de estabilidad (Kest , el inverso de la 

constante de disociación) para el Cd2
+ y algunos compuestos. Hay que notar que, incluso 
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si se trata de ligandos con el mismo grupo funcional, por ejemplo cisteína y glutatión, las 

Kes! varían significativamente (4 veces), mientras que la diferencia en afinidad por el 

sulfuro es aún mayor (Tabla 1.2.2). Esto se debe a que en el caso del glutatión y 

compuestos 

Tabla 1.2.2 Constantes de estabilidad del Cd2
+ por diferentes ligandos. 

Ligando Log KeS! 

Cys 9.89 

GSH 10.5 

Sulfuro 6.1 

Citrato 9.44,5.56a 

Malato 2.36,1 .34 

Glutamato 4.78,2.78 

Lactato 1.54,0.87 

Pirofosfato 5.6 

EGTA 17.53,11 .30 

EDTA 17.39,9.88 

a En los casos donde se muestran dos valores de Kest, estos se refieren a diferentes estados de protonación 
del ligando, el primero corresponde al ligando total mete desprotonado y el segundo con un protón asociado. 
Valores compilados por Sillén y Martell, 1971. 

homólogos como las FQs (ver mas adelante), el Cd2
+ interactúa tanto con el grupo a-

carboxilato del glutámico como con el tiol, mientras que con la cisteína el Cd2
+ solo 

interactúa con el tiol (Satofuka et al., 2001). Este fenómeno ocurre también en 

compuestos con oxígeno. Por ser de clase B, se esperaría que el Cd2
+ tuviera más 

afinidad por compuestos con azufre o nitrógeno, pero como se muestra en la tabla 1.2.2 
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las moléculas con mayor afinidad por Cd2+ son el EDTA y el EGTA; la razón es que más 

de un carboxilato está involucrado en la unión del metal. 

Los radios iónicos es otra propiedad de los elementos que podría usarse como 

herramienta para entender, al menos en parte, la competencia y la toxicidad de metales 

hacia una función biológica. A pesar de que el radio iónico de un elemento varía de 

acuerdo con su valencia, se puede tener una idea de cómo varía el radio iónico de un 

elemento de acuerdo a su posición en la tabla periódica (Casabó, 1999). Por ejemplo: 

1} Los radios iónicos aumentan gradualmente hacia abajo en un grupo de la tabla 

periódica: U+ < Na+ < K+ < Rb+ < Cs+. 

2} Los radios de los iones con la misma carga disminuyen a lo largo de un periodo 

de la tabla periódica: Ca2+ > Mn2+ > Zn2+. 

3} Si un determinado ión se encuentra en entornos ·de coordinación diferentes, su 

radio aumentará con el número de coordinación: 4 < 6 < 8. 

4} Si un elemento puede originar iones de carga diferente (números de oxidación), 

el radio iónico disminuye al aumentar el número de oxidación: Fe2+ > Fe3+. 

Un análisis de los radios iónicos podría explicar la competencia entre el Ca2+ y el 

Cd2+ por la calmodulina descrita anteriormente, pues ambos radios iónicos son muy 

similares (0.99 y 0.97 A, respectivamente). El mismo razonamiento podría explicar por 

qué el Cd2+ entra a la vacuola de plantas a través del intercambiador de Ca2+ IH+ (Salt y 

Wagner, 1993). Sin embargo, y de manera opuesta, el K+ y la Ag+ poseen radios iónicos 

comparables (1 .33 y 1.26 A, respectivamente) y su toxicidad no está de ninguna manera 

relacionada, además de estar agrupados en clases totalmente opuestas de acuerdo con 

la IUPAC (ver tabla 1.2.2) . 
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Queda claro entonces que la nomenclatura de los metales es compleja y que tanto 

el término "metal pesado", como la agrupación de metales en clases o la utilización de 

radios iónicos no refleja fielmente el comportamiento biológico de estos. Sin embargo, la 

agrupación de metales en clases tendría la ventaja de basarse en propiedades específicas 

de los elementos, lo cual podría orientar sobre los efectos de un metal, aunque no debe 

ser considerada como la única herramienta para determinar el mecanismo de toxicidad de 

un elemento dado. 

1.3 Los metales en la historia del hombre 

Independientemente de su función biológica, los metales también han formado 

parte importante en la historia del hombre. Periodos enteros de la historia han sido 

marcados por el descubrimiento y la utilización de un metal o una aleación de metales, 

como la Edad de Bronce (3500 A.C.) o la Edad del Hierro (1500 A.C.) (Clarkson, 1995). 

Sin embargo, fue durante la revolución industrial y hasta nuestros días que el uso de 

metales y metaloides (no metales tales como el As) se volvió indispensable para el 

desarrollo tecnológico. Por ejemplo, el cadmio y el níquel se usan en la fabricación de 

baterías, acumuladores, pinturas y diversas aleaciones. El plomo, por mucho tiempo se 

usó para incrementar el octanaje de las gasolinas y en la fabricación de utensilios de barro 

vidriado para el consumo de alimentos (Moreno-Sánchez y Devars, 1999). Actualmente 

se le encuentra en fertilizantes fosfatados y pinturas. El cromo se usa en industrias 

procesadoras de cemento, curtiduría, material fotográfico, metalurgía y pinturas. El 

mercurio se usa en la minería, fabricación de equipo eléctrico, amalgamas dentales, 

herbicidas, industria del papel y celulosa , entre otras (Moreno-Sánchez y Devars, 1999). 
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De especial mención sería la obtención de plata y oro, de elevado valor comercial y cuya 

extracción lleva implícita la liberación de otros metales. 

Por otro lado, debido al poco cuidado y a la falta de planeación que se tuvo y se 

tiene actualmente con el manejo de los residuos industriales, la contaminación por metales 

se ha convertido en un problema de salud pública a nivel mundial. Nriagu y Pacyna (1988) 

calcularon que la contaminación por "metales pesados" excede la contaminación 

combinada por desechos radioactivos y orgánicos, con el agravante de que en su calidad 

de elementos, permanecerán indefinidamente en los sitios contaminados. La limpieza y 

extracción de los metales de los suelos contaminados es de costo elevado y poco 

eficiente; por ejemplo, en el año de 1996 el costo variaba entre 50 y 500 dólares 

americanos por tonelada (Cunningham y Ow, 1996). La limpieza de un acre (1 acre = 

0.405 hectáreas) con una profundidad de 3 pies (1 pie = 0.305 m) hubiera tenido un costo 

de alrededor de un cuarto de millón de dólares. Aparentemente esta es la principal razón 

por la que suelos contaminados son abandonados (Cunningham y Ow, 1996). 

Peor aún es el panorama de las aguas residuales provenientes de las industrias, las 

cuales se vierten en los ríos u océanos afectando directamente a cuerpos de agua 

destinados para el consumo humano e intoxicando ecosistemas, los cuales, por 

magnificación trófica, pueden de igual manera afectar a la población humana (Vázquez

Alarcón etal., 2001). 

Una alternativa para substraer metales de suelos yaguas contaminados es 

mediante el uso de organismos con una elevada capacidad de acumulación de metales. A 

este proceso se le denomina biosorción y biorremediación (Salt et al., 1995; Dhankher et 

a. , 2002). Este proceso presenta ventajas sobre los tradicionales métodos fisicoquímicos 

de extracción en el sentido de costos, uso de recursos renovables y cantidad de material 
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manejable (Salt et al. , 1995; Cunningham y Ow, 1996; Dhankher et a., 2002) . De manera 

natural existen organismos con una elevada capacidad de resistencia y acumulación de 

metales, a los cuales se les denomina hiperacumuladores (Salt et al., 1995). 

Desafortunadamente, la mayoría de estos hiperacumuladores son de lento crecimiento y 

generan poca biomasa. Para solucionar este problema, una .gran cantidad de grupos de 

investigación se han dedicado, durante las últimas dos décadas, a estudiar y determinar 

los mecanismos relacionados con la resistencia y la acumulación de metales. La 

propuesta de estos grupos de investigación, incluido el nuestro, es: después de entender 

los mecanismos bioquímicos y fisiológicos por los cuales los organismos resisten y 

acumulan cantidades significativas de metales, será posible manipular (genética o tal vez 

químicamente) organismos de rápido crecimiento para que adquieran características de 

organismos hiperacumuladores. 

La mayor parte de los estudios sobre resistencia a metales se ha llevado a cabo en 

plantas, con la idea de sanear suelos contaminados (Cunningham y Ow, 1996). Pero la 

misma idea se aplica a cuerpos de agua mediante el uso de plantas acuáticas u otros 

organismos acuáticos. De modo que diversos grupos han estudiado la capacidad de 

bacterias, levaduras, micro- y macro-algas para resistir, unir y acumular diversos "metales 

pesados" (Trevors et al. , 1996; Salt et al., 1995; Navarro et al., 1997; Nedelkoska and 

Doran, 2000; Hamdy, 2000; Dhankher et a., 2002). 

1.4 El cadmio 

El cadmio es un metal no esencial que puede considerarse "metal pesado" (8 = 8.64 

g/mi) y agruparse en la clase B (metales suaves) , de acuerdo con la clasificación de la 

IUPAC (Duffus, 2002). En el año 2003, el cadmio fue colocado en el 7° lugar de la lista de 
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compuestos de alto riesgo de la Agencia de Substancias Tóxicas y Registro de 

Enfermedades (ATSDR, por sus siglas en Inglés; http://www.atsdr.cdc.gov/clist.html). la 

cual clasifica a los compuestos con base en su toxicidad , abundancia y riesgo de 

exposición en humanos. Su uso en la industria es amplio y variado: fabricación de 

baterías y acumuladores, cables eléctricos, celdas fotoeléctricas, producción de PVC, 

colorantes, fusibles y joyería, entre otros (Galvao y Corey, 1987). Su liberación al 

ambiente es a través de los residuos industriales y, de manera muy importante, por la 

combustión de compuestos fósiles (petróleo, gasolina y diesel; Lagerwerff y Specht, 1970). 

Como cualquier metal , los efectos tóxicos del cadmio dependen de la concentración 

y el tiempo de exposición. De manera general sus efectos están relacionados con la 

inhibición de enzimas por el bloqueo de tioles esenciales, y con la generación de estrés 

oxidativo por competencia y liberación de cobre y hierro de sus respectivos sitios dentro de 

la célula (Guerinot, 2000; Williams et al. , 2000; Rea et al. , 2004). Tanto el Fe3+ como el 

Cu2+ pueden catalizar la autooxidación de compuestos como el NAD(P)H, el ascorbato y 

tioles orgánicos. El Fe2+ y el Cu+ pueden, además, participar en la reacción de Fenton, en 

presencia de peróxido de hidrógeno, generando otras especies reactivas de oxígeno tales 

como el radical hidroxilo (HO·) y el ion hidroxilo (HO-) (Reacción 1 y 2; Hansberg, 2002). 

Fe2
+ + H20 2 

Cu+ + H20 2 

---~ Fe3
+ + HO' + HO· 

---~ Cu2
+ + HO' + HO· 

(Reacción 1) 

(Reacción 2) 

El Cd2+ también induce peroxidación de lípidos y liberación de compuestos tóxicos 

como los 4·hidroxialquenales, los cuales son uno de los productos del estrés oxidativo e 

interfieren con el metabolismo del DNA (Marrs, 1996) A nivel celular, el Cd 2
+ inhibe el 
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metabolismo energético (glicólisis, fosforilación oxidativa y fotofosforilación) y la 

duplicación celular (Vallee y Ulmer, 1972; Bonaly et al. , 1980; De Filippis et al. , 1981 ; 

Devars et al., 1998; Mendoza-Cózatl et al. , 2002). En mamíferos, el Cd2
+ se acumula 

principalmente en el cerebro, hígado y riñón, además de relacionarse con el desarrollo 

experimental de edema, enfisema y fibrosis pulmonar (Webb, 1972; Sánchez et al. , 1994). 

En México, la exposición a cadmio se deriva principalmente de la actividad 

industrial. En San Luis Potosí, una ciudad con una elevada actividad minero-industrial, las 

mujeres no fumadoras tuvieron hasta 10 veces más Cd2
+ en la placenta comparado con 

las mujeres de una ciudad con una actividad minero-industrial baja (Díaz-Barriga et al. , 

1995). Por otro lado, en un muestreo durante el año de 1996 de las aguas residuales 

provenientes de la Ciudad de México y usadas para riego de cultivos en el Valle del 

Mezquital (Hidalgo), el cadmio se encontró por arriba de los límites permisibles de la 

Norma Oficial Mexicana de aquellos años (0.1 ppm, NOM-002-ECOL-1993; Vázquez

Alarcón et al., 2001). Podemos inferir que las concentraciones en los desagües 

industriales también excedían por mucho los límites permisibles. Desafortunadamente, 

esta información no es de libre acceso a la población. Por otro lado, cabe mencionar que 

la Norma actual contempla mucha mayor tolerancia (y no menor) para las concentraciones 

de cadmio en aguas destinadas para uso agrícola (0.4 ppm; NOM-002-ECOL-1996). La 

contaminación por cadmio es un problema de salud pública en México, por lo que es 

necesaria la investigación dirigida al control y disminución de la concentración de éste y 

otros metales en aguas destinadas para el riego y el consumo humano. La 

biorremediación es una tecnología que ofrece una solución directa a este problema de 

salud pública. 
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Capitulo 2. Mecanismos celulares de resistencia a Cd2
+ 

En general, los mecanismos de resistencia a Cd2
+ se pueden clasificar en 5 tipos: (1) 

unión a la membrana externa o pared celular,. (2) cambios en la permeabilidad a iones, (3) 

expulsión activa del metal, (4) inactivación extra- o intracelular y (5) 

compartamentalización (Moreno-Sánchez et al., 1999). Para fines de biorremediación, 

solo son re~l evantes aquel.los mecanismos que estén relacionados con la acumulación 

intracelular de los metales, por lo que esta tesis se centra en aquellos mecanismos 

involucrados en la inactivación y compartamentalización intracelular del Cd2
+. 

El mecanismo más eficiente de resistencia a Cd2
+ en plantas, levaduras y protistas 

fotosintéticos es el relacionado con la asimilación de azufre y la síntesis de compuestos 

tioles. El siguiente trabajo revisa a nivel bioquímico y molecu lar, el metabolismo 

relacionado con este mecanismo de resistencia. 
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\. Introduction 

Sorne heavy metals sueh as Cu2+,Co2+, Fe'+, Mn 2+ 
and Zn2

+ are essential in trace amounts for cell metabo
lism, aeting either as enzyme cofaetors, mediating redox 
reaetions, and interaeting with nudeie aeids and pro
teins [1-3]. Others, sueh as Cd2+, Pb2+, Hg2+ and Ag+, 
although laeking biological funetion, enter into the cell 
through the same transport syslems used by essential 
heavy metals, altering cellular funetions [4-6]. A com
monly used definition of "heavy metal" is that referring 
to all ehemical elements with a density greater than 5 g 
mi-l. Metals may also be c1assified in three types, 
depending ontheir reaotivity with the funetional groups 
of biomolecules. Class A metals (AI'+, Ca2+, Sr2+, Ba2+, 
La3+) show more reaetivity with oxygen (O > N > S); 
elass B metals (Cu l+, Hg2+, Agl+) prefer sulfur 
(S> N > O); and dass C metals (Fe", Ni 2

+, Zn 2+, 
Cd2+, Cu2+) have an intermediate a/finity [7]. 

The toxic effects of heavy metals depend on the time 
and eoncentration lo whieh organisms are exposed. Most 
of Ihe effects are related to Iheir interaelion with carboxyl 
and thiol groups of proteins, to their ionophoretie proper
ties and to Ibeir ability to direct or indirectly generate free 
radieals and hence induce oxidative stress [7-9]. Organ
isms possess diverse meehanisms to maintain free metal 
eoneentrations at levels that do not exceed eellular 
requirements. These meehanisms indude (a) eellular wall 
binding, (b) ehanges in ion permeability. (e) active extru
sion, (d) bio-Iransformation, (e) extra- and intracellular 
ehelation, and (1) compartmentation [1,10-14b]. 

One of the best described mechanisms against heavy 
metals toxieity in some yeast [15-17], algae [18], photo
synthetie protists [19]. and plants [12, 14a, 14b,20] 
involves lheir intraeellular ehelation by either GSH or 
phytoehelatins (PCs). low molecular weight sulfur
containing peplides derived from GSH [12.14a.15. 
21 a.21 b], or both. These peptides may bind a variet)' 
of melals in the cylosol ando depending on lhe organismo 
the metal-PC or melal-(GSHh complexes are aetivel)' 
transponed into lhe vacuole [2Ia-23]. Like metallolhi
onclIlS. lhe pe-metal complexes may aClivale melal-

requiring apo-enzymes; fm this reason they have been 
assoeiated wilh the regulation of intracellular levels of 
essential heavy metal and with detoxification of non
esse¡:¡tial ones [24,25]. 

GSH is present in all organisms participating in mul
tiple metabolic processes; for example, intracellular re
dox state regulation. inactivation of reactive oxygen 
species (ROS), transport of GSH,conjugated amino 
acids and other molecules, and storage of sulfur and cys
teine affording up to 90% of (he non-proteie sulfur in the 
cell [26,27]'. GSH synthesis, starting from inorganic sul
fate, requires the sulfur assimilation (SAP) and the cys
teine biosynthetic (Cys) pathways (Figs. 1 and 2). The 
biochemical and genetic regulation of these pathways 
is complex and is affecled by different stress sit uations 
such as heavy metal exposure, oxidative stress and sulfur 
or nitrogen deficieney [28-31]. Several reviews have ap
pea red which analyze the biochemical characteristies 
of the enzymes and the regulation of the genes involved 
in the SAP and Cys synthesis in yeast and ¡¡Iants [32-38]1. 
However, none of them have focused. 00 the regulation 
at Ihe enzymalic and genetic level of cysteine and gluta
thione synthesis under heavy metal exposure. Therefore, 
in the present work, we analyze and discuss reeent ad
vances in the knowledge of reaetions, of enzyme charac
teristics and properties, and of the biochemieal and 
genetie regulatory mechanisms involved in coping with 
hcavy metal toxicity, specifically with Cdh Where 
appropriate, Ihe lack of information and researeh on a 
panicular subject is addressed. Biotechnological rele
vanee of this knowledge resides in the possibility of 
developing organisms with high capacíty of Cd 2

+ accu
mulation for bioremediation purposes. 

2, Sulfur assimilation 

2.1. Sul/ale uplllke 

Sulfale is cO-lransporlcd inlo lhe cell, ",ilh 3H'. in an 
encrgy-lkpendenl process catalyzed by speclfic plasma 
mel11brane pcrmcascs (Fi~. 1, reaction ! I [3:iJ~1. High 
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2GSH 

--J ATPS (2) 

~PI'¡ _~(~"(_)~ 
APS - - : 

ATP, Yeasl 

APS'h.ADP/ 

(3) PAPS T ... (.,.¡) 

'\.( PAPSR 
~TTJt«(ld (4) 

SO/" Fdl""" OAII 

SiR ~r,,(o.' ~ 
OASTI. 

(7) 

PlanlS AMP (6) S'- --_......:::-._-.... hCys 

~OAS ~ $tri .. --{ ~CTS 

s_ pom~\ O~O~ Cysteinc CT (8) 

~ ~ 1" y-cn. 
(9) 

GSH, prol.ln., 

Fig. 1. Sulfate assirnilation pathway (SAP) and biosynlhesis 01' cysteine. Nu.mbcred rcaclions are describcd in 1he lex1. 

GR 
(3) NADPH GSSG 

Glycine NADf':. lf 
ATP.M~ \.. z.-r ......... Ascorb:alc 

Cysteine 

ATP·Mg 

y-g1utamy!cymin. ~ GSH DHA \ ~~'¡"IC 

(1) y-ECS ~ __ __ ~~:C) .(~~~~<) j \DHA-;:~::~ 
Glutamate l-) ----- GSH-T res (4) H,O + o, 

Cd'- OJ" 
Y·G'u<r~~ly 

X 
OJ-GS, 

Fig. 1. GSH. pes synthesis aod ROS processing lhrough lhe ascorbate-glutathione system. AA. amino acid: X. xenobiotic or compound attached lO 
GSH by GSH-S-lransferases. Numbercd reactions are dcscribed in the lexl. 

(Km < 10 JlM) and low (Km> 100 JlM) affinily sUlrale 
lransporlers (HAST and LAST) have been described 
in differenl organisms_ Allhough in Saccharomyces cere
visiae bolh aClÍvilies have been delecled (Table 1) [40). 
only genes encoding HASTs (SULl and SUU) and a 
lhird gene (SULJ) involved in lhe lranscriplional regula
liD n or SUU [4\) have been round . Anolher gene very 
similar lo SULl and SUU is round in lhe S cerevisiac 
genome. bul ilS runclion is still unknown [42). 

In planls. aner ils uplake by rOOl5, su 11:1 le is dislrib
uled inlo ditrerenl organs and, lo be <lssimila lcd , il has 
ID be reduced in a process perrormed in chloroplasls 
[36.37)_ In lhese organisms. Sulrale lransponers are en
coded b\' multigene ramilies. which proteim ha,e nol 
onl)' ditrerenl sulrale altinil}', bUl also dinCrénl lo""hza
lI011. expressi011 pallcrm. and regulal i,_\n [ .1~I . In .1ral>i"-

opsis. HASTs, which are mainly involved in Sulrale 
transporl rrom lhe environmenl lo rool lissues, are en
coded by lhe SU/Ir / ramily. in which three members ha ve 
been idenlified [43-45) . LASTs. expressed in rools and 
leaves. seem responsible ror lhe sUlrale uplake rrom 
lhe apoplasl lO difierenl lissues inside lhe planl and 
are encoded by lhe SU//f2 ramily. wilh lwo members 
[43). Thc gene expression or SUlrale lransporlers in 
planls is al so regulalcd by lhe availabilily or sUlrale in 
lhe exlernal medium. by lhe Sulrale inlracellular require
menlS [41.46) and by GSH [47.48). 

In lhe green algae Chlaml·domonas reinhardlii lwo 
sulfale transporlers havc been idenlified. anc in ce lls 
gro,,"ing in 'ulrur sufficienl medium and anolhcr in , ul
fur ddicicl1l medium [4%)_ Analysis or lheir kin cli e 
paramclers suggesls lhal a LAST is presenl in , di, 
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Tablc 1 
Kinctic paramelcrs for soml! of (he enzymes invoh"cd in yeasl sulfate uplake and reduction. and Cy~ blo-"ylHhcs;s 

Enzym(' Atnnily for difkrC'lllligands (Ks• Km or K¡) V"' Orgó:lnism Rcfcrenee 

LAST. low attinil)' sulfale transponer 
HAST. high affin.ity sulfate Iranspnrh:r 
ATPS. ATP ,ulfurylasc 

APSK. APS kina,e 
PAPSR. P¡\PS redue.a,e 
SiR. sulñte reduclase 
OAS TL. O-ace.yl(homo)serine.hiol Iya,e 
CT-JlS. CT ¡l-,yn.hasc 

CT-yL. CT -/-Iya,c 

350 11M 
4 11M 
0.17 mM (SO¡ - ) 
0.07 mM (ATP-Mg) 
111M (K,. APS) 
n.a. 
19 11M (PAPS) 
30 11M 
n.a. 
n5 mM (hCys) 
2.1 mM (serine) 
0.25 mM (CT) 

7.5 nmol min-'tdry weighl)-I S. c-erevi.siae 1401 
7 nrilol min - I (dry weighl)-I S. C('T('¡;;s;ae 1401 
2.1 ~mol min l' (mg prolcin) I S. cerevÍ,l'iae (1 951 

68 nmol min- I (mg proleín) - l S. cerevi.f;ae (1961 
7 nmol rnin I (mg prolein) I S. cerevi.fiae (1971 
I nmol min -1 (mg prou:in)-I S. cerevisia(! 180J 
24.8 nmol min - 1 (mg protcin)-! S. cerevi.f;a(! 11271 
'.2 IJmol min - 1 (mg prolein)-I S. cerevisiae (1981 

420 IImol min- I (mg protein- I
) S. cerevisiae 11991 

The enzymes with the most complete kinetlc analysis are shown. n.a. nOIl availablc. 

grown in a complete medium whereas a HAST is in
duce<! under sulfur starvation. In the protist Euglena 
gracilis, sorne activities of [he sulfur activating system 
have been detected in milochondria [50J. but there is 
no inforrnation about the nature of the sul fate trans
porters in this organelle or in plastids. 

Biochemical and genetíc characterization of the sul
fate Hansporters of chloroplast membranes has not 
been addressed either in algae ot plants. This is unfor
tunate since the chloroplast is the major site of sulfate 
reductive assimila·tion in these organisms. Several lines 
of evidence suggest that the sulfate transpon system in 
chloroplasts has different genetic origins and has 
undergone several changes in the course of the evolu
tion of algae and lower and higher ptants. In sorne al
gae. such as Chlorella vulgaris, Mososligma viridae. 
Nephroselmis olivacea, and ProlOtheca ,rícker/¡amii. as 
well as the primitive liverworct Marchantía polymorpha, 
genes encoding proteins similar to CysT have been 
identified in the chloroplast genome. C)'sT is a compo
nent of the sulfate pennease system in the cyanobacte
ria Synechococcus sp. strain PCC 7942 and 
Synechocyslis sp. PCC6803. In M polnnorpha also 
the CysA gene has been identified. However. the other 
components, essential for the functioning of the bacle
rial sulfate permease system, CysW and the sulfate 
binding protein (sbp) ha ve not been found in the chlo
roplast or nuclear genomes of these organisms (see ref
erences cited in [51]l. In the unicellular red alga 
Cyanidioschizon merolae the genes cysW and cJ'sT have 
been found in the chloroplast genome and the genes 
cysA and sbp have been detected in the nuclear genome 
[52J. In higher plants such as ArabidopslS none of lhe 
genes encoding a bacterial sulfate transpon syslem 
have been identified. A nuclear-encoded gene Sl//lr4; 1 
has been suggested lO eode for a sulfale lransporter 
in lhe ehloroplasl [5:;]. locaiized in lhe lh\lakold menl
branes [43J. Recenlly. in e reinll//fI{li, a nuclear
encoded sulfale permease gene (SuIP). similar 10 lhe 

CysT gene but with a sequence encoding a Iransit pep
tide has been identified [51). 

2.2. SulJale aclivalion (A TP sllljilrylase) 

The second step in the inorganic sulfate assimilatiolJ 
pathway is catalyzed by ATP sulfurylase (ATPS, EC 
2.7.7.4; Fig. 1, reaction 2). This enzyme activates SO~2 
via an ATP-dependent reaction that leads to the forma
tion of APS and pyrophosphate (PPi). A TPS catalyzes 
an energetically unfavorable reaction (l1G'" = +45.2 
kJ 11101 - 1) that is overcome by metabolic coupling to 
PPi hydrolysis and APS phosphorylation or reduction 
in subsequent reactions [54,55J. The product APS is a 
strong inhibitor of Ihe enzyme (K;APS = 111M) [56J, an 
apparently common feature in irreversible reactions 
under physiological conditions [57]. These thermody
namic and kinelic characteristics make the A TPS reac
tion a likely rate-limiting step of the SAPo 

ATPS of S cerevisiae and the filamentous fungus 
Penicillium chrisogenum is an enzyme composed of six 
identical subunits [58.59J. The kinetic properties of the 
S cerevisiae enzyme are shown in Table l. In P. chriso
gel1l/m. ATPS sho,,"s allosteric inhibition by APS and 
PAPS. which is not observed in the yeast and plant en
zymes [59.60J. In plants. the existence of homodimeric 
cYlosolic and chloroplastic isoenzymes of A TPS has 
been described [61 J; the cylosolic isoform seems involved 
in a pathway non-related to sulfate reduction, but in 
production of sulfonated compounds [36.62]. The A TPS 
quaternary slruclure in protists is unknown, but in 
E gracilis aplastidic mulants lwo isofonns localized in 
cyl0501 and mitoehondria have been identified [63], sug
gesling Ihat sulfale aClivalion might be performed in 
bOlh companmenls. 

Aligllmenl of \CaSI and planl ATPS gene sequences 
shows 1\\0 c(\lIse,,·ed nWliI's probably in\'(\lved in sulfate 
bi11(ling. alld a phosphale-billdillg loop lI1(\tiL lhe ATP 
billd111g regioll [641. In pl;lnls. genes elleoding cytosolic 
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and plastidic isoforms have been cloned [61 .65~6g]. In S. 
cerellisiae, the MED gene encodes an ATPS [32]. In e 
reinhardlii the ATS 1 gene encodes this enzymc [49b]. 
and in protists no information is available. 

2.3. Reduclion of su/fale lO su/fide (APSK. PAPSR, 
APSR, SiR) 

To accomplish the incorporation of sulfur into bio
molecules, specifically amino acids, sulfate in APS is 
transformed to sulfite and this into sulfide. This process 
ma)' occur through two different pathways, depending 
on the organismo One of them involves the phosphoryla
tion of APS by an APS kinase (APSK, EC 2.7.1.25) 
(Fig. 1, reaction 3) using ATP to produce PAPS and 
ADP. In Ihe following reaction, PAPS reductase 
(PAPSR, EC II.g.99) firslly reacts with reduced thiore
doxin and then with PAPS to generate free SO~- (Fig. 
1, reaction 4). The other pathway involves the direct 
reduction of APS by APS reductase (APSR, EC 
1.8.99.x) which uses GSH as an electron source to pro
duce SO;- (Fig. 1, reaction 5) 169]. 

In yeast and many bacteria, SO;- is synthesized via 
APSK [33] whereas in plants, green algae and photo
trophic bacteria, sulfate is transformed into sulfite via 
APSR (for a detailed description of the supporting evi
dence, see [36,37]). 

APSR activily in Arabidopsis has not been detected in 
cytosol [62], and the three genes encoding t his enzyme 
contain tFansit peptides, indicating that Ihis activity is 
exclusively localized in chloroplasts [70]. Several plant 
genes encoding cytosolic and chloroplastic APSKs have 
been cloned [71]. However, it has become clear that 
PAPS synthesized by APSK is involved in sulfalion of 
several metabolites such as sulfated flavonols, glucosin
ola tes, steroids and phytosulfokines, but not in sulfate 
reduction and cysteine biosynthetic pathways [36 and 
references therein]. 

In S cerevisiae, METJ4 gene encodes APSK, which 
has a molecular mass of 23 000 [72], and PAPSR is en
coded by MET/6 [73]. A recent phylogenetic study [74] 
concludes that the presence of an extra iron-sulfur clus
ter in APSR determines the enzyme specificity and thus 
separates the APS- and PAPS-dependent sulfate reduc
tion assimilatory pathways. Since PAPS is a highly toxie 
compound, the cells must striclly regulate its leve!. In S 
cerevisiae, a 3'(2'),5'-bisphosphonucleoside-3' (2')-phos
phohydrolase encoded by the MET22/HAU gene, has 
been proposed as the enzyme that transforms PAPS into 
APS to control its intracellular concentration [32]. In P. 
chrysogellul11 and Aspcrgillus lIidu/alls, overaccumulation 
of PAPS seems to be prevented through PAPS-mediated 
inhibition of A TPS [75]. 

The previous idea that plants may reduce sulfate 
through thc PAPS pathway has been re-evaluated with 
experiments ",ith thc knockout 01' the APSR gene in 

the moss Physcomilre/la palem. The growth and content 
of soluble t hiol-compounds of this knockout are Iijot 
affectedl in a medium with sulfate as the sole sulfur 
source [76]. However. under Cd 2

- exposure, growth 
and content of thiol-compounds of the knockout moss 
are lower than those 9f wild type cells. Surprisingly, 
no PAPSR activity is detected in (he APSR knockou l 
moss [76]. These observations suggest that there must 
be a third pathway for sulfate reduction in P. polens 
which, however, is unable to su sta in an adequate cys
teine suppiy under Cd 2

+ stress. 
A cDNA from the gFeen algae Enleromorpha inlesti

nalis, encoding a plastid APSR, has been cloned and 
the antibodies produced against the recombinant pro
tein cross-reacted witl;¡ a 45 kDa polypeptide in several 
chlorophytes bul ¡;¡ot in chmmophytes [77], suggesting 
that the APSR is not structurally related between these 
groups. In protists such as E. graciJis, it is not c1ear 
which sulfate reduction pathway is working. APSK 
activity has been detected in this protist [78] but whether 
sulfite is produced from APS or PAPS reduction is still 
unknown. 

Once sulfate has been reduced to sulfite, the subse
quent step is identical in bacteria, fungi and plants. Sulf
ite is reduced to sulfide at the expense of oxidizing three 
molecules of NADPH, by sulfite reductase (SiR, EC 
11.8.7.1; Fig. 1, reaction 6). SiR contains a special acidic 
heme group called siroheme (redox potential of around 
-340 mV) and a [4Fe-4S] cluster [79], and catalyzes the 
reduction of sulfite using electrons donated by ferre
doxi¡;¡. S. cerevisiae SiR (see Table I for kinetic parame
ters) is a hetero-tetramer with a MW of 604 kDa and 
two types of subunits of 116 and 167 kDa [80]. Although 
yeast SiR is soluble and therefore considered as a cyto
solic enzyme, its intracellular location is not well estab
lished. Further work by using cell fractionation or 
immunocytochemistry may show the enzyme localiza
tion. Plant SiR has a molecular mass of approximately 
65 kDa, is encoded by only one gene, and is exclusively 
a chloroplastic enzyme [81]. Genes encoding SiR have 
been isolatcd from Z. mays. A. Ihalialla and N. tabaccum 
[81~83]. 

2.4. Cysleine biosylllhesis (SAT. HAT. OASIOAH TL. 
fJ-CTS alld l-CTL) 

Depending on the organismo there are two different 
ways by which sulfide is incorporated into a carbon 
back bone to prod uce eysteine. (1) Sulfide is condensed 
with O-aeetylserine (OAS) by OAS thiol Iyase (OAS 
TL). also called OAS sulrhydrylase. to form eysteine di
reetly [33.761 (Fig. l. reaction 10). In this pathway OAS 
is synthesized by serine acetyl transferase (SAT). (2) 
OAS TL al50 eatalyzes the condensation of sulfide w¡th 
O-aeetylhomoserine IOAH) to form homoeysteine 
Ihe,s) (F:~ l. reactioll 7) OAH is synthesizcd by 



D. Mentlo:I.l·Cri:ar! el (//. I FEMS Jlicrohio!ogy R('{i{,~I·s xxx { ]()().J. XO · \".\' 

homoscrine O-acelyllransferase (HA T). Then. hCys is 
lransformed inlo Cys by trans-sulfuralion (Fig. I reac
lions 8 and 9). i.e. hCys associales wilh Ser lO fúrm 
eyslalhionine (CT) by aclion of cySlalhionine ~-synlhase 
W-CTS). CT in lurn is dissocialed inlo Cys. a-kelobuly
rale and ammonia by cyslalhionine y-Iyase (y-CTL) 
[33,34,84,85]. Cys may also be lransformed in lo hCys 
by reverse trans-sulfuralion calalyzed by cyslalhionine 
y-synlhase and cyslalhionine ~-Iyase [32.34~!. Kinelic 
paramelers of some of lhese enzymcs af'e shown in 
Tables I and 2. 

The SAT pa lhway, which is used by enleric bacleria. 
sueh as Escherichia coli and Salmonella typhimuriUiIl 
[86]. and by planls, has been eXlensively reviewed 
[84,87,88]. Fungi use di fferen 1 cysleine biosynlhelic 
palhways depending on lhe species. S cerevisiae uses 
the CT palhway [32], whereas S pombe lac'ks lhe en
zymes for trans-sulfuralion bul has lhe enzyrnes for 
lhe SAT palhway [34]. 

Olher fungi such as A. nidulans, Neurospora crassa, 
Yarrowia Iipolytica and Cephalosporium acremonium 
synlhesize cysleine lhrough bolh the SA T and trans-sulf
uralion palhways [33]. Simila rl,y, lhe prolisl parasile 
Trypanosoma cruzi possesses lhe enzymes for bolh sulfur 
assimilalion and trans-sulfuration and lhe genes encod
ing 'p.-CS and SA T have been cloned ,[89]. A palhway 
wilh paral\lel reaclions thal generale a crilical melabolile 
(Cys) ensures ils constanl supply and implies lhallhe en
zymes involved are nol rale-limiling sleps ~571 

In planls, OAS TL and SA Tare organized as a bien
zyme complex called cysleine synlhase. These enzyme 
activities have been found in cytosol, chloroplasls and 
milochondria [90,91], indicating lhal cysleine may be 
synlhesized in all lhese compartrnents (Fig. 1; [84]). 
The faet tha! sulfale reduction is on!y performed in chlo
roplasts implies lhal sulfide needs lo be lranslocaled 
from!he chloroplasllo lhe olher cellular comparlmenls. 
GSH may media te such a sulfide exchange since lhere is 
a close relalionshi¡¡¡ belween lhe cytoso lic and chloro-

Table 2 

plaslic GSH pools [92.93], and probably also lhe mil
oehondrial pool. 

2.5. Glutathione biosynthesis (;>-ECS CS) 

In conlrasl lo sulfale reduclion, GSH biosynlhesis is 
similar in planls, yeasl and ¡¡¡rolisls. GSH is synlhesized 
from cysleine in lwo conseculive A TP-dependenl reac
lions. In lhe firsl slep y-glulamylcysleine (y-EC) is 
formed from L-glulamale and L-CyS by y-glulamylcys
leine synlhelase ()'-ECS; EC 6.3.2.2). The second step 
is calalyzed by glulalhione synlhelase (GS; EC 6.3.2.3) 
which adds glyeine lO lhe C-lerminal of y-EC fonning 
GSH [26] (Fig. 2. reaclions I and 2; Table 2). Serine 
and glycine, required for lhe synlhesis of GSH, derive 
from 3-phosphoglycerale [94]. 

Allhough all y-ECSs calalyze lhe same reaclion and 
have similar affinilies for lheir subslrales, lhey are nol 
slruclurally relaled among kingdoms li95]. By nucleolide 
sequence comparison, four Iypes of y-ECSs have been 
identified. The first class, the animal y-ECS, is formed 
by two different subunits, one catalytic and Ihe other 
regulatory [96]. The remaining classes are monomeric 
enzymes. The second class, the bacterial enzyme, shows 
no identity {8%) with the animal catalytic subunit [95]. 
The third class comprises the yeast (S. cerevisiae and 
S. pombe) and the proüst parasite T. brucei sequences, 
with an idenlity of 40-45%, with the animal y-ECS 
'\97]. The fourth class, represented by the plant enzyme, 
has only 15-19% identity with the animal catalytic sub
uni!. A conserved motie a pulative GSH binding site, is 
present in all the species analyzed but the structural dif
ferences suggest that Ihey have evolved independently 
[95]. 

A functional similarity between enzymes from 
different kingdoms is tbat GSH may be a strong com
pctitive inhibitor (K;, 0.1-20 mM) promoting feedback 
regulation of the pathway [26], which implies that 
y-ECS may be rate-limiting of GSH and PCs 

Kinetic parameters of the enzyrnes involved in GSH and PCs biosynlhc~m" antl in Cd 2
" comparlmcnlalion in the vacuole 

Enzyrnc 

y.ECS. y-glutamylcysteine synlhetasc 

GS. g1utathione synthetasc 

pes. phylochdalin synlhaSc 

HMT1. heavy melal transportt:r 11 

YCFl. )"C.iJ SI CtI faclOr 1 
Ví!l:uolar Ctl.:'· ;mlrporlCr 

Affinity for difrer~nt 
ligands (Km) 

1.4 mM (Glu) 

0.4 mM (Cys) 
3.1 mM (K,. GSH) 
0.27 10M 1"(·ECl 
0.6 m\1 Gly 
" 'frI3 mM (GSlIl 

"9.2 ~\'f ICdGS, ) 

<30 p \1 (PC ll 
)9 p\1 led GS"I 
55 p\1 

13 nmol min '" ¡ (mg prolcin) , 

170nmolmin 1 (mg proICII1)- 1 

·'k~ ... \ ::;: 0.2 ~ - ~ 

~n I nmol min I (mg prolcrnl I 

(rale tlelcrmlnctl in cell extT;J("IS) 

' . ¡!lIrIO! mlll {mg prolcl n I 
1:' 1 1111101 mi n I (Illg PW!~ll~l I 

I ~ 5 nrnnllll lU · (mg prolo: l i] )' ( 

Orga.nism 

Cundida boicJin;i 

C. boitlmii 

··S¡/l'IIe ("/Icllba{us 

hA r¡l{/fi{/flll 

• S pom!lc 

.\ /'olllhe 

.\ 1 ('rel /SU//" 

.\ •00oll1hl' 

Reference 

[200J 

[200[ 

"[II3J 
'11111 

' [ 16 ,[ 

[22 j 
[l' 8J 
[ 159 ) 
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biosynthesis, Also. L-buthionine-(SR)-sulfoximine 
(BSO) is a specific and potent inhibitor [98J. althollgh 
the bacterial (E. coli) enzyme is fully inactivated only 
after longer periods of incubation than those used for 
the rat kidney eHzyme [99. 100J. BSO phosphorylation 
genera tes an analog of y-glutamylphospJ;¡ate 
(an intermediate in the catalytic cycle) which binds 
to the active site producing an irreversible inhibition 
[98J. 

GS has been isolated and characterized from different 
organisms, with their K m.", for y-EC varying between 
0,02 and 0.63 mM and the Km.", for Gly belween 0.3 
and 1 mM [26.10IJ (Table 2). This enzyme is also pre
sent in all organisms but similarly to y-ECS, it differs 
structurally among kingdoms [102]. Plant GS genes 
show high identity with Ihe yeast a:Jd human sequenees 
but no homology with bacteriaJ genes, suggesting a 
divergent origin [103]. GSs of p!ants and mammals are 
homodimers with a MW of 56-77 kDa per subunit , 
whereas the S pombe enzyme is a helero tetramer 
formed by two subunits of 26 and 33 kDa [104J. GS 
of the protist parasite Plasmodium falciparum is a 
homodimer, formed by subunits of 77 kDa; ils deduced 
amino acid sequence differs from other GSs particularly 
at lhe level of ,¡he residues involved in y-EC binding 
[103]. 

2.6. Phytochelatin biosynthesis 

Phytochelatins (PCs) are peplides with general for
mula (y-Glu-Cysh_II-Gly synthesized from GSH by 
phytochelatin synthase (PCS; Fig. 2, reaction 4). PCs 
have been detected in sorne yeast [11 5-17.105]. higher 
plants [20) 06.107], algae [118], and protists [19,108], 
but not in bryophytes [109,1 lO]. Heavy metals sllch 
as' Zn2

+, Hg2
+, Cd 2

+ , FeJ
+, AI3

+, Cu2
+ and Pb2

+ act 
as enzyme -activators, Cd2

+ being the most potent 
[12,14a,lll]. 

PCS is a dipeptidyl (instead of a tripeptidyl) transf
erase that catalyzes PC chain extension in the C- to 
N-terminal direction. yielding extended (by one y-EC 
unit) PC and Gly, GSH or truncated (by one y-EC 
unit) PC [111.112]. The PCS reaction involves the 
Cd2

+ -independent enzyme acylation in OHe site by 
GSH and acylation in a second site by a thiol-Cd 2

+ 

blocked GSH; these two initial steps genera te at least 
two free Gly molecules. In a third step, the acylated en
zyme transfers one y-EC unit to an upcoming GSH or 
PC; the other bound y-EC unit is also released to the 
medium [IIl.I12J (Fig. 2. reaction 4). PCS is <lctive 
as a homo-dimer of 41 - 50 k Da subunits 
'( I 11, I 14.1 15J Varia nts of PCs with ~-Ala. Ser. Glu 
or Gln instead uf (j ly :\s the ending residue have also 
been identified in sorne plants whereas PCs without 
the C-terminal GI~ (desGlv PCs) have becn fOllnd in 
plants "ntl S0!l1C \ ""st : 12.\ O(j.\ 07.\ \ 51 1 n (;/I'eill(' 

max. synthesis of homo-PCs. (y-Glu-Cys)n-~-Ala. is 
catalyzcd by a specific homophytochelatin synthase 
(hPCS) [106]. This enzyme is able to use GSH or 
homoglutathione (hGSH: y-Glu-Cys-~-Ala) as sub
strate; however. synthesis of pc.s from GSH as the sole 
substrate is 5-fold mOfe efficient than hPCs synthesis 
with a GSH/hGSH mixture [106]. 

PCS genes have been c10ned from S pombe, 
A. thaliana, Triticum aestivum, Brassica juncea, Thlaspi 
caerulescens, Glycine max, Athyrium yokoscene and 
even from the nematode Caenorhabditis elegans 
[106,114,116-119]. pes dedueed sequenees from fission 
yeast and plants have similar N-terminal sequenees but 
a less-conserved C-terminal region [14a.120,12IJ. These 
characteristics. together with the observations that a 
mutation in A. thaliana (cadl-5) causes premature ter
mination of transJation (122] and limited proteolysis 
of PCS [12\] do not prompt totalloss of function. have 
suggested that the N-terminal domain contains the cat
alytic activity and is presumably highly structured. 
However. the C-terminal domain also has a role in 
activity since another A. thaliana mll tant truncated in 
this region presented a Cd2

+ -sensitive phenotype 
[1'21.122J. and decreased thermal stability and respon
siveness to heavy metals [121]. It seems that the 
less-conserved Cys residues, often presented in pairs, 
together with some G l.u residues present in the C
terminal doma in have a ro l.e as a binding sensor for 
heavy metals [14a.l20,123]. 

PCS might be a regulatory enzyme in PCs synthesis 
sinee it is the slowest enzyme in the pathway (Table 2) 
and in S. pombe and many adult pl'ants Cd2

+ exposure 
does not increase Ihe PCS transcript levels 
[111, 114,I17J (see also Sections 4 andl 5). 

The existenee of res in S cerevisiae and Neurospora 
crassa has been demonstrated by mass spectrometry 
[105]. Sinee only the shortest phylochel'atin (PC-2) is de
tected, and no PCS gene has been found in these fungi, 
it has becn suggested that PCs may be synthesized by a 
side reaction of GS [124.1251 and by carboxypeptidase 
y [126J. Detection of PCs when only high pressure liq
uid chromatography váth dithionitrobenzene deriva tiza
tion is used should be viewed with caution sinee other 
compounds such as coumarins may yield a false positive 
signal [109]. Thus, identification ofPCs should be estab
lished by applying addilional methods such as amino 
acid sequencing and composition [16-18,20J or mass 
spectrometry [105.107]. 

3. Regulation of SA P, Cys and GSH synthesis 

3.1. !vlelUbolic reglllarioll 

UniceJlular and l11ulticellu lar organisl11s must be able 
lo ll1ailllain a rd allvely constant illtrilccllular en\ iron-
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men!. When mild or severe perturbations in the external 
medium occur, the organisms adjust their internal fUl1c
tions. There is a raJilge of external changes within which 
the organisms survive, but a large range in which cellu
lar functions are irreversibly impaired. Thus, there must 
exist melabo!ic and genetic control mechanisms that rcg
lila te Ihe effecl of Ihe exlernal changes ovcr Ihe inlracel
lular environmenl, allowing Ihe organisms lO adap!. The 
cellular conlrol machinery purslles lhe modulalion (acli
vation or inhibilion) of critical enzyme activities lhrollgh 
(a) shorl-lerm (biochemical) mechanisms consisling of 
non-covalenl inleraclions wilh sorne melaboliles and 
covalenl enzyme modificalion and (b) long-lerm (genel
ic) mechanisms consisling in lhe change of lhe rales of 
synlhesis and degudalion of enzymes. A syslemalic 
conlrol analysis oUhe SAP, Cys, GSH and PCs biosyn
lhelic pathways has yel nol been carried out. However, 
several observalions concerning the probably predomi
nanl control mechanisms have been reported, which 
are described below. 

In S. cerevisiae, sulfale lransporl is inhibiled by inler
nal sulfale and by rnelaboliles derived from sulfale 
reduclion such as APS and cysleine [40] . In addition, 
OAS increases lhe aclivily of all enzymes in volved in 
lhe SAP [127], whereas cysleine decreases sorne of them 
[34,127]. SAT is strongly inhibiled by cysleine 1127]. In 
consequence, if cysleine levels diminish, lhen SAT is 
aClivaled, increasing lhe OAS level and aClivaling sul
fale assimilalion. When cysteine levels are reslored , lhe 
SAP enzymes and SAT are again inhibiled [128]. 

In A. /holiana, lhe cylosolic SAT form is inbibiled by 
!ow concenlralions of cysleine (2-10 ¡1M), bul lhe mil
ochondrial and chloroplaslic isoforms are insensil·ive, 
i!ldicaling differences in lhe regulalory mechanisms of 
cysleine synlhesis among organelles [9 q. In walermelon , 
a single cbange in the C-lerminal region (G277C) of a 
cylosolic SAT isoform, makes lhe enzyme cysteine 
insensilive (129]. 

For GSH synlhesis, il has been assumed lhal reed
back inhibition or y-ECS by GSH is lhe prime regula
lion mc'Chanism [26,101 , 130] . In lurn, diffcrenl sludies 
have deroonslraled lhal GSH levels change by modify
ing y-ECS aelivily [92,131,132]. Thus, GSH deplelion 
mal' aclivale y-ECS and, hence induce an increase in 
flux, resloring GSH levels [26,101,133]. 11 should be 
noled lhat GSH musl be consumed and nol only oxi
dized lo overcomc lhe y-ECS inhibition and lhus aCli
vale lhe palhway. For example, when ROS are 
elevaled lhe GSH/GSSG ralio decreases, bul GSH 
reduclase (GR) is usual/y able 10 reeslablish lhis ralio 
to control values, kecping Ihe palhway unaffecled ( Fig. 
2. reaction 3). Moreover , changes in lhe GSH/GSSG ra
tio 00 nol afieCI Ihe lranscripl io n levels 01' y-ECS ano 
GS [28]. Glul~lhione S-lransfcrases ano PCS (see helow) 
l:a talyze reaclions Ihal consume GSH and in con,"
qucnl:C Iheir aCli\'a lion (by increasing ava ilabililY 01' 

lheir subslrales or by overexprcssion) can overcome 
lhe GSH feedback inhibition of y-ECS resulting in an 
enhanced palhway flux . Therefore, GSH-consuming en
zymes should be also considered ",hen GSI-I synlhesis is 
analyzed. Cysleine and glycine availabilily is another 
mechanism Ihal mal' conlribule to modulale GSH syn
lhesis [29 ,92, 134]. 

3.2. Gene/ic regula/ion 

Mosl of lhe work addtessing the transcriplional reg
ulalion of genes encoding enzymes of lhe SAP, and cys
leine, GSH, and PC synlhesis has focused lO the 
underslanding of gene aClivity under sulfur starvalion. 
However, lhe response of lhese genes to Cd2+ exposure 
has nol been fuI/y addressed. In sorne organisms and 
depending on the Cd2+ concenlration lesled, lhe cysleine 
and GSH levels mal' diminish afler lhe firsl minutes of 
Cd 2

+ exposure btll hour or days later lhese levels are re
slored or, in sorne cases, enhanced over basal values, 
suggesling lranscriptional aclivalion of SAP and GSH 
synlhesis by Cd2

+ [19,28,29,31.110. 135]. Whether lhis re
sponse is directJy relaled 10 Cd 2

< or lO GSH or cysleine 
deplelion induced by CdH Slress has nol been analyzed. 
In general, all lhe genes encoding enzymes of lhese path
ways are transcriplionally up-regulaled by sulfuF slarva
lion and, in the cases where Cd2

+ response has been 
analyzed, mosl of them a'lso respond by increasing tran
scriplional aClivity. 

In S. cerevisiae, SULI and SULl genes increase their 
mRNA levels by 9- 14 and 5 limes, respectively, afler 
Cd 2

+ exposure [136,137]. Genes encoding HASTs in 
planls increase their mRNA levels in response lO low sul
fate availabilily [35.46.48], and 10 lhe inlernal increase in 
OAS [138,139]. Their lranscripllevels diminish wiln addi
lion of sulfate, cysleine or GSH to the culture media 
[47.48,139]. In Cd2

+ -exposed B. juncea roolS, bul nol in 
lcaves, a decrease in a pulalive low-affiníty lransporler 
lranscripl is observed, suggesling a lissue-specific regula
lion [140] . In Z. mays, Cd 2

+ exposure induces an increase 
in lhe expression of a H AST gene in rools, which corre
lales wilh an enhanced uplake ofsulfale [141] . More stud
ies on gene expression and kinelics are required lo 
eSlablish whelher sulfale transporlers are Cd 2

+ rcspon
sive, parlicularly in Cd 2

+ resislanl organisms. 
Expression of A TPS genes is slimulated by sulfale slar

valion [31]. Cd2
+ exposure induces an increase in lhe A. 

,¡wliana APS3 (ATPS) lranscripl leve! (13-fold) [31], in 
rOOIS ano Icaves of B.juncea [140]. and in lhe MET3 gene 
(ATPS) of S. cerevisiae [137,140] . Cd 2

+ stress a lso pro
motes a 6-fold increase in lhe ATPS prolein level in S. 
cerevisille [142]. although activily was nol delermined . 

Analvsis o,. S. rer"vi"io/' gent' expression in respotlSe 
lO O . ()~ mM CdCI> u,ing microarray analysis, oeter· 
mined Iha t +IETl 4 (APSK) and M ETl6 (PAPSR) 
in.:reascct their e.\p rc ssi"" b\' ~ l · ""ti 6-ro ld . rcspcc · 
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lively, over lhe conlrol [136J, The prOleome analysi, of 
S. cerev;s;"e shows lhat lhe PAPSR prolein increases 
5-fold in response lo '1 mM Cd2+ exposure [142J. In A. 
{haliana, APSR lranscriplion increases when lhe planl 
grows under sulfur slarvalion [70,77J. Genes encoding 
APSR in B. juncea and A. {haliana ( PRH /9 and 
PRH43) are also lranscriplionally up-regulaled by 
Cd2+ slress [3I,140J. 

In lhe proleome analysis of lhe S. cerevisiae Cd 2+ -
response, lhe SiR ~ subunil increases 2.5 limes ¡i42J, 
while in lhe lransc rciplome analysis, METIO (encoding 
lhe ~ subunit) increases ils amounl of mRNA by 5.5 
limes [136J. In lhe presence of 0.2 mM CdCI2 lhe sir 
lranscripl levels increase up lo 2-fold [3 IJ. 

In A. {ha liana lhe OAS TL cylosolic gene A{cys-3A is 
lranscriplionally up-regulaled by Cd2+ exposure bring
ing aboul an increase in GSH synlhesis [29J. In S. cere
visiae, lhe expression of lhe CT-y-Iyase gene is increased 
by 13 limes afler exposure lo 1 mM CdCl2 for 1 h [11 37JI. 
In prolislS, lhere is no informalion aboullhe SAP genes 
response lo Cd2+ exposure. 

The S. cerevisiae GSH / (y-ECS) gene is lranscriplion
ally up-regulaled by Cd2+ [143J whereas lhe prolcin 
shows a slimulalion index of 10 in response 10 Cd'+ 
slress [142J. Using lhe S. cerevisiae y-ECS prom oler se
quence, a 20-fold increase in lhe associaled reporter gene 
aclivily was found afler its exposure lo 0.1 mM CdCI2 

[l44J. Iln conlrasl, Cd2+ does nol affect lhe y-ECS gene 
in S. pombe [145J. In plants, Cd2+ induces an increase 
in lhe y-ECS mRNA [28,29,146J. Posl-lranslational reg
ulalion, such as phosphorylalion/dephosphoryralion, 
has been invoked lo explain lhe rapid increase in 
y-ECS aclivily afler Cd2+ exposure observed in A. {hali. 
ana, wilhoul an increase in y-ECS lranscripllevels [147J. 
However, lo date no experimental evidence of covalent 
modulation of y-ECS has been described. 

Afler Cd2+ exposure, the levels of GS transcripts in
crease around 2-fold in A. {haliana [28.31 J. These incre
ments are not as strong as those observed for other 
genes encoding enzymes of the SAP [31 J. In S. pombe, 
Cd2+ does not alter the transcription of lhe GS gene 
[145]. In protists, there are no reports about transcrip
tional regulation of y-ECS or GS induced by Cd 2+ 
exposure. 

PCS is transcriptionally up-regulated (2-fold) afler 
Cd2+ exposure in 5 day-old seedlings of A. {Izaliana 
and in T aes{ivum roots [148,116J. In B. jUllcea leaves, 
but not in roots, a 4-fold increase in the PCS contenl 
was found afler Cd2+ exposure, without a concomitant 
increase in mRNA [117J, whereas in S. pOl//he and ma
ture A. {Izaliana plants Cd'+ exposure docs not affect 
the transcript level of PCS [111.114J. 

Genes encoding SAP enzymes are coordinalely regu
lated in S. (·ereris;ae. Several regulatory molecules ha ve 
been illlplicated in the modulalion of the gene cxpres
sion. AdoMel (S-adenosyl-melhioninel \Vas lir,t pro· 

posed as the main co-repressor [32J. However, recent 
dala sustain ¡he idea thal cysteine is the pathway speeific 
co-repressor for the genes encoding SAP enzymes while 
OAS is the main co-activátor [33,127,149]. AdoMet 
seems 10 acl as a co-faclor in lhe cysleine-medialed 
repression [149]. Likewise, GSH has a moderale repres
sive role on specific genes such as M ET25 encoding OAS 
TL, which synlhesizes homocysleine, lhe precursor of 
cysleine in S. cerevisia/! [33J. Based on lhe finding lhal 
cysleine biosynlheiis in lhis yeasl is performed by lhe 
CT palhway instead of lhe OAS palhway, lhe role of 
OAS in lhis organism seems lo be only as a regulalory 
elemenl and nol as a melabolic inlermediale [33]. 

In planls, an inlegralive metabolic regulalion view 
emerges from lhe observalion lhal OAS induces lhe 
expression of HAST genes in barley and A. {haliana. 
OAS also differenlially mediales lhe expression of organ 
specific isoforms of A TPS, APSR, OAS TL, and y-ECS 
in A. (haliana [30,138,139J. In lurn, cysleine and GSH are 
known lo be negalive regulalors ofgene expression ofsul
fale transporlers, ATPS and APSR[ 150-152). Thus, OAS, 
cysleine and GSH levels eslablish a conneclion belween 
enzyme aelivilies, melabolic fiux and gene expression. 

The lranscriplional faclors involved in lhe regulalion 
of lhe genes lhal respond lo Cd2+ slress have nol been 
idenlified in planls and prolisls. In S. cerevisiae, lhe 
induclion of lhe genes encoding lhe enzymes of lhe SAP 
and GSH biosynlhesis by Cd2+ depends upon lhe lran
scriplion faclor, Mel4p, which is recruiled by Mel31p, 
Mel32p and Cbfl p, lo form a lranscriplional complex in
volved in t he aclivalion ofmosl oflhe melhionine biosyn
lhelic genes [153-155J. The Yapl faclor, wbich mediales 
lhe oxidalive Slress response, is al so involved in lhe 
Cd2+ response [142,154]. Mutanls lhal do nol express lhis 
faclor (YapI6) are hypersensilive, whereas s!rains over
expressing lhe faclor are hyper-resistanl lo Cd 2+ 
[156,157). Given lhe imporlance lhal lhe deloxificalion 
syslems play in lhe Cd'+ response, il has been suggesled 
lhal lhe YCF 1 and gsh 1 genes, which encode proleins 
responsible for sequeslralion of Cd2+ in lhe vacuole (see 
below), are lhe primary largels by which Yapl exerts a 
conlrol of Cd2+ resislance [142]. The Skn7 lranscriplion 
faclor, which cooperales wilh Yapllo aclivale lhe hydro
gen peroxide response, appears 10 negalively aCl in Cd 2+ 
response, as a repressor of several genes [156]. 

Funclional proleomic sludies in S. cerevisiae show 
lhal many proleins change in response lo Cd 2+, 
parlicularly enzymes of lhe SAP and heal shock pro
lcins. Sorne olhers are oxidalive Slress enzymes (calalase 
T, lhioredoxin, lhioperoxidase, Mn-superoxide dismu
lase. CulZn superoxide dismulase. alkylhydroperoxide 
reduclase). proleases and enzymes from carbohydrale 
mClabolism nol relaled wilh stress responses [137.142]. 
Thcse ¡aller enzymes are iSllforms with lower sulfur con
tenl thal are synlhesized 10 replace exisling enzymes. In 
conlrol condilions lhe alllounl of sulfale incorporaled 
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inlo these proteins is 79'1., but diminishes to 19% under 
Cd'+ stress. Under this condition, 70°;', of sulfate is 
incorporated into metabolites of the GSH biosynthesis 
(CT, y-EC and GSH). Thus, the sulfur amino acids 
may be directed to the massive production of GSH. 
The fact that the "new enzymes" have less sulfur amino 
acids, also makes them less susceptible to the deleterious 
CdH effecl since Cd2+ will bind Ihem wilh a much lower 
affinily. Based on the linear correlalion found belween 
the induclion faclor of Iranscripl levels and Ihe induc
lion faclor of prolein conlenl, il was concluded I[ 137J 
Ihal Ihe yeasl Cd2+ response is essenlially regulaled al 
Ihe Iranscriplional leve!. However, Ihis mighl be an 
overinlerprelalion sin ce no d'elerminalion of enzyme 
aClivily, flux, and lime-dependenl metabolile varialions 
of Ihe SAP, Cys and GSH palhways were made. 

4. MechaJiisms ()f GSH- and PC-mediated Cd~+' resist
ance 

4.1. Yeasr and p/anrs 

Compartmentalion in Ihe vacuole appears lo be Ihe 
mosl importanl mechanism for Cd 2+ resislance in 
S. cerevisiae, S. pombe, Candida g/abrara, and planls 
[12,17,22,23,158,159J. Cadmium can be transporled inlo 
the vacuole as a free ion or associaled wilh Ihiol-com
pounds (GSH or PCs) [22,23,1158,159]. In S. pombe, 
C. g/abrara,somealgae and plants, PC-Cd complexes, free 
Cd2+ and sulfide forrn high molecular weighl (HMW) 
complexes inside Ihe vacuole which are Ihe ullimale and 
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Cd" ( PC-UI l, 
(3) " 

~.---t(:~ 2H 
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more slabl.e slorage of CdrH inside the cell (Fig. 3(a)) 
[17, 160-163J. 11 should be Iloled Ihal Ihe a vailable K'n val
ues of Ihe Iransporl syslems for free Cd 2

• (see Table 2) are 
relalive],y high (> 30 ~IM), whereas Ihe Kd value ofPCS for 
free Cd2+ is low(0.54 11M). Although no dala on free Cd2+ 
concenlralions have been described in organisms exposed 
lo toxic CdCI 2 concenlrations, Ihe Km and Kd values for 
Cd2+ may be used as a reference for lile expecled range 
of free Cd2+ concenlralions Inal can be reached in the 
cylosollO lurn ón Ihe cellular Cd 2

+ response. 
In S. pombe, PCs are Iransported inlo Ihe vacuole by 

an ABC-Iype Iransporler, encoded by Ihe hmrl gene 
[22, 1 64J (heavy melallolerance 1; Fig. 3(a), reaclion 1). 
The HMTI prolein is relaled lo multi-drug resislance 
proleins (MRPs), which calalyze Ihe A TP-driven Irans
port of GSH S·conjugates for xenobiolic deloxificalion. 
However, unlike MRPs, HMTI has only one transmem
brane and one nucleolide-binding domain [164J. HMTI 
aClivily is sensilive lo vanadale, but nol lo inhibilors 
aHecling Ihe vacuolar H+-ATPase 01' lo ionophores Ihal 
abolishes Ihe pH gradienl across Ihe vacuolar membrane 
[22], indicating a slricl dependence on ATP hydrolysis, 
bul nol on a H+ gradienl, for driving uptake of Cd2

'_ 

PCs complexcs. 
HMTI is specific for PC Iransporl and hmrr cells 

are Cd2+ sensilive. which indica tes Ihal Ihe resislance 
mechanism in S. pombe depends on Ihe proper slorage 
of PCs in vacuo les. HMTI gene expression is not C<J2+ 

inducible, allhough its overexpression enhances Cd2+ 
accumul.alion and resislance [22J. 

In S. cerevisiae, Cd2+ is also slored into Ihe vacuo le as 
a complex, bul in conlrasl lo S. pombe and planls, il is 
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transported as Cd-bis(glutathionate) (Cd-GS l ) by 
YCFI (yeasl cadmium factor) [158,165] (Fig. 3(a), reac
tion 2). YCF 1 shares amino ac id sequence similarily 
with MRPs and HMTI, its reaction is ATP-dependent 
and uncoupler-insensitive, bul in contrast lo 17mll, 
ycfl expression is up-regulated when cells are exposed 
to Cd2+ [1581'. YCFI has a KmCd-GS2 of 39 I'IM and 
Vm of 15.7 nmol min- I (mg protein)-I [134]. YCFI 
may transport Cd- GS2 and sorne GSH-conjugates such 
as dinitrophenyl-GSH but no PCs [158]. HMT I may 
transporl PCs and Cd-PC complexes but apparent!y 
no other GSH-conjugates [22]. Recently, another MRP 
named BPTI (from bile pigment lransporter) has also 
been related to Cd2+ resistance in S. cerevisiae [166], 
although its activily does not replace YCFI function. 
In plants, PCs are also lransported to Ihe tonoplast 
in an ATP-driven process similar to Ihat reported in 
S. pombe [23]. However, no hmtl or ycfl homolog genes 
have yet been identified [167]. 

Other vacuo lar membrane transporters in S. pombe, S. 
cerevisiae and in plants cana'lso take up free Cd2+. Uplake 
of Cd2+ is not alft:Cted by vanadate but it is inhibited by 
NO)" and does not occur when a non-hydrolyzable A TP 
analog (AMP-PNP) is used. TlrJis suggests that Cd2+ 
transporl is driven by lhe!J. pH generaled by lhe vacuolar 
H+ -ATPase [159,168] (Fig. 3(a), reacllon 3). In Avena sa
liva vacuoles, lhe nigericin-dependenl Cd2+ uptake has a 
KmCd of5.5 ¡¡M and Vm oC 12 nmol min- I (mg prolein)-I, 
whereas in S. pombe vacuoles, lhe initial Cd2+ uplake rate 
with 8 ¡¡M CdCI2 is 37 nmol min- I (mg prolein)-I 
[22,159]. It is nol known whether in lhe cytosol of Cd2+_ 
exposed cells, lhe free Cd 2+ concenlration may reach 
values of 5-8 ¡¡M or higher. Due lo ¡he light Cd2+ binding 
to a variety of biomolecules, including thiols, it is likely 
lhal the free Cd2+ concentration be lower lilan 10 ¡¡M un
der exposure lo non-loxic CdCl2 concenlralions. A non
manageable level of intracellular free Cd2+ is reached 
when lhe cellular chelating capacity is surpassed, which 
may bring aboul the usually observed deleterious elfects 
of Cd2+ loxicily on cell physiology. 

Five prolein families have been implicaled in the 
lransporl of Cd2+ lhrough cell membranes: (1) calionl 
H+ anliporter family; (2) CPX-lype ATPases; (3) Nramp. 
nalural resislance-associaled macrophage proleins; (4) 
CDF, calion dilfusion facililalor family, also named cal
ion-effiux family; (5) ZIP, ZRT-lRT-Iike proleins (for a 
delailed description of lhese families, see [169-171]). 

In S. cerevisiae, Nramp, CDF and ZIP proleins are 
responsible for Cd2+ lrafficking belween cylosol and 
vacuole. SMFI. one of lhe lhree Nramp members iden
tified in S. cercvisiae, is able lo lake up Cd2+, Cu2+ and 
Mn l + [172]. SMFI is localed in lhe vacuole, allhough 
when cells are grown in lhe absence of heavy melals. il 
may also be localed in lhe plasma membrane [173]. 

The S. cerevisiac ZRCI and COTI proleins. membcrs 
of the CDF ramily. have been relaled to deloxitication 

ofheavy melals [1168, 174-177]1. Both proteins are respon
sible for Zn2+ slorage in the vacuo le, bul al Z0-2+ -limil
ing condilions, ZRCI is more importanl lhan COTI for 
melal storage [1.77]. Cells deleted for eilher or bolh genes 
encoding lhese proleins show a decreased resislance lo 
C02+, Zn2+ and Cd 2

+, wilh lhe cOII deletion being more 
delrimental lo Cd2+ exposure lhan lhe zrel delelio!! 
[177,178]. These observalions suggesl lhal bolh proleins 
are involved in Ihe uplake of Cd2+ inlo lhe vacuole and 
lhal lhey have dilferenl affinities for heavy melals or 
have differenl exp ression in response lo heavy melal 
exposure. 

l"he S. pombe genome has revealed lhree CDF se
quences, and lhe delelion of one of lhem (!J.SpZRCt) 
also results in eXlremely high Zn2+ and C02+ sensilivily 
[178]. The only ZIP family member found in S. cerevis
iae (ZRT3) seems 10 playa role dilferenl lo heavy melal 
deloxificalion since il releases Zn2+ from lhe vacuole; 
ZRT3 plays a crucial role when cells are grown in 
Zn2+ -limited medium [176]. AII lhe lransporters de
scribed aboye are lranscriplionally regulaled by Zn,2+ 
availabilily in lhe growlh medium [176,177]. Overex
pression of ZRCI and COTI increases Zn2+ resislance, 
whereas ZRT3 overexpression results in poor growlh 
[174--176]. Unforlunalely, neilher lhe response of lhese 
lransporters lo Cd2+ exposure no!" lhe elfecl of lheir 
overexpression on Cd2+ resislance has yel been 
explored. 

In planls, proleins of lhe calion/H+ antiporler, ZIP, 
Nramp and CDF families lransporl Cd l

+ (see 171 and 
references lherein). To dale, only CAX2 (a calioniH+ 
anliporler) [rom N. labacum has proven lo be localed 
in vacuole membranes [1.79]. CAX2 is nol up regulaled 
by CdCI2 exposure, bul helerologous expression of 
A. Ihaliana CAX2 in lobacco planls leads lo 115% more 
Cd2+ accumulalion lhan lhal allained in conlrol planls 
and 10 a 1.6- lo 3-times increase in lhe Cd l

+, Mn2+ 
and Ca2+ uplake in isolaled lonoplasl vesicIes [179]. 

In summary, Cd2+ can enler vacuoles in lwo ways: as 
a free ion, or complexed wilh GSH or PCs. In S. pombe, 
e glabra la and planls, Cd l

+ -PC complexes incorpora te 
sulfide lo form HMW complexes (Fig. 3(a), reaclion 4) 
around a CdS cryslallile core [16,17,160-163]. The vac
uolar S2-/Cd2+ ra lio varies belween 0.16 and 2 
[17.160,180]. The addition of sulfide confers a higher 
Cd l

+ -binding capacily and enhanced slabilily lo Ihe 
complex, bringing aboul full inaclivalion of lhe loxic 
Cd l

+ ion. Impairmenl in any of lhese processes, i.c. 
sequeslralion, lransport, and HMW complex formation, 
resulls in a Cd 2+-hypersensilive phenolype [160,161, 
164]. 

Sludies in e glabrala have shown lhal lhe molecular 
weighl and peptide composilion of HMW complexes 
ma\" vary dcpending on the sulfidc content and lhe 
gro\Vth media composilion [17.181]. Cells grown in syn
IhclIe complete medium form HMW l"omplexes lower 
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Ihan 50 kDa whereas addilional sulfur supply al Ihe lale 
logarilhmic phase of cu'lture (from 0.2 lO 2.1 mM of 
melhionine) gives rise lO higher Ihan 50 kDa com¡)lexes 
[181]. In addilion, C. g/abra/a cultured in rich medium 
conlains Ihe usual CdS cores coaled' wilh GSH and 
y-EC, whereas when il is cullured in mi¡:¡imal medium 
Ihe CdS core is coaled by PC2 and desGly PC2 [182]. 
lhe faclor involved in Ihis difference is nol known; how
ever, il is clear Ihal y-EC/GSH coaled complexes are less 
stable Ihan Ihose formed by pes [182]. 

HMW complexes can be formed in vilro by mixing 
sulfide, Cd and PCs [165]. However in S. pombe, Iwo 
purine biosynlhelic enzymes, adenylosuccinale synlhe
lase and succinoaminoimidazole carboximide synlhe
lase, are required for HMW complex formalion 
[160,161]. lt is suggesled Ihal Ihese enzymes use a sulfur 
analog of asparlale, cysteine sulfinale, lo produce inler
mediales or carriers in sulfale assimilalion lo form 
HMW complexes. However, Ihe reaclion sequence in 
vivo has nol been fully elucidaled [161]. 

4.2. Eug/ena and unicel/u/ar green a/gae 

Eug/ena gracilis is a pholosynlhelic prolisl wilh high 
Cd2+ lolerance and high Cd2+ accumulaling capacily, in 
which Ihe effecls of Cd2

+ exposure ha ve been more 
eXlensively sludied. Probably due lo Ihe absence of a 
specialized reservoir organelle such as a planl-Iike vacu
ole, in Cd2

+ exposed lighl-growo cells more Ihan 60";', of 
Ihe accumulated Cd2

+ resides inside Ihe chloroplasl [19], 
whereas io dark-grown cells mosl of it IS localed in milo
chondria [108]. 

Several reports have shown Ihal Ihe SAP, including 
GSH and PCs synlhesis, is relaled wilh Ihe Cd2

+ resisl
ance mcchaoism in Ihis prolisl [18,19,\08,183]. When 
phOlosynthelic E. gracilis cells lIre exposed lO 0.2 mM 
CdCh, their cellular levels of cysleine, GSH and PCs in
crease, being 12-fold larger Ihan in non-exposed cells. 
These melabolile variations occur in Ihe cylosol and 
more remarkably in Ihe chloroplasl [19]. 

The mechanism of how PCs are synlhesized and 
slored in E. graci/is is under invesligalion in our labora-
10ry. In this protisl, PCs are found in Ihe cytosol, chlo
roplasls and even milochondria after Cd2

+ cxposurc 
[19,108]. These findings may be explained by eilher of 
Ihe following meehanisms. (1) PCs are synlhesized in 
Ihe cylosol where Ihey sequesler Cd2+; Ihe Cd-PC com
plexes are subsequenlly lransported inlo Ihe chloroplasl 
and miloehondria. (2) PCs are synlhesized inside Ihe 
organelles where lhey bind Cd2

+, which is Iransporled 
as a free ion, and form HMW eomplexes. (3) Bolh proc
esses co-cxisl and PCs are synlhesized in Ihe lhree cellu
lar comparlmenls (Fig. 3(b). 

The firsl possibilily implies Ihe exislence of an ABC
like lransporler lO mobilize Cd-PC or Cd-GS2 inlo Ihe 
milochondria and chloroplasls of E r./"lIcih,. similar lo 

lhal presenl in S. pombe and planl vacuoles; however, 
Ihis kind of Iransporter has nol yel been described for 
chloroplasts or milochondria. 

The second possibilily implies Ihe presence of a free 
Cd2

+ Iransporler in Ihe organellar membranes and a 
PCS aClivily inside Ihe organelles. Indeed, E. gracilis 
chloroplasls are able lO lake up Cd 2

+ in its free formo 
This process involves al \casI Iwo components [19], 
one salurable (Vm = 11 nmol min- I mg prolein- ' and 
Km'" 15 ¡tM) and a non-salurable one (0.12 nmo) 
min - ' mg prolein- ' ¡tM- 1) (Fig. 3(b), reaclion 5). In 
addilion, nel PCs synlhesis by Percoll-pmified chloro
plasls incubaled wilh 0.5 mM CdCI 2 (0.15 nmol h- I 

mg protein - I
) suggesls Ihal a PCS isoform is localized 

inside E. gracilis chloroplasts. Moreover, we have de
lecled HMW complexes in chloroplasts isolaled from 
Cd 2

+ -exposed Eug/ena (Mendoza-Cózall D, Rangel
González E, Moreno-Sánchez R, unpublished data). 
These observalions supporl Ihe exislence of Ihe second 
mechanism in Eug/ena chloroplasts, bul Ihey do nol 
exclude Ihe exislence of Ihe firsl possibilily. 

lt is difficu)1 lO undersland how a Cd2
+ resislance 

mechanism mighl be biochemicaJl y and slruclurally sup
porled in eilher chloroplasls or milochondria, which per
form several essenlial reaclions and provideenergy for Ihe 
cell funclion. Hence, Cd 2

+ accumulatioo inside Ihese cel
lular comparlmenls mighl be al consequence oftne organ
elle characlerislics in Ihis particula r p rotiSI rather Ihan a 
specific mechanism for Cd 2+ resi,slance. Cd2+ enlers Ihe 
chloroplasts, probably using Ihe Iransporl syslems for 
essenlial ions. Thus, il seems likely Ihal in Ihe chloroplasl 
mechanisms lO mainlain low levels of inlernal free ion 
melals (essenlial and non-essenlial) have evolved lo 
prevenl Iheir loxic effecIs. 

PCs ha ve been described in several groups of a1gae 
including chlorophyles, xanlhophytes, dialoms, phaeo. 
phyles and rhodophyles [18]; bul Ihere is no information 
aboul Ihe delailed funclion of Ihese peplides or whelher 
they are involved in Cd2

+ Iransporl lo inlracellular 
organelles. In addilion lO E. graci/is, il has been found 
Ihal 60% of accumulaled Cd2

+ resides inside Ihe ehloro
plasl in a cell-wall deficienl slrain of C. reinhardlii [184]. 
HMW complexes are also found in Ihis organelle [184], 
bul Ihe origin of plaslid PCs and Ihe mechanism by 
which Cd2

+ is Iransporled inlo Ihe chloroplasl of 
Ch/amydomonas is slill unknown. Ch/orel/a synlhesizes 
pes and forms HMW complexes in response lo Cd 2

+ 

exposure. allhough Ihe inlracellular localizalion of these 
compounds is also unknown [11,18]. However, il has 
been eslablished for eh/orel/a Ihal Ihe cell wall repre
senlS Ihe firsl line of defense againsl Cd2

< exposure. In 
fae\. al 100 ¡tM CdCI,. 50'1., oflhe eellular Cd 2

+ is bound 
10 Lhe cell wall [1 SS]. 

Increased PCs synlhesis has also been associaled wilh 
higher resislance lo oxidalivc slress. In lhe green algae 
{)ut/a!i"II" terri,,/ec/{/. ;In incrcasc in res induced by 
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ZnH exposure, results in an enhanced resistance to ROS 
caused by H 20 2 and paraquat [186]. This protection was 
the result of a stronger reaction of H202 with PC, 
than with GSH or ascorbate. Pre-treatment of D. lertio
leela with Zn2

+ brings about an increased resistance to 
Cd 2

+, lhrough a PC-mediated process [1186]. 
Chlorella vulgaris and sorne plants accumulate proline 

when exposed to heavy metals [187.188]. Because proline 
may directIy react with free radicals diminishing Ihe dam
age by oxidative stress [189], it was proposed that organ
isms with high levels ofproline might show a higher Cd2

+ 

resistance than organisms with low proline !evels [188]. 
This hypothesis has been tested by using transgenic C. 
reinhardlii cells overexpressing t.,1-pyrro line-5-carboxy
late synthetase, the enzyme that catalyzes the first step 
in proline biosynthesis in plants. Tbe transgenic cells 
contained 80% more proline Ihan non-transformed cells. 
Under Cd2+ exposure, transformed cells showed a more 
vigorous growth, 4.1 times more Cd 2

+ accumula!ion, 
80% more GSH, apparently more PCs and a decrease 
in the GSSG levels. GSH contends simultaneously with 
Cd2

+ detoxification and oxidative stress induced by 
Cd2

+. Therefore, it appears that in the presence of high 
proline. GSH availability for PCs synthesis is elevated, 
resulting in 8 more Cd2

+ resistant organism [188]. 

. 5. Enhancing glutathione and phytochelatin synthesis 

Jt is desirable thM organisms designed for bioremedi
ation, or for enhancing the content of essential metals in 
food crops, must have sorne, if not all, of the following 
characteristics. (1) High heavy metal uptake rate; (2) an 
efficient mechanism for metal sequestration-inactiva
tion; (3) appropriate heavy metal storage; (4) large biD
mass production; and (5) in the case of plants, an 
adequate root-to-shoot transport of the metal. The first 
point, related to the uptake of the heavy metal from the 
environment, is probably the process for which modifi
cation may be more critical due to the dependence of 
the subsequent processes on this initial event. In the last 
decade, the c10ning of the genes involved in the SAPo 
GSH-PCs synthesis, and in intracellular heavy metal 
and Cd-complex transport has prompted several groups 
to improve the heavy metal resistance-accumulation 
capacity of the cells by overexpressing sorne of the en
zymes involved in such processes. 

Although sorne groups have obtained promising re
sults regarding enhanced GSH biosynthesis and Cd 2

+ 

resistance [92,190-193], others have not succeeded 
[92.132.191-194]. This is probably because most of the 
overexpression experiments have increased the amount 
of only one enzyme. the putative rate-limiling slep. with
out considcring substrate availabilily [194] or producl 
inhibilioll for lhe overexpressed enzyme 01' the side accu· 
mulation of toxic inlermediaries [1J2]. Morco,cr. there 

are no experimental data on how GSH and pe synthe
sizing pathways may respond to an increased demand 
of cysteine and GSH (for instance under Cd2

+ stress). 
Thus. it is not known up to which limit an enzyme aetiv
ity may be elevated without (a) compromising the cys
teine and GSH pools (which are also used for protein 
synthesis, ROS and el'ectrophilic compounds processing) 
or (b) provoking the accumulation of reactive intennedi
aries such as oxidized y-EC (ESSE) [132]. Furthermore, 
as discussed throughout this review. heav) metal resist
ance and accumulation is not relatedl to only one enzyme 
activi,ty, but it is the result of a complex regulation at the 
genetic and enzymatic levels of severa ll simultaneous 
processes (sequestration, transport and storage). 

We are aware that simultaneous overexpression of 
several enzymes may be technically difficult. lhen, an 
appropriate analysis of control of Cys, GSH and PCs 
synthesis, in both unstressed conditions and during 
Cd2

+ exposure. may lead to the identification of a min
imal set of enzymes that need to be modulated for reach
ing enhanced f1uxes or metabolite concentrations. Such 
a set of enzymes to be modified probably may vary be
tween organisms. However, analysis of the kinetic prop
erties of the enzymes of the yeast pathway (Tables I and 
2), but also of the plant palhway (data not shown), sug
gests that y-ECS and PCS may be the most relevant 
steps in the control of flux, wilh A TPS and the Cd-PC 
(or Cd--GS2) vacuole transporter playing a secondary 
but still significant role. Modulation of flux towards 
PCs might also be exerted downstream in the pathway, 
i.e., sulfide transport and incorporation into HMW 
complexes but this has not yet been explored. 

PCS meets the requirements for an ideall target to be 
genetically manipulated. (1) It is a homodimeric enzyme 
coded by one gene; (2) its product is directly involved in 
sequestration ami transport of Cd2+; and (3) different 
PCS sequences from several organisms are now availa
ble. However, sorne confounding results raise doubts 
about PCS as a genetic target. For instance, in A. ¡hali
ana PCS overexpression causes Cd 2+ hypersensitivity 
[194]. High express ion of C. elegans PCS in a Cd 2

+ 

hypersensitive strain of S. pombe (Sp27) is lcss effective 
in rescuing the Cd 2

+ hypersensitivity than low expres
sion of the enzyme [119]. In the case of A. tlraliana, 
the possibility of a Iimited GSH supply is apparently ex
c1uded since the total glutathione content (GSSG + 
GSH) is the same in control and transfonned plants. 
However. Cd2+ exposure may alter the GSH/GSSG bal
ance and this ratio was not evaluated. Therefore, GSH 
availability may be partially responsible for the con
founding result. 

On the other hand, the most successful strategl' to in
creaSe the GSH content has been lhe overexpression of 
y·ECS [92.190 192], However, an overwhelmillg activity 
of y-ECS over GS activity mal' also cause oxidativc 
stress by accumulalion of ESSE [1J2]. Therefore. all 
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adequate increase in PCs synthesis together with a suffi
cient supply of GSH without exceeding the PCs trans
port rate nor the GS activily may bring about 
improved results than those obtained by unrestricted 
overexpression of just one enzyme. Fulure work is re
quired to determine Ihe control of cysteine. GSH and 
PCs synthesis and lo establish which sel of enzymes need 
lo be modulated to obtain enhanced Huxes and in
creased metabolite concentrations with a minimum of 
side-effects. 

6. ConcJuding remarks 

l . A widespread response to Cd2
+ stress in yeast , plants 

and protists is the enhancemenl in the rate of sulfur 
assimilalion, cysleine, GSH, and in sorne organisms, 
PCs synthesis through enzymatic activation and up
regulation of sorne genes involved in these biosyn
thetic pathways. 

2. Compartmentation of Cd-PC complexes is not 
restricted to vacuoles or tonoplasls. In photosyn
thetic protists and sorne unicellular green algae, other 
organelles such as chloroplast or mitochondria may 
be involved in the Cd2+ resistance mechanism. 

3. If 012+ resistance is associated with its intracellular 
accumulalÍon, then the organism with such abilities 
may be used in ¡he bioremediation of heavy metal
polluted soils and water bodies. 

4. A systematic study of the control of cysteine. GSH 
and PCs synthesis is required to elucidate the set of 
enzymes to be enhanced for improving the Cd2

+ 

resistance-accumulation ability of any given organ
ism. This set of enzymes may vary between species. 
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Reviewer 2. lf possible, you should seek sorne help with the English. lf that 
is not possible, it will be edited here, but that wi11 slow down the process. 

have not edited the manuscript at this stage. 

1 am willing to accept a major revision of the review addressing these points. 
This may then need to be reviewed again . 

- Please return your revised manuscript to me within two months if at all 
possible, as this will expedite publication . 

- With your revision please enclose an e-mail ans".e ring all the points made by 
the referees and myself in a numbered list o You can conveniently do this 
through the button "View and Respond to Comment s " i n your Submitt ing Au t hor 
Center. 

- You shou l.d send your revis ed manuscr i pt "'l a yo '_r Submi t L;n .~ ',·.: ~ ho r Ce~. :e r at 
http://mc.manuscriptcentral.com/Femsre. f o r t h i s pu r posE' you "1:1 1 fi nd t hat you can .: lick 
"create revis ion" in the l i s t o f manuscri~:s witn s decision . P ~ea se no:e tha t 
t his option w~ l l disa ppear 90 days from tc ja y. 
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- If your paper will be a ccepted, the e lectronic file s will in p r incipIe be 
used for producing the final publicat ion, but the publisher Els evier may 
request a set of high-quality print-outs of your figure s for p roduc tion 
p urposes. 

1 am looking forwar d to rece i v ing your revision in due course, please let me 
know if you decide not to su bmit a revision or for sorne reason cannot respond 
within the two months s uggested aboye. 

Sincerely, 

Prof. Nigel Brown 
Editor 
FEMS Microbiology Reviews 

P.S. P1ease ensure that only one response is made to this e-mail and that this 
shou1d come through the corresponding author and combine the views of a11 
authors . 

Reviewer's Comments to Authors : 

Reviewer: 1 
Comments to the Author: The paper don't meet a11 requirements necessary for a 
critical review of the present scientific knowledge in the fie1d sulfate 
assirnilation/glutathione/phytochelatins. 

Recent papers showing indUction and compartmentations in algae and fungi are 
not taken into consideration; e.g. resu1ts with Candida glabrata and 
Schizosaccharomyces pombe are missing. 

There needs to be more data provided on the molecular biology of the systems. 

p17: No phytochelatins were detected in Caenorhabiditis elegans. 

Data on variants of phytochelatins are incomplete; Glutamine has also been 
reported as a terminal ami no acid in plants. 

The authors need to c hec k on which organ i sms ph ytoche1atins have been clearly 
identifi ed. Coumarins give misleading abs orbances with El l man's reagent, 
suggestive of thiol conjugates. (Analyst 1 27 , 333 - 336 , 2002) 

Reviewer : 2 
Comments to the Author: This review is much improved now that it has largely 
been separated from the metabolic control a na lysis (MCA). With sorne help with 
[he English from the editor and/o r editorial a ss istant(s), this manuscript is 
now prob5bly suitable for publication in FEMS Microbi010gy ~eviews . rt brings 
t ogethe~ a huge amount of resear =h and p rov i d e s several ve~y infc r~at ive 

d i agrams :ha t wil l be a u se f u I ~ esource fo r many p e op le wo~k ing ~~ th i s and 
ad jacer.: ~ e search area s. 

The f ol~ =~ing points are raise~ :0 help :~c .1 Ct~C~S urt h~ ~ ~lar~~; a~d 

:íTlpr ov -o,, tex to 
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p. 5, last line: 
The implication here, which is probably not correct, is that plants have the 
facility to transport Cd.GS complexes into the vacuole directly, as is the 
case for the fission and budding yeast Schizosaccharomyces pombe and 
Saccharomyces cerevisiae, respectively. No evidence to this effect has been 
published (and, in fact, there are two sets of unpublished data from different 
groups that contradict this idea). This is, of course, not to say that plants 
do not have the facility for catalyzing the vacuolar uptake of Cd.PC 
complexes. 

p. 13, line 6 from bottom: 
"posses N should read "possesses N

• 

p. 17, line 7 from bottom: 
The authors might want to update this section by cOnsideration of two new 
papers - Ruotolo et al (2004) J. Biol. Chem. 279: 14686-14693 and Vatamaniuk 
et al (2004) J. Biol. Chem. 22449-22460 dealing with the domain organization 
and c atalytic mechanism of PCS, respectively. 

p. 18, last para.: 
Have PCs been unequivocally demonstrated in S. cerevisiae and Neurospora 
crassa? rf they are there, they are present at levels below the detection 
limits of the techniques that most investigators use. 

p. 20, line 10: 
The authors conclude that the yeast Cd2+ response is essentiall y regu l ated at 
the transcriptional level. Is this in fact the case? That 
from the transcriptomic and proteomic analyses agree in the 
ever y gene and its transcription and translation products? 
accurate to point out that in many cases this is not so and 
is simply not known. 

is, do the results 
case of each and 
It woul d be a mo r e 
in most cases it 

p. 21, para. 3: 
"HMT1 is specific for phytochelatins transport_ N should read "HMT1 is specific 
for phytochelatin tr ª nsport N

• The sentence after this one should a1so be 
reworded for c1arity. 

p. 22, para. 1: 
Li et al (1997) not Ortiz et al (1995) established that YCF1 does not 
transport phytochelatins. 

p. 25 - Prot i sts and Unicellular Algae: 
It might be wise for the authors to be more circumspect concer ning the 
10ca1ization of phytochelatins to ch10roplasts and/or mi tochondria in these 
organisms. The data they discuss are equivocal. My impression is that there 
is a brake in style here in that the authors devote a lot more the discllssion 
to Euglena gracilis than any other organism ( i t is clear why - because it is 
their favorite organism - but they should be mindful of the fact that this is 
to be ba l anceo rev i ew). 

p. 28, 1ine 10 from bottom: 
"In the gree algae .. " should read " In t he green algae ... " 

p. 29, para. 2: 
Many ~i the re~e r e n e e 5 ci ted he re ar e inapp ropr i a t e be c ause they do ~ O [ dea l 
with bioremed~¿:io n. Als c men t ion o! t he r ole p la ye d by S2- in the 
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fabrication of Cd complexes, for instance vacuo lar Cd.PC complexes, should be 
made in this contexto There may not only be upstream but also downstream rate 
determination(and end-product inhibition) of these processes, as exemplified 
by the incorporation of S2- into Cd.PC complexes. 

Throughout the text, the authors refer to enzymes with Km values for Cd2+ in 
the micromolar range, yet the likely free concentration of this metal ion in 
vivo is several orders of magnitude lower because of its reactivity with thiol 
peptides. This is a problem that we all ha ve to contend with and one that 
should be stated clearly at the beginning and restated as necessary at other 
points in the texto 
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¡~·-l [:El 
INSTITVTO· N • DE 
CARDIOLOGIA 
IGNACKl-CHA VEZ 

INSTITUTO NACIONAL DE CARDIOLOGíA 
IGNACIO CHAVEZ 

Mexico DF 03 August 2004 

Dear Professor Brown: 

Thank you for your kind letler of 6 June 2004 regarding the manuscript (FEMSRE-04-03-
0011) entitled "Sulfur assimilation and glutathione metabolism under cadmium stress in 
yeast, protists and plants". We Were informed that a major revision of the manuscript 
addressing the observations made by two reviewers and the editor is required, befo re the 
paper may be considered for publication in FEMS Microbiology Reviews. In the enclosed 
revised manuscript, we have answered all the points raised by the reviewers and the 
editor. Accordingly, the manuscript was modified as described below; the numbering of the 
references also changed. We hope that in its present form the manuscript may be found 
acceptable for publication. 

Sincerely 

David G. Mendoza-Cózatl 
Departamento de Bioquímica 
Instituto Nacional de Cardiología 
Juan Badiano # 1, Col. Sección XVI, Tlalpan 14080 
México, DF. MÉXICO. 
Fax: +5255-5573-0926 
Email: cozatl@hotmail.com 

Response to Editor 

To provide a more dynamic and interesting review for the general reader, as requested', we 
have now critically evaluated, and interpreted, the described information in several places 
throughout the manuscript. Please see response to reviewer 1, point 1 for specific locations 
of the modified texto In addition, a general assessment of the data describing the kinetic 
and genetic properties of the enzymes of the GSH metabolism was added on the section of 
Regulation of SAP, Cys and GSH synthesis on p. 18 and on p. 34 and 35, since the 
information on the pathway modeling is now no available in the present manuscript version. 
Please note that the page number is referred to the final 'PDF version created by 
Manuscript Central, not that located down in the right corner through the main body of the 
manuscript 
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Response to reviewer 1 

1. To meet the requested standard for a critical review of the knowledge on sulfur 
assimilation and GSH metabolism, evaluation and interpretation of data was incorporated 
in the text at several places. Please see p. 8, 1 st paragraph and lines 5-10; p. 10, lines 9-
13; p.12, lines 17-19; p. 13, lines 9-12; p. 14, lines 15-17 and 21-24; p. 15, lines 21-22; p. 
18 lines 3-4 and last paragraph; p. 19, 1st paragraph and lines 4-9; p. 20, lines 23-24 and 
2nd paragraph; p. 21 , lines 9-10; p. 23, lines 22-24; p. 25, lines 4-7; p. 26, lines 5-7; p. 28, 
lines 6-9; p. 29, lines 8-10; and p. 33, 2nd paragraph. 

Please note that the page number is referred to the final PDF version, not that located 
down in the right corner through the main body of the manuscript 

2. Recent papers on Cd2+ compartmentation in algae and fungi including results with C. 
glabrata and S. pombe have been added on p. 6, line 22; p. 19, line 16; p. 25, 2nd 
paragraph; p. 32, 1st paragraph; p. 31, 1st paragraph; p. 33, last paragraph; and p.34, 1st 
paragraph. 

3. More data on the molecular biology of the systems were included on p. 8, lines 9-10; p. 
9, 2nd paragraph; p. 19, lines 16-18; p. 21, lines 2-5 and 22-23; p. 22, lines 1-4; p. 23, lines 
4-5; p. 24, 1st paragraph; p. 26, lines 23-24, as requested by the reviewer. In addition, a 
new sub-section on genetic regulation was added on p. 21 in which most of the molecular 
biology of the GSH metabolism enzymes under Cd2+ stress is described and analysed. 

4. The statement on phytochelatins in C. elegans was deleted from p. 16, 3rd paragraph 
and corrected on p. 17, 2nd paragraph. 

5. The incomplete information on phytochelatin variants has been corrected on p. 17, 1st 
paragraph. 

6. A critical analysis of the identification of phytochelatins with DTNB in different organisms 
was incorporated on p. 18, lines 11-14, as suggested. 

Response to reviewer 2 

1. p. 6 Iast line. The sentence regarding transport of Cd-GSH complexes into the vacuole 
was modified. 

Please note that the page number is referred to the final PDF version, not that located 
down in the right corner through the main body of the manuscript 

2. p. 14line 13. The word "possesses" is now used. 

3. p. 16-18. The information on PCS has been updated. 

4. p. 18 fines 7-8. PCs have been detected in S. cerevisiae and N. crassa by mass 
spectrometry and the result is discussed. 
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5. p. 25 lines 4-7. We have amended the paragraph regarding the transcriptional control of 
yeast Cd2+ response. As pointed out by the reviewer, it was misleading as originally 
stated. 

6. p. 26 lines 18-20. The sentence "HMT1 is specific ... " was corrected . 

7. p. 261ine 20. Li et al 1997 (ref. 158) replaced Ortiz et al 1995 (ref. 22) . 

8. p. 30-31. Euglena and unicellular algae. Following the reviewer's suggestion, this section 
was shortened, the paper and sub-section titles slightly changed, and the analysis and 
interpretation of data toned-down, avoiding unjustified extrapolation from well-described 
systems. 

9. P 32, line 14. "green algae ... " was corrected . 

10. p. 33, 2nd paragraph. The focus of this paragraph was slightly changed to 
emphasize.the biochemical characteristics that organisms should have for bioremediation. 
A statement on the role of S2- in the formation of HMW complexes as a potential control 
site was added on p. 34, last two lines. 

11. Comments on the in vivo free Cd2+ concentration were included on p. 27, lines 8-14, 
and p. 25, lines 16-21, as requested. 
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De: 
Enviado el: 

Para: 

ce: 

Asunto: 

<fems-reviews@bham.ac.uk> 

Viemes, 17 de Septiembre de 2004 08:36:27 p.m. 

cozatl@hotmail.com, davidmendozac@netscape.net 

fems-reviews@bham.ac.uk, femsre@fems-microbiology.org, editing@fems-microbiology.org, femSre@fems
microblology.org 

FEMSRf-04-03-0011.R1 / Accepted for publication 

17-Sep-2004 

Dear Dr. David Mendoza - Cozatl, 

Manuscript ID: FEMSRE-04-03-001 1 .RI 
Title: Sulfur Assimilation and Glutathione Metabolism Under Cadmium Stress in 
Yeast, Protists and Plants 
Authors: Mendoza-Cozatl, David; Hernández, Andrea; Loza, Herminia; 
Moreno-Sánchez, Rafael 
Submitted to: FEMS Microbiology Reviews 
Submitted date: 24-Mar-2004 
Rev i sed date: 03-Aug-2004 
Accepted date: 17-Sep-2004 

1 am pleased to be able to tell you that your manuscript detai l ed above has now 
be en accepted for publication in our journal. 1 am sorry that it has taken so 
long from inception to handle your manuscript. Thank you for taking so much care 
with the revision. 1 hope you will agree that it has improved substantially. 

You will hear from our publisher EIsevier in due course. They will send you a 
r eprint order and copyright transfer formo In principIe the electronic files 
wi l l be used for producing the final publication, but the publisher EIsevier may 
request a set of high-quality print-outs of your figures for production 
purposes. 

Language editing will be executed by the Editor and the Editorial Coordinator at 
the FEMS Publications Office. Queries that arise wi ll be directed to you in the 
e-ma i led proofs from the publisher, or when controversial, will first be checked' 
with you. 

Sincerely, 

Prof. Nigel Brown 
Editor 
FEMS Microbiology Reviews 

P.S. An uncorrected proof of accepted article will on average be published 
online within five to six weeks after acceptance; please check the Author 
Gateway of our publisher EIsevier if you ho ve not received e-mailed proofs after 
six weeks. Note that preparation of the proofs can be delayed if substantial 
copy-editing is necessary or if a manuscript makes part o: a thematic issue. 

The authors will have to reply to the proofs, with or without corrections in the 
proofs, by e-mail WITHI N 48 HOUR S . 
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Del trabajo anterior se puede concluir que el mecanismo de resistencia a Cd2
+ 

mediado por tioles (GSH y FQs) se encuentra conservado en tres diferentes reinos de 

eucariontes (plantae, fungi y protista). Esta amplia distribución en la naturaleza sugiere un 

alto de eficiencia de este resultado de una presión de selección a 

través del tiempo. Es interesante notar que, independientemente de las diferencias 

intrínsecas entre los organismos, la resistencia a Cd2
+ mediada por tioles conserva, a nivel 

una misma secuencia de eventos: (1) inactivación del metal en el (2) 

compartamentalízación del Cd2
+ en y (3) formación de de alto 

peso molecular alrededor de un núcleo de CdS. 

Por otro lado, la resistencia a no podría explicarse únicamente a nivel 

bioquímico. Se de una delicada transferencia de información para lograr una 

activación a diferentes tanto subcelular como molecular, desde la asimilación de 

sulfato y su reducción, hasta la síntesis de cisteína, GSH y FQs en diferentes 

compartimentos, para contender adecuadamente contra el estrés inducido por 

Por último, la revisión de los diferentes mecanismos de resistencia a 

presentes en varios de diferente origen, su similitud y las 

diferencias y ao;apl:aCIOllles proveen de un marco teórico mucho más 

para involucrarse en el estudio de los mecanismos de resistencia a 

organismos tales como ¡;;;;U\.I/<:J'"O gracilis. 

y adecuado 

en otros 
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Capitulo 3. Euglena gracilis 

3.1 Eug/ena gracilis como modelo de estudio 

E. gracilis es un protista fotosintético con una elevada capacidad de resistencia y 

acumulación de Cd2
+. Su ICso (concentración necesaria para inhibir su crecimiento en un 

50%) es de 100 ~M , mientras que para microalgas verdes unicelulares como Ch/orella 

vu/garis, C. pyrenoidosa, Scenedesmus obliquus y S. quadricauda esta entre 0.03 a 6 ~M 

CdCb (Trevors et al., 1996; Devars et al., 1998). Además, Eug/ena graci/is es capaz de 

acumular cadmio hasta 0.45 % de su peso seco, cuando se cultiva en condiciones 

fotoheterotróficas con 500 ~M CdCb y hasta un 1.12 % de su peso seco cuando se cultiva 

en condiciones heterotróficas con 200 ~M CdCI2 (Devars et al. , 1998; Avilés et al., 2005); 

este valor es similar al reportado para plantas hiperacumu/adoras (Ebbs et al., 2002). Por 

estas razones, diversos autores han propuesto a este organismo como un candidato ideal 

para procesos de biorremoción de Cd2
+ de aguas contaminadas (Bariaud et al., 1985; 

Navarro et al. 1997, Devars et al., 1998). 

Efectos tóxicos del Cd2
+ en Euglena gracilis 

Durante más de tres décadas, E. gracilis se ha utilizado como modelo para estudiar 

los efectos tóxicos del Cd2
+ en células eucariontes. Entre otras características, Eug/ena 

posee una gran plasticidad metabólica; por ejemplo, la cepa silvestre (fotosintélica) puede 

crecer de manera autótrofa sin necesidad de una fuente adicional de carbono que el C02 

disuelto en el medio. Si se le cultiva en la oscuridad , se vuelve un organismo 

completamente heterótrofo, cuyo metabolismo se asemeja más a un protozoario 

(Paramecium spp, Tripanosoma spp.) que a un alga verde. Es interesante notar que 

Eug/ena puede usar una gran variedad de fuentes de carbono, tales como glucosa, 

lactato, etanol , succinato y piruvato, entre otros (Buetow, 1989), y además de poder 
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sobrevivir en condiciones de baja tensión de oxígeno por periodos relativamente largos 

(Buetow, 1989). Como una tercera posibilidad, Euglena puede crecer 

fotoheterotróficamente (Buetow, 1989). Estas características hacen a Euglena un modelo 

aún más atractívo para estudiar la toxicidad del Cd2
+. 

Por otro lado, esta misma plasticidad metabólica complica la comparación directa 

de resultados entre grupos de investigación, pues aumenta las variables a considerar. Por 

ejemplo, varios autores cultivan a E. gracilis en condiciones de iluminación constante, una 

condición muy alejada de lo fisiológico, y encuentran una LC50 (dosis letal media) para 

Cd2
+ de 1.36 IJM (Einicker-Lamas et al. , 2003), mientras que en Euglena cultivada con un 

foto-periodo de 12 h luz/12 h oscuridad se determinó una IC50 de 100 IJM, la cual sugiere 

una LCso » 1 00 IJM (Oevars et al. , 1998). La fuente de carbono es otra variable a 

considerar. Cuando se cultiva E. gracilis en la oscuridad, se observa una mayor 

respiración celular y actividad de la citocromo c oxidasa utilizando lactato como única 

fuente de carbono comparado con un medio con glutamato-malato, tanto en células control 

como en células expuestas a Cd2
+ (Navarro et al., 1997). La tabla 3.1 muestra los 

principales efectos del Cd2
+ en Euglena gracilis, especificando las condiciones de cultivo y 

la concentración de Cd2
+ usadas en cada trabajo. Hay que notar que la toxicidad del Cd2

+ 

esta estrechamente relacionada con la concentración usada y sus principales efectos son: 

inhibición del crecimiento, de la fotosíntesis, de la respiración celular, de la división celular, 

multinucleación, aumento en el contenido de ONA, cambios en la estructura del cloroplasto 

y de la mitocondria, acumulación de paramilo (polímero de glucosa con enlaces 

glucosídicos p 1-3), inducción de proteínas de estrés (HSP), aumento en los tioles solubles 

en ácido (Cys, y-EC, GSH, FQs) y generación de especies reactivas de oxígeno (Tabla 

3.1 ). 
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Tabla 3.1 Efectos del Cd2
+ en Euglena gracilis 

Concentraciónde 
Cd2+ 

50 ¡JM 

20-88 ¡JM 

50 ¡JM 

0.1 ¡JM 

0.5mM 

50 ¡JM 

20-88 ¡JM 

0.5-2 mM 

50-500 ¡JM 

50-500 ¡JM 

50-500 ¡JM 

1.36 ¡JM 

Condiciones de 
cultivo· 

G+M, oscuridad 

Fotoperiodo 

Lac, luz 24h 

luz 24h 

Lac, luz 24h 

Lac, luz 24h 

Fotoperiodo 

Lac, obscuridad 

G+M, fotoperiodo 

G+M, fotoperiodo 

G+M, fotoperiodo 

luz 24h 

Efectos 

Inhibición del crecimiento solo en un medio deficiente de Zinc (10 nM), 
acumulación de paramilo, multinucleación y aumento de 3 a 4 veces en el 
contenido de DNA 

Inhibición del crecimiento; Cd2
+ unido mayoritariamente a un compuesto de 

más de 100 kDa 

Incremento en el contenido de DNA, inhibición del ciclo celular en fase G1 

Del1er al4to dfa de cultivo, estimulación de la fotoslntesis y respiración; 
después del 4to dfa, inhibición de la fotosfntesis y respiración 

Una cepa resistente de E. gracilis pre-adaptada a Cd2
+ (0.5 mM) capta menos 

Cd2
+ que la cepa silvestre 

Cambios en la estructura del cloroplasto y mitocondrias 

Aumento en el contenido de tioles solubles en ácido incluyendo Cys y GSH 

Inducción de protefnas de estrés: hsp90, hsp70, hsp55 Y hsp40 

Inhibición de la respiración y de producción de oxfgeno, aumento de dos veces 
en la concentración de clorofila 

Disminución en el crecimiento, incremento en la respiración e inhibición de la 
fotosfntesis 

Generación de especies reactivas de oxfgeno y fragmentación del DNA nuclear 

Participación de una protefna similar a una P-glicoprotefna que contribuye a la 
resistencia a Cd2+; su inhibición hace a Euglena más sensibles al Cd2+ 

Referencia 

Falchuck et al., 
1975 

Albergoni el al., 

1980 

Bonaly et al., 
1980 
De Filippis et al. , 

1981 

Bariaud et al. , 

1985 

Duret et al., 1986 

Coppellotti, 1989 

Barque et al., 
1996 
Navarro et al., 
1997 

Devars et al., 
1998 

Watanabe et al., 

2003 
Einicker-Lamas et 
al., 2003 

• Medio de cultivo: G+M, glutamato-malato; Lac, lactato. Fotoperlodo, 12h luz/12h obs; obscuridad, obscuridad constante; luz 24h, iluminación constante. Donde se omrte el medio de 
cultivo , este no fue mencionado por los autores o lo refieren como ·condiciones estándar". 
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3.2 Mecanismos de resistencia a Cd2+ descritos en Euglena gracilis 

Hacia el año 2001, se estableció que Euglena gracilis no sintetizaba 

metalotioneínas, proteínas de bajo peso molecular «40 kDa) ricas en cisteínas, pero que 

sí sintetizaba fitoquelatinas (Fas, ver capitulo 2) (Bariaud et al., 1985; Gekeler et al., 

1988). Además, se había determinado que la asimilación y reducción de sulfato estaba 

relacionado con el mecanismo de resistencia, debido a que los tia les solubles en ácido, 

incluyendo la cisteína (Cys) y el glutatión (GSH), se incrementaban debido a la exposición 

a Cd2+ (Tabla 3.1; Coppellotti , 1989; Devars, 1998). Se sabía además que la mayor parte 

del Cd2+ estaba unido a moléculas de alto peso molecular (> 100 Da), pero la naturaleza 

química de estas no había sido determinada (Albergoni, 1980). En 1987, se caracterizó un 

compuesto que unía fuertemente Cd2+ y que contenía sulfuro en una relación Cd2+¡S2- = 

0.8, pero tampoco se determinó su composición, secuencia de aminoácidos o peso 

molecular (Weber et al., 1987). Por otro lado, solo el 10 % delCd2+ captado por la célula 

se localizaba en la fracción soluble (citosol), por lo que se presumía la 

compartamentalización del Cd2+ (Baria ud et al. , 1985). 

Debido a que E. gracilis carece de una vacuola tipo planta que abarque más del 80 

% del volumen intracelular, no era posible proponer una analogía directa con el 

mecanismo de resistencia mediado por tia les en plantas y Schizosaccaromyces pombe 

(Buetow, 1989; ver capitulo 2, Mendoza-Cózatl et al. , 2005). Así , El primer paso que dimos 

para determinar el mecanismo de resistencia a Cd2+ en Euglena fue determinar la 

distribución intracelular, tanto de Cd2+ como de tioles, y establecer si su 

compartamentalización podía relacionarse con el mecanismo de resistencia a Cd2+ en 

Euglena. 
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Capitulo 4. Acumulación de Cd2
+ en el cloroplasto de Euglena gracilis 

pag 47-54 Physiologia Plantarum 115:276-283 
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Intraeellular dlstribution of Cd, cysteine, glutathlone, and 
Cd-induced tbiol peptldes in EugIena gradlis cultured under 
photoheterotropbic conditlons was studied. Arter 3 days oC 
culture with 0.2 mM CdCI" 62% of the Cd accumulated by 
eells was equaUy dlstribnted between the cytosolic and cbioro
plastie fractlons. However, after 8 days. metal conteot In
creased In the erude cbioropIastlc fractlon to 40% of total 
and decreased to 19% In !he cytosol; in PercolI-purified 
ebioroplasts the estlmated conteo! of Cd raIsed to 62%. Ac
cumulation of Cd In cbioroplasts could be mediated by a 
transporter of free Cd2+, since uptake of added CdCl, In iso-

Introduction 

Toxidty of Cd in the physiology of diverse organisms 
including man (Vallee and Ulmer 1972), algae (Reed and 
Gadd 1989), fungi and bacteria (frevors et al. 1986) is 
well documented. In Euglena gracilis. toxic effects of Cd 
include inhibition of growth. motility, phototaxis and 
photosynthesis (De Filippis et al. 1981. Stallwitz and 
Hader 1993. De FiIlppis and Pallaghy 1994). 

Resistance to cadmium in higher plants and yeast has 
been related to the induction of phytochelatin (glutathi
one-derived polymers) synthesis. which chelate the metal 
in the cytosol and transport it into the vacuole (Zenk 
1996). In yeast. a cadmium bis-glutathionale complex 
can a1s0 be transported into the vacuole (U el al . 1997) . 
Compartmentation of heavy metaIs has also been de
scribed in algae. Scenedesmus preferentially accumulates 
copper in the nucleus and vacuole (Silverberg et a l. 
1976) ; Porphyra and Fucusaccumuiate Cd in the nucleus 
(Ugnell et al. 1982) and Chlamydomonas in the chloro
plasl (Nagel et al. 1996) . In Euglena. reports on the sub· 
cellular distribution of heavy metals are scaree. Bariaud 
et al. (1985) detected only 10% of Cd accumulated by 
Euglena in the cytosol. Since a typical vacuole is absent 
in Euglena (Briand and Calvayrac 1980. Bertaux el al. 
1989) . compartmentalization of Cd into other organellrs 
may be expected. Phytochelatin synthesis and enhanced 
glutathione content induced by Cd has also been re 
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lated cbloroplasts exhlbited a hyperbulIc type of klnetics with 
a Km of 57 "Maod Vmax oC 3.7 nmol (mg proteln)-l mio-l. 
The contents oC cysteine aod glutathlone markedly Increased 
In bnth cbloroplasts (7-19 times) and cytosol (4-9 times) by 
exposure to Cd'+, although they were always bigber In the 
cytosol. 11üol-containing peptides Induced by Cd were mainIy 
located In the cytosol after 3 days. aod in the ebloropIasts 
after 8 days of culture. The data suggested tbat Cd was com
partmentaIized into cbloroplasts In a process tbat may in..,l.., 
the transport oC Cree Cd aod the partlclpation oC thioI-pep
tides. 

ported in this microorganism (Gekeler et al. 1988. 
Coppellotti 1989) . 

An enhanced accumulation of . Cd in Euglena gracJlis 
grown in the dark was obtained by changing the carbon 
souree in the culture medium or by pre-treating cells 
with 1.5 11M HgClz (Navarro et al. 1997). Cells grown 
under Iightldark cycles showed a 2 to 3-fold greater ac
cumuIation of Cd than dark-grown cells (Navarro el al . 
1997). The ability of photosynthetic ceUs to accumulate 
Cd was also raised by pre-treatment with low mercury 
concentrations (Devars el al. 1998) . The elucidation of 
the biochemical strategies that allow resistant cells to ac
cumuIate heavy metals is of interest for bioremediation 
purposes. Therefore. to advance the understanding of 
the biochemical mechanisms of Cd resistance. in this 
work the subcellular distribution of Cd. cysteine. gluta
thione. and thiol-containing peptides was determined in 
Euglena gracilis cultured with Cd under photohetero
trophic conditions. 

Materials and methods 

CeU culture aod growth conditions 

Axenic cuhures of E. graci/is K lebs (s¡ra in Z) were grown 
under photohetcrotrophic conditions with cycJes of 12 h 
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of fluorescent white light (60- 70 I1mol quama m- 2 S- I) 
and 12 h dark at 25°C. in a medium that contained 
glutamate and malate as carbon source (Devars et al. 
1998). Cadmium was added from a stock solution (25 
m/vfJ of CdCI2. stored at 4°C. Cultures were initiated 
with an inoculurn of 2 X 105 ce!!s ml- 1: cells were pre
viously grown under light-dark cydes for at least 15 
days. and transferred every 5 days. during the exponen
tial phase. to fresh medium. Cells were counted in a Neu
bauer chamber after appropriate dilution and immobil 
ization with HCl (2.2% v/v). Cell viability was deter
mined afier incubation at room temperature with 
0.025% (w/v) trypan blue for 10 mino Afier harvesting 
by centrifugation at 1000 g for 10 min at 4°C. cells were 
washed once with 10-15 volumes of SHE buffer (250 
mM sucrose. 10 mMHEPES (4-(2-hydroxyethyl) pipera
zine-I-ethane sulphonic acid). and 1 mMEGTA (ethy
lene glycol-bis(B-amino-ethyl ether)N.N.N' .N' -tetra
acetic acid). pH 7.2). The cell pellet was resuspended in 
a small volume of SHE buffer and an aliquot of 10 X 

106 cells was stored at - 70°C until the metal content 
was determined. 

Subcellular fractionation 

Cells were subjected to sonication as described previously 
(Moreno-Sánchez and Raya 1987) in a Branson 450 son
itier until 70-80% of cells were disrupted. The sonicated 
suspension was diluted to 20 mI with SHE buffer and cen
trifuged at 50 g for 5 min: nudei and undisrupted cells 
were sedimented in this fraction. The supernatant was 
centrifuged at 2000 gfor lO min to obtain a crude chloro
plastic fraction. The supernatant was then centrifuged at 
13000 gfor 10 min to obtain the mitochondrlal fraction. 
The last supernatant was centrifuged at 225 000 g for 45 
min to obtaln the cytosolic fraction in the supernatant 
and the microsomal fraction in the pellet. AlI the centri
fugation steps were carried out at 4°C. 

Intact chloroplasts were also puritied according to the 
method of Price et al. (1987) with sorne modifications. 
Approximately 1 1 of culture was incubated in the dark 
15 h prior to isolation. An aliquot of 1 X 109 cells was 
disrupted by sonication in an isolation meclium (0.33 M 
sorbitol. 1 mMNa.P20 2. 50 mMHEPES. 2 mMEDTA. 
1 mMMgCI2. 1 mM MnCI2. pH6.8). The homogenate 
was centrifuged at 2000 g for 10 min: the pellet was re
suspended in fresh isolation medium and centrifuged at 
6500 g for 20 min in a discontinuous gradient of 40-
80% (v/v) Percoll. disso1ved in isolation medium. The 
heavy band at the interface collected between 40 and 
80% Percoll was washed once with isolation medium and 
considered as the intact. puritied fraction of chloro
plasts. 

To assess the chloroplast integrity. the rate of photo
phosphorylation was measured by following the con
sumption of H+ with a glass pH electrode (Nishimura 
et al. 1962) . Chloroplasts (1 - 3 mg protein) were incu
bated in a medium that contained 0.33 M sorbitol. 1 
mM Na,P¡Ü,. 1 mM HEPES. 1 mM ADP. 1 mM 
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MgCI2. 5 mMKH2PO •. \Vith an initial pH of7.5. Photo
phosphorylation was initiated by iIIumination with satu
rating white light (1000 ~Imol quanta m-2 S-I): this reac
tion was inhibited by 10 11M CCCP or 20 11M DCMU 
(3-[3.4-dichlorophenylj -I.I -dimethyl urea). 

Determination of proteio and chlorophyll content 

Protein concentration was determined by the biuret 
method using bovine serum albumin as standard. To dis
card cadmium interference. protein waS also measured 
by the Bradford (1976) and Murphy and Kies (1960) 
methods. Turbidity from paramylum was eliminated by 
centrifugation of the samples at 1360 g for 10 mino The 
content of chlorophyll \Vas determined spectrophoto
metrically in 80% acetone extracts by the method of Ar
non (1949). 

Marker enzymes 

Aliquots of the initial sonicated suspension and of each 
subcellular fraction ",ere stored at - 70°C until use. The 
activity of the marker enzyrnes. determined in the freshly 
obtained fractions or in the frozen and thawed samples. 
gave similar results. The different cell fractions were 
identitied by measuring specitic enzymatic activities or 
DNA and chlorophyll content. DNA was quantified by 
measuring the fluorescence of DAPl (4.6-diamidine-2-
phenylindole) by the method of Brunk et al. (1997). 

Chloroplastic fraction. The activity of photosystem II 
was measured at 25°C by following the oxygen consump
tion with a Clark-type oxygen electrode (YSl model 53: 
Yellow Springs lnstrument Co. lnc.. Yellow Springs. 
OH. USA). using water as electron donor and methylvi
ologen as acceptor in 0.1 M sucrose. 5 mM MgCI2. 15 
mM HEPES. 10 mM KCI. pH8.0. The reaction was 
started by iIIumination with saturating white light (1000 
I1mol quanta m-2's- I): the activity resistant to DCMU 
was subtracted (Allen and Holmes 1986). 

The activities of cytochrome e oxidase (mitochondrial 
fraction) . glucose-6-phosphatase (microsomal fraction) 
and acid phosphatase (Iysosomal fraction) were deter
mined as described elsewhere (Graham 1993. Devars 
et al. 1998). 

Cd accumulation 

Cadmium was determined in thawed aliquots of Euglena 
cells washed with SHE buffer and in thawed aliquots of 
each subcellular fraction. Aliquots of 0.05-1 mI from 
cell extracts and fractions were digested by boiling in 0.5 
mi of 99% (v/v) H2SO. + 2.5 mi of 70% (v/v) HN03 for 
2 h in a block heater. The content of Cd in the digested 
clear samplcs was deterrnined in an atomic absorption 
spectrophotometer (SpectrAA 640. Varian Australia Pty 
Ltd .. Mulgrave. Victoria. Australia). 

Cd2+ uptake 

Percoll-purified chloroplasts. isolated from cells grown 
in the prrsencc 01' rither 0.05 or 0.2 mM CdCl, for 8 
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days. were incubated at 25°C in a medium that con
tained 0.33 M sorbitol. I mM HEPES. pH 7.5. and dif
ferent concentrations of I09CdCI2 (specific activity 5550-
7400 Bq pmol- I). At pre-determined times. 0.5 mi ali
quots were withdrawn. filtered through nitrocellulose 
filters (0.45 pm pore diameter. Millipore Corporation. 
Bedford. MA. USA) previously rinsed with 10 mM 
CdCI2• and washed twice with 5 mi of ice-cold lO mM 
CdCI2· Radioactivity in the filters was measured in a 
liquid sciiltillation counter. 

Content of cysteine, glutathlone, and thiol-containing 
peptides 

Aliquots of the fractions (lO mg protein) were diluted to 
a final volume of 2 mi with KME buffer (120 mMKCI. 
20 MOPS. 2 mM EGTA. pH7.2). extracted with 3% 
cold perchloric acid. mixed. and centrifuged at 2250 g 
for 5 min. Aliquots of supernatant were analysed by 
high performance liquid chromatography (HPLC). in a 
C-18 Waters Nova-Pak column (4.6 mm X 150 mm: 
Spherisorb S5 0052) equilibrated with 0.05% H3PO, 
and eluted with a linear 1- 20% acetonltrile gradient dur
ing 40 min. Sulfhydryl groups from cysteine. glutathi
one. and thiol-peptides were detected by post-column 
derivatization with 0.1 mM OTNB (5.5'-dithio-bis[2-
nitrobenzoic acid]). recording absoroance at 412 nm 
(Grill et al. 1991). 

Results 

Cen growth, metabolite content, and emyme activities 

Euglena gracilis strain Z initiated the logarithmic phase 
of growth after 3 days of culture under photohetero
trophlc conditions: the early stationary phase was 
reached around the 7th day (data not shown) . The ad
dition of CdCI2 slowed down the growth rate and severe
Iy decreased the cellular density reached in the station
ary phase (Table 1); however. growth was not abolished 
in the presence of 0.2 rnMCdCI2• The cell viability was 
always hlgher than 90%, even in the presence of Cd. The 
chlorophyll content was not significantly affected by 
Cd2+ exposure. The protein content, measured by the 
biuret method. increased 2-2.5 times (Table 1) . and by 

the Bradford and the Murphy and Kies assays. 5.1 and 
7. I times. respectively. The absorbance spectrum of 
chlorophyll and the biuret assay for proteins were not 
altered by the addition of I mM CdCI2 (data not 
shown). 

The HPLC analysis of the cel! extracts revealed a pro
nounced increase in the contents of cysteine and gluta
thione induced by exposure to Cd2+ (Table 1) . In ad
dition. Cd also prompted the formation of acid-soluble. 
thiol-containing peptides of a size greater than glutathi
one, presumably phytochelatins (Gekeler et al. 1988. 
Rauser 1990); these. peptides were not detected in ex
tracts from cells grown in the absence of Cd2+ (Table 1: 
Fig.3A). 

The ONA content and the activity of the photosystem 
II were markedly increased by Cd. whereas the TMPO 
oxidase activity was diminished (Table 1). 

Identification of subeellular fractions 

The activity of the donor side of photosystem II was 
detected in al! rractions except in the cytosol. but it was 
highest in the 2000 g pellet. The highest content of 
chlorophyl! was also found in the 2000 g pellet. which 
indicated that the maln fraction of chloroplasts was re
covered in this centrifugation step. F urther purification 
of this fraction resulted in a significant inerease in the 
rate of photophosphorylation. from 55 (n = 2) before the 
Percol! step. to 220:!: 94 nmol ATP (mg protein)-I 
min -1 (mean:!: SD; n = 5). Percol!-purified chloroplasts 
from cel!s grown with 0.05 mMCd2+ exhibited a photo
phosphorylation rate 3-fold lower than the control (72 
:!: 17 nmol ATP (rng protein)-I min- I; n= 3). 

The TMPO oxidase actívity was distributed arnong all 
the different eell rractions (data not shown). This activity 
was severely depressed by Cd in both whole cells (Table 
1) and in the different fractions. The crude chloroplastic 
fraction exhibited a TMPO oxidase aetivity almost as 
high as that found in the mitochondrial fractíon. How· 
ever. this aetivity was 92% eliminated after the Percoll 
centrifugation step (data not shown). Suzuki et al. 
(1987) reported no eontarnination by the cytosolic frac· 
tion and only 5% by mitochondria in chloroplasts iso
lated with a similar purification procedure. 

Table 1. EfTect of Cd2+ on growth. metabolite contento and enzyme act/vilies of photoheterotropruc grown Euglena. Means :!:so (n). The 
thiol-containing peptides represent lhe sum of all thiol-contalníng compounds induced by cadmium with retention times in lhe HPLC 
chromalogram greater than glutathione (see Fig. 3). NM. not measured. 

Time of Culture 

Growth XIO" cellsml - I 

Cd Content nmoV1Q7 ce lis 
Protein (mgllO' cells) 
Chlorophyll (¡1g/IO' cells) 
Cys (nmoVIO' cells) 
GSH (nmoVIO' cells) 
Thiol-contaln ing peptides (nmol SH/IO' cells) 
DNA (~g/IO' cells) 
PSI! ng atoms oxygen (min X lO' cells) - I 
TMPD oxidase ng atoms oxygcn (min x 107 cclls) - I 
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3days 

2.1 :!:0.2 (3) 
O 
5.5:!: 1.5 (3) 
45:!: 16 (3) 
NM 
7.5 (I) 
O (3) 
NM 
NM 
NM 

8days 

5.3:!: 0.9 (5) 
O 
4.0:!:0.7 (5) 
42:!: 10 (5) 
5:!: 2 (3) 
7:!: 2 (4) 

0(4) 
10.9 (2) 
1I6 :!: 10 (4) 
75:': 16 (4) 

3days (0.2 mM Cd) 

0.2 0.1 (3) 
194 42 (3) 
9.8 1.9 (3) 
40 9 (3) 
45 15 (3) 
63 25 (3) 
25 9 (3) 

NM 
NM 
NM 

8 days (0.2 mM Cd) 

0.9 0.1 (5) 
249 30 (4) 
10.4 0.8 (4) 

55 15 (4) 
36 10 (3) 
84 30 (4) 
33 10 (4) 
32 5 (3) 

480 36 (4) 
36 5 (4) 
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Intraullular distribution of Cd 

After 3 days of culture. 62% of accumulated cadmium 
was equally distributed between the chloroplastic and 
the cytosolic fractions (Fig. IA) ; the remaining accumu
lated Cd was located in the nuclei (24%). mitochondria 
(8%). and microsomal (6%) fractions (data not shown) . 
To establish whether sonieation of cells disturbed the in
tracellular distribution of Cd, cells were grown without 
metal and mixed. prior to sOnication, with 270 nmol CdI 
107 cells. which was an amount of metal simllar to that 
accumulated by cells. Under these conditions. and in 
contrast to data shown in Fig. lA. the cytosol retained 
the largest amount of Cd (> 88%; data not shown). 

Interestingly. after 8 days of culture the content of Cd 
only increased in the chloroplast. amounting up to 40 :!: 
5% of total accumulated Cd. and diminished in the cyto
sol to 19:!: 5% (Fig. IA) . Since this crude chloroplastic 
fraction was heavily contaminated with mitochondria, it 
was decided to further purify the chloroplastic fraction 
using a Percoll gradient. The Percoll-purified fraction 
showed negligible activity of the mitochondrial marker 
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enzyme. The metal lO chlorophyll ratio in the crude 
chloroplastic fraction was 1.6:!: 0.42 nmol Cd (l1g Ch!)-I 
(mean of 4 experimenls:!: SD). This ratio increased to 
3.15:+:: l.l nmol Cd (l1g Chl)-I (n = 4) in Percoll-purified 
chloroplasts. Thus, using this ratio and the cellular con
tents of Cd and chloroplyll (Table 1) . 62:!: 12% of total 
(n = 4) was estimated for Cd internalized into chloro
plasts instead of 40%. Therefore. the increased metal up
take from the 3rd to the 8th day was mainly due to an 
increased compartmentalization into the chloroplast. 
Similarly, in a cell wall-deficient .train of Chlamydomo
nas only 10% of incorporated 109Cd was found in the 
cytosol and > 50% in Percoll-purified chloroplasts (Nag
eleta1.1996). 

The rate of Cd2+ uptake at 25°C in intact Percoll-puri
fied chloroplasts. isolated from ceIls grown for 8 days 
with 0.05 mMCdCI2• followed a Michaelis-Menten (hy
perbolic) type of kinetics, as revealed by the non-linear 
(Fig.2) and the linear curve fitting (Fig. 2. insert) of the 
experimental data. The estimated Michaelis-Menten 
constant (K.,,) was 57:!: 13 11M and the V max was 3.7:!: 
0.5 nmol (mg protein) - 1 min- I (mean:!:SEM. n=3). At 
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Fig.1. Distribution of Cd. cysteine. glutathione. and thlo)-containing peptides in subccllular fractions of Euglena gracilis. Cells were har
vestcd after 3 or 8 days of culture with or withou t 0.2 mM CdClz. CeU fractionat ion a nd detcrmination of the contents of Cd (A), cystcine 
(Bl. glutathione (e), and thio l-peptides (O) were made as descrlbed undcr Methods. The percentagc of non-recovered metabolites after 
fractionation was 43 ~ 11 % (n = 22: mean :!: so). The tota l amount of mefabolifes was normalizcd to 107 ccll s and the 'chloroplast' plus 
'c)'fosol' fractions amounted up 70% of lOta l. Va lut>S are the mean ± SI) of 3- 4 different preparaLions. 
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Fig.2. Kinetics of tht> Cd2+ upta ke in 
Euglena chloroplasts. Chloroplasts ......ere 
íso lated using a Percoll gradienl 
cenrrifugation procedure as described 
under Methods. from cells grown for 8 
days in lhe presence of 0.05 mM CdCI, . 
Purificd chloroplaslS (1 mg proteln) ""re 
added to 2.5 mi of the sorbitoJ medium. 
dcscrlbed under Mcthods. to start the 
reaction; the medium also contained the 
indlcated concentrations of I09CdClz. An 
aUquot was filtered every 5 min during 30 
mino To dlscaro unspeclfic binding. lhe 
rate of Cdz+ uptake was determined from 
lhe slope of the plOl Cd retained in lhe 
filter versus time. 5uch a plot was Hnear for 
at Jeast 30 mio The data shown represent 
rhe mean :!: SO of 3 different preparatlons. 
TIle solid Unes represell( the best fi( to lhe 
MlchaeJis-Menten and the liOC\\oe.aver
Burk (inserl) equatiollS. 
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CdCI2 concentrations oC 0.4 mM or higher. an apparent 
non-saturable component was a1s0 observed (not 
shown) . A similar kinetic pattern was obtained Cor Cd2+ 
uptake in chloroplas15 purified Crom cells grown with 0.2 
mM CdCI2. Incubation at 4°C oC chloroplasts. isolated 
from control and Cd-exposed cells. only partially (37:t 9 
and 10:t 9%: n = 3. respectively) inhibited Cd2+ uptake 
assayed at 0.05 mM CdCI2. 

IntraceUuIar distribution oC cysteine. glatatbione and 
tbiol-peptides 

The HPLC analysis of the PercoH-purified chloroplasts 
(FIg. 3). and oC the other ceH fractions (data not shown). 
showed that the Increase in the cellular contents oC cys
teine. glutathione. and thlol-containing peptides. in
duced by exposure to Cd2+ (Table 1). were largely 
located in the chloroplastic and cytosolic Cractions (Fig. 
lB-O) . Remarkably. the cysteine and glutathione con
tents were enhanced 7- 11 and 17-19 times in chloro
plasts. respectively. whereas in the cytosol their contents 
were elevated 4-7 and 6- 9 times (Fig.IB.C) . The levels 
of cysteine and glutathione (Fig. 1 B.C and Fig.3) at the 
8th day were not significantly different from those at the 
3rd day of culture. 

In agreement with data obtained with the ceHular ex
tracts (Table 1). thiol-containing peptides were not de
tected in the cytosolic (not shown) or chloroplastic frac
tions (Fig.3) derived from cells grown in the absence of 
Cd2+. After 3 days of culture with Cd. the thiol-peptides 
were mainly (56% of total) located in the cytosol. How
ever. by the 8th day of culture. about 57% of the thiol 
peptides were now located in the chloroplasts and 29% 
in the cytosol. correlating with the Cd distri bution pat · 
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tern (cf. Fig. IA.O). The contents of Cd and thiol com
pounds. in PercoH-purified chloroplasts isolated from 
cells grown with 0.2 mMCdCI2 for 8 days. were (per mg 
protein): 26:t 6 nmol Cd (n = 6) . 3.1 :t 2 nmol cysteine 
(n = 3). 7.6:t 1.9 nmol glutathione (n = 3). and 6.6:t 2.5 
nmol thiol-peptides (n = 3). 

Discussion 

Little is known about the subcellular distribution of Cd 
and the metabolites induced in ~ponse to Cd stress in 
vacuole-Iacking cells. We previously demonstrated that 
Euglena gracílis Z strain grown photoheterotrophically 
was able to accumulate significant amounts of Cd (Oe
vars et al.. 1998) . Thus in this work we determined the 
intracellular distribution of Cd and sorne other metabo
lites related to the Cd2+ response in this microorganismo 
The accumulation of Cd by the whole ceHs (cf. Table 1) 
was similar to previous values reported by Coppellotti 
(1989) and our group (Oevars et al . 1998). 

Cd2+ exposure slowed down cell growth but did not 
affect cell viability. The increase in the protein content 
indicated that. despite the reduced ATP supply from 
mitochondria (diminished TMPO oxidase) and chloro
plasts (diminished photophosphorylation). the protein 
synthesis machinery was active in the presence of the 
heavy metal. Inhibition by Cd of the protein degradative 
processes. which may require ATP. may also be involved 
in the increase of the cellular protein contento 

Compartmentalization of Cd in the vacuoles of yeast 
and plants has been proposed as a protective mechanism 
aga inst the damaging effec15 of this metal (Ortiz et al. 
1992. Zcnk 1996. Li et al. 1997). Cd accumulatión in 
nuclei. mitochondria and chloroplasts has also been ob· 
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served, although this compartmentalization seems not 
to be a defense mechanism since detrimental effects are 
observed in the structure and metabolism of these or
ganelles (Falchuk et al. 1975a,1975b, Lignell et al. 1982. 
Nagel et al. 1996) . A higher DNA content in the Cd
exposed Eug/ena cells (Table 1) suggests that DNA syn
thesis is active but cell division is arrested , raising the 
possibility of a blocklng of the cell cycle. A similar in
crease in the DNA content was described by Falchuk 
et al. (1975a) in Eug/ena grown with 10 11M Cd2+. 
Multinucleated cells, as a result of inhibition of cytokin
esis, fragmented endosomes, diffuse chromatin and in
creased DNA contents, have been observed in Eug/ena 
afier Cd2+ exposure, indicating alterations in the struc
ture or composition of intranuclear components (Fal
chuk et al., 1975b). 

Chloroplast compartmentalization of Cd ac
companied by a strong inhibitory effect on photosyn
thesis has been observed in Ch/amydomonas reinharrilii 
(Nagel et al. 1996). In the present work we demonstrate 
that Cd is also accumulated in Eug/ena chloroplasts, 
which leads to inhibition of photophosphorylation. In
hibition of photosynthesis by Cd in intact Euglena cells 
has also been described (Devars et al. 1998). The stimu
lation of the donor side of the photosystem II by Cd 
may be the result of uncoupling between electron trans
port and H+ pumping. 

Several metabolic events related to GSH metabolism 
are involved in the cellular response to Cd in many or
ganisms. In Eug/ena, cysteine and glutathione increased 
significantly after 3 days of Cd2+ exposure. Since the 
levels of these metabolites did not substantially change 
afier further incubation with Cd2+, the enzymes in
volved in the synthesis of these compounds must have 
been inducedlactivated by the initial exposure to the 
metal. The contents of cysteine and glutathione in con-
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Fig. 3. HPLC profiJes of DTNB-reaeling 
compounds from Percoll-purified 
chloroplasts. Chloroplasts isolated fmm 8 
day-cultured. control eells (A). and 3 (B) 
and 8 day-culturcd cells with 0.2 mM 
edCi, (e) were aeid-extraeted. fiJtered. 
separated and detected by reaction with 
DTNB as described under Methods. 
identleal amounts of protein (0.55 mg) . 
were analysed under (he three condítíons. 
Peaks wlth retention times of 2.5 and 4.3 
min correspond to cystelne and 
glutalhione. respectively. Peaks developed 
at looger times correspood to thiol
containiog pcptides induced by Cd. The 
compounds detected by DTNB reaction at 
412 om after glutathione also showed an 
absorbance peak at 220 nm, wavelength 
al which the peptid(" bond has an 
absorbance maximum (data not shown). 
Cd-binding peptides, isolated from 
Euglena grown In the presenee oC 0.05 mM 
edel, for 8 days as described by Grill 
et al. (1991) . showed an absorbance peak 
at 254 nm Indlcatlve of ed-thiolate 
coordinates. These peptides exhibited an 
identlcal HPLC profile to tha! of Fig. 3C. 

trol cells were similar to those reported by Coppellotti 
(1989) ; this author also described a S-fold increase in the 
cysteine and glutathione contents in Eug/ena grown in 
the presence of 44.5 I1MCdCI2. Increases in the cysteine 
concentration, concomitant with an increased expres
sion of lhe enzymes for sulphur assimilation, ATP sul
phurylase and adenylylsulphate (APS) reductase, have 
also been observed after Cd2+ exposure in Brassicajun
cea (Scháfer et al. 1998) . This indicates that the flux 
through this pathway is stimulated in response lo Cd. 

In higher plants and sorne algae, the enzymes for the 
synthesis of cysteine and glutathione have been located 
in the cytosol (Nussbaum et al. 1988, Lunn et al. 1990) 
and in chloroplasts (Hell and Bergmann 1990) . In B. 
juncea, protein sequences from cDNA clones encoding 
Oacetyl serine (thiol) lyase, y-glutamylcysteine synthe
tase and glutathione synthetase, which exhibit putative 
mitochondrial targeting sequences, have been lsolated 
from Cd2+ exposed plants (Schafer et al. 1998). These 
observations indicate that a cysteine biosynthetic path
way may be present in mitochondria. In purified mito
chondria from propiastid-Iacklng Eug/ena mutants, the 
enzyme activities for sulphur activation, ATP sul
phurylase and APS kinase, have been identified (Saidha 
et al. 1988). In contrast, in Euglena purified chloroplasts 
these enzyme activities were not detected (Saidha et al. 
1988). However, for chloroplasts, it is not known 
whether the otller enzymes for cysteine biosynthesis are 
present, whether this organelle imports this amino acid 
from the cytosol for protein and glutathione ·synthesis. 
or whether the expression of nuclear-encoded chloro
plast enzymes for this biosynthetic pathway is induced 
by Cd. 

PC synthesis is an evolutionarily well-conserved mech
anism proposed to deaJ with heavy metal toxicity in 
plants. yeast and ~Igae (Gekeler et al. 1988. Clemens 
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et al. 1999. Cobbett 2000). Cd-induction of PC synthesis 
in Euglena was originally described by Cekeler et al. 
(1988). but no subcellular distribution was analysed. In 
Chlamydomonas reinhardtii, thiol-containing peptides in 
creased in cytosol and chloroplasts after Cd2+ exposure 
(Nagel et al. 1996). In our work, Cd-induced thiol-pep
tides. presumably PCs, are present in both the cytosol 
and chloroplasts slnce the 3rd day of Cd2+ exposure. 
The total content of the thiol-containing peptides was 
within the range reported by Cekeler et al. (I988) for 
Euglena grown with 20 JlM Cd(NO:J2 and harvested 
during the logarithmic phase. 

The identity of the thiol-peptides induced by Cd was 
not elucidated, but the compounds with retention times 
of 18 and 23 min (Fig.3B,C) probably correspond to 
phytochelatins-2 and 3 (pC-2 and PC-3) (AI-Lahham 
et al. 1999). The other two compounds with longer re
tention times, synthesized by Euglena after 8 days of cul
ture with 0.2 mMCd2+ (Fig. 3C), might also be phytoch
elatins although longer than PC-4 since no thiols ap
peared around 25 min (AI-Lahham et al. 1999). The 
identity of the compounds with retention times of 3.6. 7 
and 9 min (Fig.3B,C) is unknown. but they were also 
detected only after Cd2+ exposure. Clutathione homo
logues such as yGluCysClu with retention times between 
glutathione and PC-2 have been detected in maíze 
(Meuwly et al., 1995) . 

The correlated redistribution of Cd and PCs, from the 
eytosol to the chloroplast after 8 days of Cd2+ exposure 
suggests transport of Cd-PC complexes. A similar reac
tion catalysed by an ATP binding cassette transporter 
(HMT1) has been characterized in the Schizosaccharo
myces pombe vacuole (Ortiz et al. 1992). A bis(gluta
thionato) Cd2+ uptake reaction for vacuolar Cd seques
tration has also been described in Saccharomyces cerevi
siae (U et al. 1997) . 

Although our work does not provide experimental 
support for a Cd-thiol peptide or Cd-glutathionate 
transport into the chloroplast, it does indeed demon
strate that isolated ehloroplasts possess a transport sys
tem for the free Cd2+ ion_ The partial temperature-de
pendenee ofthe Cd2+ uptake suggested that, in addition 
to significant simple diffusion, there is also a protein
mediated Cd2+ transport in Euglena ehloroplasts. No 
sueh kind of transport has been described in chloro
plasts, although a Cd2+ fH+ antiport activity in tono
plast vesieles from oat roots and in yeast vacuolar ves
ieles has been described (Salt and Wagner 1993, Ortiz 
et al. 1995). The existence of a free Cd2+ uptake system 
in Euglena chloroplast does not exelude the possibility 
of the presence of a Cd-complexed transporter. Another 
possibility is that Cd activates PC synthesis inside the 
chloroplast, although suborganellar distribution of a PC 
synthetase has not been reported. 

The stoichiometry of thiol compounds (cysteine + 
glutathione + thiol-peptides)ICd was 0.66 in puritied 
chloroplasts. A similar stoichiometry was estimated for 
the cytosolic fraction. Since complete chelation of Cd2+ 

requires at least two thiol groups . our results indicated 
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that the biosynthesis andlor uptake of these compounds 
was low and did not suftice to chelate the Cd2+ present 
in the chloroplasts. To completely account for resistance 
lO this heavy metal. other chelating molecules such as 
dicarboxylic acids. inorganic phosphate, pyrophosphate 
and sulphide should al50 be involved in the inactivation 
of Cd2+ in Euglena chloroplasts. 
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Capitulo 5. Modelo de resistencia y acumulación de Cd2
+ en el 

cloroplasto de Euglena gracilis. 

Una vez determinado que el Cd2
+ y las FQs se acumulaban en el cloroplasto (ver 

capitulo 4), el siguiente paso fue determinar el mecanismo bioquímico por el cual ambos 

compuestos se comparta mentalizaban en este organelo. La figura 5.1 muestra el modelo 

que proponemos para explicar la acumulación de Cd2
+ y FQs en el cloroplasto de E. 

gracilis. 

(y-ECh-4-Gly 
[FQs] 

(B) 

Cd2+ __ 6.IJ 

(A) 

Citosol 

2GSH 

+ Cd2+/,.. I PCSchl (C) 

(y-ECh-4-Gly 

Cloroplasto HMWC 
(O) 

Figura 5.1 Modelo de resistencia a Cd2
+ en Euglena gracilis. 
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Debido a que E. gracilis carece de una vacuola tipo planta y más del 60% del Cd2
+ y 

FQs se encuentran en el cloroplasto (ver Capítulo 4; Mendoza-Cózatl et al., 2002), el Cd2
+ 

podría entrar al cloroplasto como ión libre (A) y unido a FQs (B), pero además, y debido a . 

que el GSH está presente dentro del cloroplasto, propusimos que las FQs podrían 

sintetizarse también en el interior de este organelo (C). Debido a que la inactivación 

completa del Cd2
+ requiere de la formación de complejos de alto peso molecular formados 

por Cd2
+ y tioles (HMWC), también nos planteamos como hipótesis que estos complejos 

podrían estar presentes en el cloroplasto de Euglena (D). Como parte central del proyecto 

de Doctorado, nos propusimos entonces caracterizar los puntos A, C y D, de este modelo. 

5.1 Hipótesis 

El mecanismo de resistencia y acumulación de Cd2
+ en Euglena gracilis, esta 

relacionado con su compartamentalización en el cloroplasto mediante la unión con 

diversos compuestos tioles (GSH, FQs y S2-) . 

5.2 Objetivo general 

Determinar el mecanismo de resistencia y acumulación de Cd2
+ mediado por tioles 

en Euglena gracilis. 
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5.3 Objetivos particulares 

1) Caracterizar cinética mente el transporte de Cd2
+ al cloroplasto de Euglena 

gracilis en forma de ión libre. 

2) Determinar si la acumulación de Cd2
+ en el cloroplasto de Euglena gracilis 

depende del contenido de tioles y sulfuro. 

3) Determinar si las fitoquelatinas pueden sintetizarse en el interior del cloroplasto 

de Euglena gracilis. 

4) Caracterizar fisicoquímicamente a los complejos de alto peso molecular formados 

por tioles, Cd2
+ y sulfuro en Euglena gracilis. 
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Capitulo 6. Resultados 

6.1 Caracterización cinética del transporte de Cd2
+ en cloroplastos de Euglena gracilis 

Como primer objetivo, nos centramos en caracterizar la entrada de Cd2
+ al 

cloroplasto en forma de ion libre y en determinar si los tioles dentro del cloroplasto podrían 

estar relacionados con el mecanismo de resistencia y acumulación de Cd2
+ en E. gracilis. 

Además de la entrada de Cd2
+ al cloroplasto, también determinamos parte de la 

bioenergética del transporte. Finalmente, con base en las características bioquímicas del 

transporte, propusimos el tipo de transportador (a nivel de familia de transportadores) que 

podría estar mediando la entrada de Cd 2
+ al cloroplasto de Euglena gracilis. 

P (59-68) Biochim. Biophys. Acta- Bioenergetics (2005) 1706: 88-9 and revision

acceptance letters 
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AbslTael 

Euglena gracilis lacks a plant-like vacuole and, whcn grown in Cd2+ -contailling medium. 60"10 of the accumulaled Cd2+ is located inside 
the chloroplasL Hencc. thc biochemical mcchanisms involved in Cd'+ acclImlllation in chloroplast were cxamined. Percoll-purificd 
chloroplaslS showed a lempemturc-sensitive uptake oC lhe free •09Cd'· ion. Kinclics of lhc uptake inilial mle was resolved in two 
componenls, one hyperbolic and saturable (V" ... , II nmol I09Cd2' min-' mg prolein -1, Km \3 flM) and lhe olher, linear and non-saturable. 
H"'Cd2

+ uplake was not afTected by metabolic inhibilors or ilIuminalion. Zn2
' compelilively inhibiled '09Cd2+ uptake (K; 8.2 11M); inlernal 

Cd2+ slightly inhibiled '09Cd" uplakc. Cadmium was panially aod rapidly rcleased fTom chloroplasls. These data suggested lite involvement 
of a cation difTusion faeililalor-like proleio. Chloroplasts isolaled from cclls grown wilh 50 11M CdCl, (ZCd,o chloroplasts) showed a 1.6 
times increase in lhe uplake V"""" whereas Ihe Km and Ihe non-salurable componcnt did not change. In .ddilion, Cd2+ relenlion in 
chloroplasts correlaled wilh lhe amouht of intemal sulfur compounds. ZCdso chloroplasts, which contained 4.4 times more lhiol-compounds 
.nd sulfide Ihan conlTol chloroplasls, retained six limes more Cd2+. 111c Cd2

• storage-inaclivation meehanism was spccific for Cd'-, since 
Zn2

' and Fc3
+ were not prefercnlially accumulated into chloroplasls. 

() 2004 EI,evicr B.v. AII righlS reserved. 

~eywol'ds: Heavy metal InJ.nspon~ Phytochelalin: Sulfidc: Cd2 ... companmenlarion; Cd 21 inactivation 

1. Introduction 

Heavy metals sueh as Cu2+, Zn~+, Mn2+, Fe2+, Ni2+ and 

C02
+ are essential mieronutrients for eell metabolism but 

when present in exeess, these, or trace amounts of 
nonessential metals sueh as Cd2+, H¿+, Ag2

+ , and Pb'+. 

may beco me extremely toxie (l] . Met1l1 toleranee and 
homeostasis in cells is aehieved by eontrolling their tmns
port proeesses and by Iheir sequestration with specific 
metal-binding biomolecules sueh as phytochelatins (PCs) 
and metallothioneins (2,3]. 

In the plant eell, Cd2+ can enter through different 
pathways. In rice (Oryza saliva). maize (lea mays) and 
root cells from soybean (G lvcine max) , Cd2

' uptake is a 
carrier-mediated proeess (4 · 6). In barley (}fardel/m vul-
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gare), Cd"+ uptake is mainly a simple diffusion process Pi. 
In durum wheat rools (Triticum turgidum), Zn2

+ and Cd2
+ 

uptake is mediated by bolh a carrier and Ihrough simple 
diffusion [8.9]. 

At lhe protein level, five families have been implicaled in 
heavy metal transport: 

(1) CPx-type ATPases, a subgroup of Ihe P-type ATPases 
with a Cys-Pro-X motif (CPx), whieh take up essential 
and nonessential metals sueh as Cu2

·'. Zn~·· , Cd2
' and 

Pb2
' aeross the plasma membrane (1.I0J. 

(2) CationJH' antiporter family. which physiologically 
exchanges Na + or H' wilh Ca2

+ or of' [1 I ,12]. 
(3) Nramp. from Natural resistance associated macro

phage prolein, first idenlified in mammalian cells and 
relatcd to the susccptibility 10 infeclion by palhogens. 
Thcso !,roteins are 11+ -coupled transporters whose 
aCli"Hy depends on Ihe plasma membrane electro
chel1lical H ' gradicnl alld have been involved in the 
Iran,!,on ofCd". Mn> and Cu" [1.I2 ·15J. 
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(4) CDr (Cation Diffusion Facilitators) proteins related to 
ZnH

, Co", Mn2+ and Cd" transport in bacteria, 
fungi, plants and animals [12.16]. Sorne of thesc 
proteins do not apparently reqllire an energy source 
such as ATP or a H+ motive force to funct.ion, since 
the metal concentration gradient between the two 
compartments is sufficient to drive the cation transport 
and, in consequence, Ihis process may be reversible 
[17,18]. 

(5) ZIP, from ZRT/IRT-like proteins. Plant transporters of 
ré+, Mn'+, Cd2+ and Zn2+ with biochemical proper
ties similar to those ofCDF proteins, but with different 
topology and a highly conserved histidine motif for 
metal binding [19,20]. 

CDr and ZIP proteins have also been implicated in Ihe 
intracellular transport of heavy metals. Zhf and hZnT-5, 
both members of the CDr family, facilitate the Zn2+ 
compartmentation into the endoplasmic reticulum and Golgi 
apparatlls, in yeast and mammals, respectively (18,21 J. In S. 
cerevisiae, ZRCI and COTI, olher CDF members, transport 
ln2+, Co2+ and probably Cd2' into Ihe yeast vacuole [1.17], 
whereas ZRT3, a ZIP family member, is involved in Zn2+ 
release from vacuo le to cytosol (22]. In addition, the 
sequence of ZIP4, an Arabidopsis ZIP family member, 
CQntains a transit peptide for chloroplast, suggesting !ha! this 
kind of proteins may a'lso opera te in the transport of heavy 
metal!; into this organeHe [19,23]. However, the biochemical 
characterization oflhe CDr or Z'¡P family proteins involved 
in Ihe transport of heavy metals tochloroplasts has not yet 
been carried out. 

In plants and sorne yeast, it is well established that Cd2+ 
is accumulated into Ihe vacuole. In plants, Cd' + may be 
transported as free ion or as a phytocbelatin-Cd (PC-Cd) 
complex [24,25]. In yeast, Cd2+ is also· transported as a 
free ion and, depending on the species, it may also be 
transported as a PC-Cd or as a bis(glutathionato)-Cd 
complex (GS,-Cd) [26,27]. In plants and yeas!, the 
transport of the rree Cd2+ ion requires a H+ gradient 
across the vacuole membrane [24 ,26,27]; the transport of 
thiol-Cd complexes requires an ABC-type transporter 
specific for each kind of complex (PC-Cd or GS,-Cd) 
(25- 27]. rinally, for a complete Cd2+ inactiva!ion and 
storage inside \he vacuo le, thiol(PCs, GSH or )'-EC)-Cd 
complexes, Cd2

< and inorganic sulfide (S2 . ) form high 

molecular weight complexes {HMWC) around a CdS core 
[28,29]; cells unable to form these complexes beco me 
Cd2' -sensitive [30,31]. 

Little is known about Cd2+ uptake and compartmentation 
in unicellular photosynlhetic organisms. E/lglena gracilis 
shows a high Cd2

< resistance associated with a large Cd2
' 

accumulation capacity; Ihe CdCI2 concenlration to reach 
50% growth inhibition is 100 11M whereas cells cultured in 
Ihe presence of 200 flM CdCl, accumulate 249 nmol Cd" I 

lO' cells (2.79Ilg Cd" /mg proteio) [.121 . E. ¡:racilis lacks a 
plant-lik~ vacuoJe and thus more Ihan 60% of Ihe 

accumulatcd Cd" is located inside Ihe chloroplast [32]'. 
PCs are also present i"side Ihe E. gracilis chloroplast [32], 
suggesting ·that this organelle is involved in Ihe Cd2

+ 

re~islance mechanism. The underslanding 01' the biochem
ical mechanisms for heavy metal resistance and accumu
lation in organisms such as E. gracilis is of imerest for 
bioremediation purposes. Therefore, in the present work the 
Cd" uptake and the Cd2

' storage mechanism of Percoll
purified chloroplasts isolated rrom pholosynthetic E. graci
lis were evaluated. 

2. Materials and melhods 

2.1. Chemicals 

EGTA, carbonyl cyanide m-chlorophenylhydrazone 
(CCCP), 5,5' ~dilhio-bis(2-nitrobenzoic acid) (DTNB) and 
3-(3,4-dichloro-phenyl)-I,I-dimelhyl-urea (DCMU) were 
purchased rrom Sigma. HEPES was rrom Boehringer, 
I'ercoll from Pharmacia, sorbitol from Research Organics 
and •09CdCI2 was from NEN (specific activity 5550-
7400 Bq Ilmol-'). 

2.2. Cell culture and growth conditiolls 

Axenic cultures of E. gracilis Klebs (s!rain Z) were 
grown under cycles of 12 h of fluorescent white light (70 
flmol quanta m-2 s-') and 12-h clark at 25±2 oC with no 
agitation. The acidic organotrophic medium wilh 33 mM 
glutamate and 17 mM malate as carbon source, initial pH 
3.5, was used [33]; the medium pH remained unchanged for 
the first 72 h of culture, reaching a value of 5.0 (n=2) alter 8 
days. The culture medium also contained Ihe following 
salts: 3.2 mM (NH.l2HP04, 5.6 mM KH~P04, 2 mM 
MgSO •. 7H20, 2 mM CaCO), 473 11M MnS04 . 4H20, 306 
"M ZnS04' 7H20, 90 11M Na2MoO.· 2H,O, 18.4 11M 
FeCI3 ' 6H20, 6.7 11M CoCI2 . 6H20, 6.2 "M CUS04 . 5H20, 
0, 1.7 11M Nal. 

CdCl, was added to the culture medium before the 
cell'ular inoculum. At a pH of 3.5 and in the presence of 33 
mM glutamate, 17 mM malate, 8.86 mM H2POJ-, 2 mM 
Mg" and 2 mM ea", the chemical activity of 50 and lOO 
pM added Cd2

' was 40.2 and 80.1 flM rree Cd2
+, 

respectively. These lalter values were estimated by using 
the software CHELATOR (34] tor multiple ligand equili
brium teaction systems and Ihe stability constants compiled 
by Sillen and Martell [35] . Free Cd" concentration at 50 
11M of added CdCI~ was also cxperimentaUy determined to 
be 41.7 flM rree Cd2' in a medium Ihal contained 33 mM 
glutamale, 17 mM malate. 8.86 mM I-12PO~ -, pH 35. and I 
11M oflhe fluorescence dye Mag-Fura·2 (Molecular Probes). 
The Kd,,¡ 01' Ihe Cd" .<fyc compiex wa~ IR ± 0.2 f1M (also 
experimentally dclcm.ined al pH 3.5i The prnoe was Slable 
(>96%) al Ihc pH used durong the measureonellts. Excita
linns \\"aveknglhs \Vere J 23 anu .15 :-': nm and cmíssion was 
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collected at 483 nm; data \Vere processcd as described 
clsewhere [36]. 

2.3. Isolalion o{ chloroplasts 

Intact Percoll-purified chloroplasts were obtained as 
described previously [32] wilh some modifications. Afier 
separation of the intact ehloroplasts rrom Ihe 40-80% 
PercoIl interface, chloroplasts were washed once with 10 
volumes of a medium that contained 0.33 M sorbitol. 10 
mM HEPES, pH 7.3 and centrifuged at 2000xg for 5 mino 
Then, chloroplasts were resuspended in a minimal volume 
of the same buffer, stored in ice, and used within Ihe next 2 
h for the uptake experiments. Chloroplasts showed mem
brane integrity higher than 95%, as determined by the Hill 
reaction. 

2.4. Cd!+ up/ake and release experimenls 

'09Cd2+ uptake was measured as describe<! prcviously 
[32] with some modifications. Uptake was assayed at 25 oC 
in a medium that contained 0.33 M sorbitol, 10 mM HEPES, 
pH 7.3. To ensure initial uptake rate conditions, 0.1 mg of 
chloroplast protein (in 0.5 mi) was withdrawn afier 20-s 
incubation with '09CdCI, and filtered througb nitrocellulose 
filters (0.45-flm pore diameter, Sartorius, Germany) pre
viously rinsed wilh 10 mM CdCI,. Under Ihese conditions, a 
linear rate was attained rrom lOto 30 s for CdCI, 
concentrations of 50--200 flM. Then, filters were washed 
twice wilh lO mi ofice-cold lO mM CdCI2. Radioactivity in 
Ihe filters was measured in a liquid scintillation counter. 
Filters washed with either 120 mM KCI, I mM DTT or 10 
mM EGTA yielded similar results. Kinetic data were fitted 
to Eq. (1) (Michaelis-Menten plus a linear component) 
using the Microcal Origin 5.0 (Microsofi) software. 

(1) 

For '09Cd'+ loading, 0.5 mi of a chloroplast suspension 
of 4 mg proteinlml was incubated for 10 min at 25 'C, or Ihe 
stated time, with lOO flM I09CdCI 2. For the release 
experiments, aliquots of I09CdCI,-loaded chloroplasts \Vere 
transferred to a release medium (0.33 M sorbitol', ] O mM 
HEPES wjth or without a competing metal or 10 mM 
EGTA, pH 7.3) to a final concentration of 0.2 mg proteinl 
mi; afier the indicated times, 0.1 mg of chloroplast protein 
(in 0.5 mi) was \Vithdrawn, tiltered and \Vashed for 
radioactivity counting. 

2.5. Cadmiul1l. ~iflc alld iron conlC/lI 

Content ofheavy metals in acid·d'gestcd cells (11 0' ·10' 
cells) and chloroplasts (5 10 mg proteln) \Vas determined bv 
,ilomic absorption spectrophotomelrv i" a SrectrAA !140 
(Varian AllStralia PI") srectrorho' on wtcc 

2.6. Conlenl o{ acid soluble Ihiol-compounds alld sul[¡de 

Cellular and chloroplast contents of cysteine (Cys), -y
glutamylcysteine (-y-EC), reduced glutathione (GSH) and 
phytochelatins (PCs) were determined by reverse phase
HPLC (RP-HPLC) coupled to post-column derivatization 
with DTNB (Ellman's reagent) as described in [37], with 
sorne modifications. To separate -y-EC rrom GSH, an initial 
elution step with 0.1 % (v/v) trifluoroacetic acid in water for 
10 min was camed out, which was followed by a linear 
gradient of 0--20% acetonitrile. Acid-Iabile sultide was 
determined as described in Ref. [38]. 

3. Results 

3. l. Cd-" uplake 

We previously reported that Cd2
+ enters the chloroplast 

as a rree ion [32]; thercfore, in this work we characterized 
the mechanism by which Cd'+ is transported and retained 
inside the chloroplast. Initial rates of ,o9Cd2+ uptake in 
PercoIl-purified chloroplasts of E. graci/is showed a 
biphasic, non-saturating pattem (Fig. lA). Double-recipro
cal plots yielded downward, hyperbolic curves (not shown), 
suggesting that at least two components were involved in 
the uptake process. By nonlinear regression frtting to Eq. 
(1), Cd2+ uptake was dissected into two components, a 
saturable (hyperbolic) and a non-saturable one (linear). The 
saturable component showed a V max of 11.2±3 (4) nmol 
,o9Cd2' min-' (mg proteinf' [mean±S.D. (n)] and a Km of 
13.4±5 (4) flM. The rate 01' Ihe non-saturable component 
was 0.13±0.01 (4) nmol 109Cd'+ min-' mg protein-' 
flM-', representing the increase in the Cd2

+ uptake rate 
related to the increase in Ihe Cd2

+ concentration in Ihe assay. 
Eq. (1) was the best tit to the experimental data of Fig. lA 
over the Hill, double Michaelis-Menten or double HiU 
equations (not shown). 

To determine the nature of Ihe drivinl!. force involved in 
Ihe Cd'+ uptake, different inhibitors we'; tested. At 100 flM 
I09CdCI" the uptake initial rate was 21.4±4.6 (4) nmoll 
'09Cd2

+ min- I (mg protein) - '; this rate \Vas not a!fected by 
Ihe addition of 100 flM CCCP n9±4.2 (4) nmol '09Cd2+ 
min- I (mg protein)-'] or 50 flM DCMU [19.4±3 (4) nmol: 
I09Cd" mirl - ' (mg protein)"· ']. These results suggested Ihat 
Cd2

' uptake did not depend on an electrochemical H' 
gradicnt across Ihe chloroplast envelope or on the photo
synthetic electron transport activity. Mersalyl (50 ¡lM), 
ruthenium red (100 flM), pre-illumination of chloroplasts or 
pre-incubatio~ in the dark did not a!fect I09Cd" uptake 
(data not shown). 

To filrther assess whether an ion electrochemicall gradient 
was involved. the K + IH+ ionophore niger'icin was also 
assayed. l\igericin sho\Ved no effect on '''''Cd'' uptake in 
Ihe absence 01" added K'. bUI 50% inhibllioll by nigencin 
"""' allallled 111 the presencc 01" ISO m\l KCI '[21 4 nmol 
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Fig. lo (A) Kinetlcs of I09Cdl+ uptakc in Percoll-puriflCd chloroplasls from 
E. gracilis. loqcqH uptake was measured by filtrarlon as de9;ribed under 

Materials and melhods. The data shown represenl mean± S.D. of four lo 

five differem preparalioos. Kioetic ·paramelers were cakulaled. by fitting the 

experimental data 10 Eq. (1) (thick solid lioc). HyperboIic (!hin solid line) 
and linear (dotted line) componentsderived from !he non linear regr=ion 

anal}"i, ... olso shown. (8) Effect of .emperatun: and K' on !he ""'Cd" 
uptake kinerics. Chloroplasrs werc prc-incubated for 5 mio in a mcdium 

<ontaining 0.33 MsorbilOl, 10 mM HEPES (pH 7.3), .,25 (.) or 4 OC ( .. J, 
wi.h 50 mM KCI •• 25 'c (O). or wi!h 50 mM KCI •• 4 'C ( <l). Uptake 
was initialcd by thc addirion of IOQCdCI~ al lhe indicatcd concenfrnliol1s. 
After 20 s. an aliquol of chloroplasts wac; withdrawn. filtcrcd, \\'aShcd and 

me .radioactivity in tbc filters was mcasurcd io .. liquid :scinlillarion count~r. 

IIl9Cd2+ min-' (mg prolein)- I vs. 11.1 ±3 (4) nmol I09Cd2 ' 
min -1 (mg prolein)- I]. Because K+ is a physiological cation 
presenl in cyWsol and chloroplast, Ihe K+ effecl on Ihe Cd2 ' 

uptake kinetics was examined (Fig. lB). K' inhibited both 
components, Ihe salurable and ,he non-saturable, by 
decreasing Iheir V",,, and slope va'lues, respeclively, bU! 
\he K m va]ue remained unchanged (Table lA l . 

The effecl 01" lemperature was also lesled (Fig. lB) 
Temperature affected bolh componenls in a greater propor
lion Ihan K'. and all three kinelic paramelers (Vm.", Km' 
slope) were affecled (Table lA) . Temperature and K' 
showed an addilivc effect (Fig lB). climinatillg almost 
complctely the saturable component (Tank l A 1. In"ced. in 

the presence of 50 mM KCI and at 4 cc, the kinetic panem 
firted to a linear equation starting at Ihe origino 

11 has been demonstrated thal exposure to heavy metals 
a tlects the expression 01" some heavy metal ITansporters 
[19.20]. Therefore. 1O"Cd" uptake in chloroplasts isolated 
from cel1s growing for eighl days with 50 or 100 IlM CdCI2 

(ZCd~o and ZCd lOo chloroplasts) was also studied. In these 
chloroplasls, a significanl 57-{í 1.6% increase in V max was 
found (Table lB). The Km 01" Ihe saturable compone ni and 
\he rale (slope) of the non-saturable componenl remained 
unchanged. Similar chlorophy'11 lo prole in ralios were found 
in chloroplasts from control and Cd' + -grown cells, discard
ing an unspecific and generalized increa~e in Ihe prolein 
content as relaled lo the V,""' increase (dala nol shown). 

3.2. ElJecl o/ diva/elll caliolls 011 Ihe Ctf+ uplake 

To enter cells and organel1es, nonessential heavy metals 
use !he essential heavy metal transporters. Hence, it may be 
expected Ihat ditTerent divalent calions may ·inhibit the Cd2

+ 

lransport. Depending on the effeclive inhibiting cations, it 
would be possible to e"lucidate which transporter might be 
mediating the Ca2' uptake in Eug/ella chloroplast. Zn2+ 
significanlly inhibited I09Cd2+ uptake whereas Mnl> and 
Mg2

' showed no effect; Ba'+ and Ca2
' only showed an 

inhibilory effecl in control chloroplasts (Fig. 2A). 
Zn'+ inhibiled \he I09Cd2+ uplake in a concentralion

dependenl manner. bul aboye 200 IlM no further effect was 
attained (Fig . 2B). Dixon plots (1 Iv vs. Zn'+) yielded 
downward curves (not shown), suggesting ei\her partial 
inhibilion or Ihal two components were involved in Cd2

+ 

uptake bul only one of them was inhibited by Zn2
+. The last 

possibility seemed more feasible since kinelic analysis 
showed thal two componenls were rnedialing Ihe Cd2+ 

Table 1 
KinClic paramclcrs of I09Cd=- uptak~ in chlomplasts of E. grad/is 

V"", (nmol K m t~M) 
Cd~ O1in ~ I 

mg protein 1) 

Slope (nmol Cd1+ 

min- I mg 
proteio 1 ,1M - 1) 

(A) (UÚI ofJr ami femperuluro on 1I"'Có~- uptake in cOIllrol chlomplosts 

Conlrol 11.3±2 13.5±3 O. lJ±OoOI 
K· 6.2± 1 " .4± J O.076±0.006 
4 ·C 
K O +4 -'C 

4.9:t 0.4 

t'D 
4.4 ::0.7 0.05 ±O.004 
ND O.Oj ±O.O 1 

(B) K¡',eJ;(' puramrlers ol(·hlorvpla . .;lS isolarf'd fro", (~"Irol and 
Cd-" ol'o~pm(:d cell~ 

CO/lU'OI 

ZCd.'\u ChloroplasTs 
ZCd,(~, Chloroplasts 

11.2 ±3 
18. 1 ;: 2' 

IH 

1>.4±5 O.I5!.O.OJ 
12.6:!: 1.4 O.IHO.04 
19 0.12 

(A) Kinl'!IC paramCltTS wcrc (alculetTl'J frol11 Ihl' up!ak~ I.:xp¡::rimcnl'i shown 
in I\~! 1 hy nonlim:tlr rl'gfl's~io l1 using Eq . 1,1), (H) Inllial r.1Ics uf I(l'JCd2~ 
UPI¡¡].;C ln chk1roplasl s. i~o lall"d !'mm cell ", gmwn (or 't~ lght days wirhoUl 
(wnl!ol) íl fld wlIh. 50 (11' 1110 11M CdCI :. Kl'~l11ts. :J.re mean±.S.D. 01' 3-4 

dlflcH.'lIl prcpar.1TIon:-. rOl' l'lllllrnl ano Z(,d ~ ' 1 d :lor<,r1¡¡:;. ::-. Jnd 2 prtparalions 
for I.Cd )I . ' t:hlon1pl;1 :-'¡S. -" <0.0; \t' ,~ \I''' c\)nlri:l! ..: hloropktsl.'.. f'D. nol 

dl'[C~' ~l'd 
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Fig. 2. (A) 'Effect of divalefit catiODS on I09Cd~'" uptake. In dial I09Cd:!· 

uptaJce rates in control (open bars; B) and Zül", (filled bars) chloroplasts 
wrn: assayed al 50 p.M '09CdCI, and 200 ~M of dIe indicaled metlls. 

Results are mean±S.D. offour 10 five diffi:renl preparation> and significanl 
differenccs (' P<O.05) are indicaled. (8) Concentrarion-dependenl inhibition 
of I09Cdl+ upfakc by Zn:!". The asymptotic valucs used 10 estimatc rhe Cd1

• 

uptaJce rale mallVOS resistanllo Zn'" wcrc 1.2 (for 10 ~M Cd'¡, 9.1 (forSO 
JlM) and 14.8 (for 100 JlM) nmol Cd2

-+ min I rng pmrein \. Similar values 

may be obmined by using fue slope oflhc linearcomponcnl ofFig. lA 81 the 
com::sponding CdCll concefitrations. 

uptake inlo Euglena chloroplasl (Fig. lA). Therefore, 
assuming Ihat Zn~+ did not inhibit the non-saturable 
component and hence il did inhibit the saturable componenl, 
the data of Fig. 28 were corrected by subtracting Ihe 
corresponding rates of ' 09Cd2

" uptake resistant 10 Zn2
'. 

Simple competitive inhibition showed \he best tit to these 
corrected rates over mixed and noncompetitive inhibition 
(not shown), with a K; value of 8.2±2 liM. These resuhs 
suggested \hat a Zn2+ transporter in \he chloroplast envelope 
might be mediating Ihe Cd2+ uptake in Euglena chloroplaslS. 

3.3. Cd]+ release 

The time-dependenl release of '09Cd'+ from conlrol 
chloroplasls was also analyzed (Fig. JA). h should be noted 
that the amount 01' accumulated' 'O?Cd" in these experi
ments was lower than in the previous kmetics assays. This 
\Vas probably due to the ~igh rrolein concentration (20-fold 
more I used in Ihe ](,O'Cd" -Ioadlllg. increasmg lhe unspeclflc 
binding and reducin!! the free ( d" COllcenlrallon. Indeed. a 

significant amount of 109Cd'+ was bound lO the external 
chloroplast surface (4.6 nmol 109Cd2+/mg protein; n=2), 
which was efficiently removed by washing the chloroplasts 
retained in the fihers with ice-cold CdCI2 (see Materials and 
methods). No differences were found between washing the 
chloroplasl_S with an excess ofCdCI2 (10 mM) or with KCI 
(120 mM) or EGTA (10 mM). Therefore, most of the 
I09Cd

2
' retained by the chloroplasts was very Iikely inside 

the organelle. 
Cadmium release was too fast to allow an accuraté 

estimation of \he release initial rates (Fig. 3A). It was 
prcferred to refer to it as cadmium since the nat\Jre of the 
released component (as fi-ee ion or as a complex with thiol
compounds) was not detennined. However, it was imerest
ing to note that the cadmium release was only partial. This is 
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I..'old 10 mM (del : _ ([3) JO"Cdz" uplakc in conrrol (.) afld ZCd;,(1 
chloropl ... ~ ! .') (6) \\":L~ illiw\(cd by lhe additlon of 50).lM 1fl'ICdCI> aftcr 3 
Inlll. 10 mM U;Tl\ Wí1S ildded, l\!iquoIs of chloroplas!.s wcr..: wirr.':r.i.wn ¡jI 

lhl'h:r..:nl tlIl1C\. fillcn:J and washeu f\.1r rauiOacliv,,:.' mC3~lIrC'rnC'n:...~ Rcsulrs 

arc mcan ¡ , S.D of ¡'''U f 10 Ij\ ~ c XJ'"K.<fHl1t:ñ lS ;Url~ .,!g.ntt ~ (" án' ditri..'"~Cfl":t:S 
(. (J I ) {):'1 an; Ir; t!lC:lI>..:d . 
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Fig. 4. l09ecf+ retcntion by E. gracilis chlomplasts. ConITol (open ba(5) 
and ZCd,. chloroplasl' (fillcd b.rs) were loadcd with ''''CdCI, as d=ribcd 
undcr Materials and methods. Al me indicated times, an aliquot equivalenl 
10 O. Jo rng protein was wilhdrawn 10 dclennine Ihe Cd'::- accumulation. In 
pamllel, anolher aliquol was rransferrcd 10 a rnedium containing 0.33 M 
somito!. 10 mM HEPES, 10 mM EGTA (pH 7.3) 10 a final concentTIlIion of 
0.2 mg proteinlml; after 60 s. 0.5 mi (0.1 rng protein) wao; fillered to 
evaluale the amount of 109Cd2-+ retainro. Resulrs are mean±S.D. ol' four lO 

five experiments. Significant differences ( P<O.05) bcrwecl1 n \'5. d; b vs. e; 

e vs. f; b vs. e; and e vs. f werc found. 

expected if a protein acts as a diffusion facilitator and 
equilibra tes the Cd2+ concentration between two compart
ments. To test this last hypothesis, the following experi
ments were carried oul. 

First, I09Cd2+ uptake in Cd2+ -Ioaded chloroplasts was 
assayed. Control chloroplasts, loaded witl\ O, I mM non
radioactive Cd2+ for 60 min at 25 oC, showed a decreased 
I09Cd2+ uptake initial rate [15.6±0.3 (n=3) versus 13.3±0.8 
(n=3) nmol I09Cd2+ min- I mg protein- I at 50 11M 
I09CdCh; P<O.01, Student's (-test for nonpaired samples]. 
Second, !he presence of added nonradioactive Cd2+, or 
Ca2+, in lhe release medium did not increase lhe cadmium 
release (Fig. 3A). In contrast, chloroplastS diluted in a 
medium containing either EGTA, to dirninish the external 
I09Cd2+ concentration, or KCI, to block I09Cd2+ re-entry, 
showed an increased release of cadmium, although part of 
the loaded I09Cd2+ still remained inside lhe chloroplasts 
(fig. 3A and B). It was also noted in the release experiment~ 
with EGTA !hat ZCdso chlofOplasts retained significantly 
more I09Cd2+ than control chloroplasts (Fig. 3B). These 
results suggested lhat Cd2+ transport was reversible, but 
another process, such as equilibration between Cd' + -binding 
molecules and free Cd2+, might also be ta'king place for 
long-term Cd'+ accumulation inside the chloroplast 

Tublc 2 

Therefore. to test this last proposal, both types of 
chloroplasts were incubated with I09Cd2+ for longer periods, 
to evaluate their Cd2

+ -retention capaeity (Fig. 4). Afler 20 
min, I09Cd2 ' accumulation increased only in control 
chloroplasts, but I09Cd2+ content was higher in ZCdso 
chloroplasts. From 20 to 60 min of incubation, I09Cd2' 
retention was a time-linear function in both types 0f 
chloroplasts. and was higher in ZCdso chloroplasts . 

3.4. Ac-;d-soluble organic Ihiol-compounds and inorganic 
su/jide in chloroplasls 

Among lhe different functional groups of biomolecules 
(-NR2, -COOR, -OH, -opoj- and -SH), the thiol group has 
the highest affinity for Cd2+ [35]. On lhe olher hand. Cd2

+ 

exposure (0.2 mM) induces PCs synthesis and an increase in 
the Cys and GSH content in E. gracilis chlorop!asts [32]. 1t 
fot:lows lhat Cys, GSH and PCs may very likely be the 
Cd2+-binding compounds inside the chloroplast that mostly 
account for Cd2' retention, To test this hypothesis, soluble 
acid thiol-compounds were determined in extracts from both 
types of chloroplasts. As expecled, ZCdso chloroplasts 
exhibited a higher conlenl of acid soluble Ihiol-compounds 
than control chloroplasts (Tablc 2). In control chloroplasls, 
Cys was lhe mosl abundanl organic lhiol-compound and 
PCs levels were negligible. In ZCdso chloroplasls, a 
significanlly higher amounl of PCs was found, bul GSH 
and "y-EC were Ihe mosl abundanl Ihiol-compounds 
represenling 66% of Ihe lolal organic lhiol con len\. 

The higher amounl of I09Cd2+ retained afier 60 min of 
incubalion wilh 0. 11 mM I09CdCI2 correlated well wilh lhe 
higher amounl of organic Ihiols and inorganic sulfide 
presenl in ZCdso chloroplasts (Table 2). Allhough such 
relalionship was nol strictly proportionaI, it should be noted 
lhat, before lhe I09Cd2+ incubation, ZCdso chloroplasts 
already contained a considerable amount of internal Cd2+ 
(9.3 ±0.9 nmol Cd"/mg protein), brought about from 
growing cells in lhe presence of CdCI2. Therefore, lhe total 
Cd2+ retention should be considered as !he sum of the 
I09Cd2+ retained frorn the 60-min incubation (8.25 nmol 
Cd2+/mg protein) plus lhe Cd2+ brought about from the cell 
culture. Following these considerations, lhe Cd2'/-SH ratio 
was 3.7 and 3.9 for control and ZCdso chloroplasts, 
respcctively. Since full inactivation of CdH requires a 
Cd2'/-SH ratio of 0.5 or lower, it seemed that other 
molecules such as inorganic sulfide and organic acids 

Thiol-conlaining moleculcs, sulfide and cadmium Conlen! In corllrol and ZCd!>(} chlomplasts 

Chloroplasrs Cys GSH ~·fC re, PC l rc, Tolal !hiols Sulfidc Cd" 
------ ---_ .. 

nmol/mg prolcin 

Conlrol O.44±0.1 0.33±O.2 1) 3: 0.1 O.O~S±:O(X>5 NIl i'1) UH±O.4 O.95±O.4 

ZCd,o O.5±O'(JÓ 1.5+0.."1 1..~ :'O . .l o S? !-O 1 0.44 + 0.1 0.10+0.1 4.:) TO.9' 4.2 = 11.7 9.3±O.9 

Th!ol-compound ... III fre:jhly prep:lrcd Pcrcoll-purrllcJ ;: ~, ! 0Torl(!srs WC(t' quantilicd by RI1-HP I!.C 1>(: ... are: reponed on thiol-c.:oll1ent hasrs Cadmiurñ COlllenl 
wn~ lh:temllm:d hy iJ!Llmil.: absl'rprion :5pet:ln1phoIOm,'¡:-:, ;1nd .. ul! idl' b~' na: 1l1l'rhyklll.: bltll.: t1Kthod l.~Sl Rc .... ullS are ml.:an :... S_D_ (lftour ro tin: exp.:rrrn ... 'tlts 

'P. 110! Q..;¡n:!cJ 
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Tanlc 3 
Cadmium. iron and zim: contcnr in t.:hloroplaslS Frc)1Jl !.:onlrol and (:(.1 2-

cxposed cells 

n010l rnelalílO7 1111101 mela lílJg Mr.:tal conlr.:nl 
cclls ehl in chJoroplasl 

CadmiulII 

ZCd", Cell, 70± 14 (4) 
ZCd,., ChloroplaslS O.92±O.1 (3) 62 .7% 

¡",n 

Control Cell, 37±4.8 (3) 
Conrrol Chloroplast O.38±O. 1 (3) 45% 
ZCd50 Ce lis 57± 17 (3) 
ZCd~1 Chloroplasts O.34±O.1 (3) 28.5% 

Zinc 
Control Cell, 157±50 (3) 

ConlTol Chloroplasl O.93±O.3 (3) 26% 
ZCd", Ce lis 202±55 (3) 
ZCd", Chloropla,lS 067±02 (3) 15 .8% 

Thc conlenls of cadmium, zinc and iron in chloroplaslS isolall.:rl rrom cdl!i 
borown for 8 days without or wilh 50 JJM CdClz were cstimntcd by using the 
amounl of metal pcr cdl unil (107 cclls). and Ihe rncrall",g ehl ralio in 
Pcrcoll-purificd chloropla,lS. Tho chlorophyll conlcnl was 43.8 and 47.7 ~g 
ChUI07 cclls. for control and ZCd~ cells. respectivcly. Rcsuhs are 
mc:3l1±S.D. of Ihree lo four differen! prcpararions. 

should also be involved in achieving an efficient Cd2' 
inactivation inside the chloroplast. 

Cells grown with 50 11M CdCI2 showed a sevenfold 
higher content of sulfide than control cells [34.9 versus 5.1 
runol S2-/I07 cells (n=2)]. ZCdso chloroplasts also con
tained four times more sulfide than control chloroplasts 
(Table 2). Therefore, sulfide could contribute, together with 
PCs. GSH. Cys and -y-ECo to Cd2+ inactivation inside the 
chlQroplasts. 

3.5. Zn1+ and Fe]+ contenl in chloroplaslS 

As CiI!' \vas mainly lócated insiile the Euglena 
chloroplast [n], it might be expected that other I\eavy 
metals would alsQ be preferentially located in this organelle. 
Although significant afnounts of Zn'+ and Fe'" were fQund 
in both tyjJés o( cells and chloroplasts (rabie 3), intraceUular 
Zn l + and Fel + wére nQt predQminantly compartmentated 
into chloróplasts (Taole 3), In contrast, Gd2+ was mainly 
IQcated in chloroplasts (62.8%). 

4. Discussion 

Kinetics of the initial uptake rate of fre e é d·!' inlo E 
gracilis chloroplasts was resolved in tWD' components. one 
saturable and another non-sarurable. The saiurable Gompo
néni \va~ highly Séñ. itiv€ to temp€fMure, K' and Zn". 
suggcsting Ihat it may be a protein 01' the chloroplasl 
~nvelopé. i'hc nature of Ihe non-salurable componen! was 
probably relaled eilhcr lO passi"c diffusion Ihrough Ih~ 
organelle menibralles or to lInspecitic transpon thro ll~h Ion 

channc1s [391. Ca'+ channels have been associated wilh Ihe 
Cd" uplake across the plasma membrane in a pituitary cell 
line [391 ; similar Ca" channels have been found in Ihe inner 
envelope 01' planl chloroplasts [40]. 

In previQus wQrk [32], analysis of Cd2
+ uptake in ZCdso 

chlQrQplasts after incubalion for 5- 30 min revealed only 
Qne saturable cQmponent wilh a Km value of 57 11M and 
Vm •• Qf 3.7 nmQI I09Cd" min - I (mg protein)-I. In the 
present wQrk, by adjusting Ihe protein concentration and 
the time Qf incubatiQn. the initial uptake rate was analyzed. 
thus revealing lhat lhe affinity and V m.x of lhe saturable 
cQmponenl were in fact 4.3 and 3 times higher, respec
tively (cf. Table 1). According tQ the results of lhe present 
work, lhe previQus kinetic analysis [32] alsQ involved lhe 
Cd" retenlion processes of thiol-cQmpQunds and HMWC 
formalion. 

Taking inlo consideralion the amount of Cd2' available 
in uncQntaminated and contaminaled soils, cytQSQlic free 
Cd" concentralions in planls have been estimated of the 
order of 0.005 to 2 11M [24] . The Km value Qbtained in this 
work (cf. Table 1). although higher Ihan the estirnated free 
Cd" in cytQSQI, was in agreement with Qther Km values 
reported fQr Cd" carrier prQleins (0.020 tQ 33 11M) 
[9,24.41]. By using Eq. (1), it may be predicted that at 2 
11M free Cd'+, lhe uptake rate in E. gracilis chlQroplasts 
would be 1.76 runQI Cd2+ min- I (mg protein)-' , wilh 83% 
of the uptake carried QUI by the saturable component and 
only 17% by simple diffusion. Therefore. Cd2+ accwnu
lation in the chlQrQplast Qf E gracilis wQuld be mainly a 
protein-mediated process at IQw free Cd!+ «lO 11M) 
concentrations. 

The lack of effecl of either pre-illumination, darkness or 
several melabolic inhibitors such as CCCP. DCMU. 
mersalyl or nigericin on I09Cd'+ uptake indicaled that 
Cd'+ transport did not require a H+ gradient across \he 
chloroplast envelQpe Qr \he phQtosynthetic electron transport 
chain activity. Inhibition of I09Cd 2+ uptake by high. 
altl\ough physiological cQncentrations Qf K+ indicated an 
unspecific effect, probably related lo a saturation Qf 
negatively charged sites in lhe chloroplast envelQpe. 

"'''Cd'+-Ioaded chloroplasts shQwed a rapid cadmium 
release (Fig. 3A and B), which was not stimulated in 
chloroplasts diluted in a medium cQntaining a high 
corlcentration of a competing divalent iQn such as Ca2+ or 
Cd2

' ilself. This last observation SUPPQrted the nQliQn that 
Ihe main part Qf cadmium was inside the chlQroplast and nQt 
loosely bQund to the external chlQroplast surface. On the 
other hand. EGTA, by decreasing lhe external I09Cd2' 
concenlration. and KCI, by inhibiting IIlOCd2' uptake and by 
saturating the negatively charged sites in the chloroplasl 
envelope, promoted an increased cadmium release. Thus. 
EGTA or KCI apparenlly altered the Cd" electrochemical 
equtlibrium aeross Ihe chloroplast envelope. The reversi
billty of 'lhe process suggcstcd Ihal Ihe Cd" gradient across 
Ihe ehloroplast envclope \Va> apparently sufticienl tn drive 
nel ("d" transpon. TI", cxrlanalion ",as funher supponed 
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by the small, but significant inhibition altained by intemal 
Cd2' 011 I09Cd2' uptake. Therefore, this Cd2' transpon 
process should be considered a~ facilitated diffusion . 

Proteins \hat catalyze a facilitated diffusion of heavy 
metals such as Znh and Cd2' belong to \he CDF and ZlP 
protein families . They have been found in all kingdoms 
(12), including protists [23), 'but only few of them have 
been characterized at the biochemical level. They have 
been preferentially localeó in the plasma membrane and, 
due 10 the ion (K', H') electrochemical gradient across the 
cell membrane (negative inside), the heavy metal uptake 
tbrough \hese proteins is not generaUy considered as 
facilitated diffusion [17). However, proteins from both 
families have also been found in organelles in which 
facilitated diffusion of heavy metals is accepted [18,21). 
Moreover, analysis of the Arabidopsis ZIP4 amino acid 
sequence shows a chloroplast transit peptide [19,23) , 
suggesting that it could mediate heavy metal transpon into 
that organelle. 

Protein-mediated transport of heavy metals that is not 
dependent on a H+ gradient has also been reported in Iiver 
and prostate mitochondria [42), pancreatic ¡3-cells [18) and 
in proteoliposomes containing a CDF protein from A. 
thaliana [17]. CDF proteins are mostly considered as cation 
efflux proteios whereas ZIP proteins are involved in \he 
heavy metal uptake process [12,17,43]. The strong and 
competitive inhibition of I09Cd2+ uptake in E. gracilis 
chloroplasts by Zn2+ suggested that a Zn2

+ transporter. 
perhaps belonging to Ihe CDF or ZIP protein families, might 
mediate I09Cd2+ transporto 

The genetic express ion of several Zn2+ transporters is 
regulated by Zn2" availability [19,20]. Cd2

+ exposure may 
resultin an altered Zn2+ sensing ability. Interestingly, 
chloroplasts isolated from cells grown with CdCI2 showed 
a slight, bul signifieantly higher V m.. for Cd2+ uptake. 
implying an increase in Ihe transporter content. 

In plants and sorne yeast, PCs, Cd2
' and sulfide fonn 

HMWC which are essential for Cd2+ accumulation and 
inactivation in vacuo les [29--31,44,45]. These complexes 
have a Cd2+/-SH molar ratio of 1, whereas Ihe Cd2'/S2

-

ratio is more variable, depending on the organism, ranging 
from 0.5 to 5.5 [29,31,44). 

As shown in Ibis (cf. Table 2) and in previous wmk [32J, 
PCs and sulfide are present .in E. gracilis ehloroplasts. 
These molecules may be mediating the Cd2

' slOrage
inactivation process inside the chloroplast since Ihe Cd2' /
SH and Cd2'/S2 ratios (2 and 2.2 , respectively) were 
similar to those found in pl'ants [29.44) . Furthennore, 
chloroplasts isolated from cells grown with CdCI 2 showed 
enhanced levels of organic thiol-compounds and inorganic 
sulfide as well a~ a higher ability to accumulate Cd2'. Cys, 
"(-EC and GSH contributed 10 the Cd" il1activation process 
since they accoul1ted for 66% of the acid·soluble thiol
compounds in the stroma (Tab le 2). HMWC 01' plants and 
yeast do not contain Cys oc GSH: in contrast, HM\VC 
Isolall!O from E. gracilrs cells ~xhihited a significan! conlerll 

of Cys and GSH (Mendoza-Cózatl DG. Rangel-González 
EA, Moreno-Sánchez R. unpublished results). In a cell wall
deficient strain of Chlamydomonax reinhardlii, Cd2

' is also 
preferentially located inside the chloroplast and HMWC are 
also found in this OI'ganelle [461, but the origin of PC-like 
compounds and the mechanism by which Cd~" is trans
ported into Ihe chloroplast are unknown (46) . Ch/orel/a 
synthesizes PCs and forms HMWC in response to Cd2

' 

exposure, although the intracellular localization of these 
compounds is also unknown [47,48). 

The preferential retention of Cd" over that of Zn2+ and 
FeJ + in the Euglena chloroplast suggested that the accurnu
lation process was specific for Cd2

'. This observation was 
in agreement with the notion that Cd2

' competes with Zn'+ 
in the uptake process by Ihe chloroplast and that the 
chelating molecules involved in the metal retention, thiol
compounds and sulfide, have more affinity for CÓ2+. 

The presence of PCs inside E. gracilis chloroplasts is 
intriguing. In plants and Schizosacclral'Omyces pombe, Cd
PC complexes are transported into vacuoles through an 
ABC-type transporter [25 .26). There are no reports about 
PCs transport into other organelles; in addition, PC synthase 
is \hought to be a cytosolic soluble enzyrne [49-51]. Then, 
the presence of PCs in Euglena chloroplast might be \he 
result of any of the following processes: 

(1) Active transport of PCs from cytosol to chloropl'ast. 
(2) The existence of a PC synlhase isoenzyme in Euglena 

chloroplast. 
(3) 80th processes coexist and Euglena can transport PCs 

and synlhesize Ihem inside the ehloroplast. 
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De: BBA - Bioenergetics (ELS) <bbabio@elsevier.com> 

Enviado el': Jueves, 24 de Junio de 2004 03:53:29 p.m. 

Para: 

Asunto: 

<cozatl@hotmail.com> 

BBABIO-04-2: Dedsion 

Manuscript No.: BBABIO-04-2 
Title: Cd2+ transport and storage in the chloroplast 
of Euglena gracilis 

Article Type: Regular Paper BBA Section : BBA - Bioenergetics 
Corresponding Author: Dr . David Guillermo Mendoza-Cózatl 
AII Authors: David Guillermo Mendoza-Cózatl, PhD; Rafael Moreno-Sánchez, PhD. 
Submit Date: Apr 07, 2004 

Dear Dr. Mendoza-Cózatl: 

On behalf of the Executive Editors of Biochimica et Biophysica Acta, I would 
like to thank you for submitting the above - mentioned article to BBA -
Bioenergetics. 

Your paper has been reviewed by three experts. One of these reviewers had 
somewhat minor cornments and supported publication, the second reviewer raised 
sorne rather more important points, and the third reviewer was fairly negative. 
As a result, the manuscript 1s not acceptable in its present formo 

However, because of the varied responses, I am willing to reconsider a 
substantially revised manuscript, provided that the major concerns of the 
second reviewer can be met, in particular: 
--the need for better c1tation of literature; 
--the need 100 describe growth media and chemical activity of cadmium in the 
growth media; 
--and the possible effects of non-specific cadmium binding to the chloroplast 
surfaGe. T e mbre minar cornments should al so be addressed . 

Please be advised that any resubmitted version of your article will be re
evaluated by cne or more origiñal reviewers. 

When submitting your revised paper, please be sure to include a separate 
document uploaded as "ReapOnse to Reviewers" that ca r efuliy addresses, pDint
by~point, the issues raiseEi in the carnments appended below. You should al so 
inolude a suitable rebuttal to any speGific request for change that you have 
not made. Please note that the editorial policy of BBA places a time limit for 
resubmi ssian of a revised manuscript at 6 months. Such a revised manuscript 
will reCa l n its original swBmission date. Manusctipts submitted after 6 mDnths 
wili be considered as new submissions. 

YOJr s sincere l y, 

Peter R, Rich , Ph.D , 
Execu t i ve Ed i t o r 
B2~ - Bioe nerªetic s 
p:,, ;gase see ~ v ), ewers I commErn t s bÉ ~ ow: 
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Reviewer #1: In this paper the authors h ave d e scribed experiments aimed at 
elucidating the mechanism of Cd2+ accumulation by chlorop l asts from Eug ] ena 
gracilis. This appears to occur by a m~xture of simple and facilitated 
diffusion. Growth of the organism in the presence of Cd2+ leads to an increase 
in the storage capaeity of eh l oroplasts for Cd2+ consistent with an increase 
in thiol eompounds and sulphide in these chlorop l a s ts as well as the 
oceurrenee of phytoehelatins. The work is concisely and well deseribed, except 
that the Tables in the manuseript do not correspond either with the text or 
the table legends. 
In addition, Tablé IV (why the Roman numerals?) is missing data on the 
chloroplast sulphide contento On page 9, line 9, they state that the 
; saturable component appeared with unacceptable huge dispersion of both Km and 
Vm values. ' 
However, they have included va l ues for this condition in their table - there 
needs to be sorne indication of the reliability of these values in the tableo 
On page 11, line 8, they give values for Cd2+ release having already said on 
the previous page that 'Cd2+ release was too fast to allow an accurate 
estimation of release rate'. Given this, the differenee in rate in the figures 
on page 11 is rather modesto This needs to be clarified or expanded upon. 

There are other minor errors/cornments: 
1 Vm might be better replaeed with Vmax. throughout 
2 Page 4, line 9: suggest 'implicated in' rather than 'related to' 
3 Page 12, line 14: omit 'it' after 'brough t ' 

Page 13, second sen ten ce of the Discussion: It is not clear what the logic 
of this statement is. 
5 Page 13, 5th line from bottom: omit 'a' in 'In a previous work ... ' 
6 Keywords: 'Cd2+' rather than 'C; 2+' 

Reviewer #2: The paper submitted by Mendoza-Cozatl and Moreno-Sanchez 
describes the effeets of various competing ions and inhibitors on cadmium 
uptake kinetics by isolated Euglena chloroplasts. In addition, the 
distribution of various Cd-thiol complexes in Euglena ehloroplasts is 
deseribed. The abstraet and introduction are well written although referenees 
to the literature on phytoehe l atins synthase and algal heavy metal biology are 
incomplete and out of date. 

The paper described two kinetically distinguishable cadmium uptake mechanisms, 
a saturable meehanism having classic Michaelis-Menten kinetics, and a non
saturabl e uptake system. The former system is eompetitively inhibited by zinc 
but not by other divalent metals suggesting similar i ty to a ZIP-type 
transporter. In addition, eadmium export from plastids is eharacterized, 
although the ehemieal form of the exported cadmium is not described. 

There are several eoneerns regarding the pape r that need to be addressed in 
any revised version: 
l. The growth media and chemical activi t y of cadmium in the gro\Yth media are 
not described. It is unclear whether the effective concentration of eadmium in 
the medium is equival e nt to that a dded. 
2 . Litt1e care is taken to exclude the effects o E non-spec i f i c c admium bind i ng 
l O the chloroplast surface. This i 5 most e v i ent In th e exp eriments de scr i bed 
j " F'igure 3 that sho\-, a very rapid iOS 5 o i c a cimi um [r om ch l o roplasts e>:pose d 
to EGTA. The authors attribute th is r apid 1055 of c a dmi um : 0 a rap ~d e xpor t 
system. It is mor é liké ly d u e to remov a l oE a d ve n t i o u s ly-tcu nd c admium f rom 
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:he surface of the chloroplasts. I t is suggested that a vast excess of a non
competing metal or "co l d cadmium" be included i n the export studies to 
displace any metal that m~y be bound non-specifically to the chloroplast 
surface. 

Minor points: 
l. The tábles have values of mg-l but do not indicate what the identity of the 
ITiass is. 
2. Page 11, line 3. This sentenCé is unclear and the va l ues may be reversed 
tor the two treatments. 
3. Page 13, 2nd paragraph, line 4. Table 111 indicates rates of cadmium uptake 
not chloroplast cadmium or other metal contento 

Overall, cadmium uptake, detoxification, and export from algal chloroplasts is 
a poorly understood mechanism. This research has the potential to contribute 
substantially to our understanding of the mechanisms by which algae tolerate 
toxic levels of heavy metals. It is recommended thát the paper be 
substantially revised for publication. 

Reviewer ~3: The paper by Mendoza-Cózatl and Moreno~Sánchez deals with the 
process of Cd2+ uptake and storage into chloroplasts from Euglena gracilis. 
The scientific work conducted by the authors 1s sound and wel l described in 
the manuscript. 
However, the objectives and addressed and questions dealt with are rather 
restricted and narrow. The novelty of the results and their relevance for the 
field at the molecular/mechanistic or cellular level are not obvious. 
Therefore 1 feel that the manuscript in its present status should hardly be 
published. 
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INSTITVI'O • N • DE 
CARDIOLOGIA 
IGNACro·CHAVEZ 

INSTITUTO NACIONAL DE CARDIOLOGíA 
IGNACIO CHAVEZ 

Mexico September 21,2005 

Dear Professor Rich: 

Thank you for your kind Email of 24 June 2004 regarding the manuscript (BBABIO-04-2) 
entitled "Cd2+ transport and storage in the chloroplast of Euglena gracilis". We were 
informed that a major revision of the manuscript addressing the observations made by the 
reviewers is required, before the paper may be considered for publication in BBA
Bioenergetics. In the enclosed revised manuscript, we have answered aH the points raised 
by the reviewers. Accordingly, the manuscript was modified as described below; the 
numbering of the references also changed . We hope that in its present form the manuscript 
may be found acceptable for publication. 

Sincerely 

David G. Mendoza-Cózatl 
Departamento de Bioquímica 
Instituto Nacional de Cardiología 
Juan Badiano # 1, Col. Sección XVI, Tlalpan 14080 
México, DF. MÉXICO. 
Fax: +5255-5573-0926 
Email: cozatl@hotmail.com 

Response to Reviewer #1 

Major points 

1. The tables changed to Arabic numerals and the correspondence between text and 
tables was dhecked and corrected . 

2. Cd2+ uptake in the condition K++ 4°C (Fig . 1 B) was now fitted to a linear equation and 
the result was included in Table 1A. The previous Vmax and Km values with huge 
dispersion were deleted; the corresponding sentence in the text was also deleted. 

3. Because the modest differences found in the Cd2
+ release at the 10 s-point, in which 

conditions for measuring initial rate were not achieved , the previous sentence showing 
rates of Cd 2

+ release was deleted . New data about Cd 2
+ release were included in Fig . 3A 

and the text was modified in the Results (the three paragraphs of p. 13) and Discussion (p. 
18, 2nd paragraph) sections . 
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Minor comments 

1. Vm was replaced by Vmax thmughout the texto 

2. p. 4, 'Iine 9: "related in" was replaced by "implicated in". 

3. p. 12, line 14: "it" was deleted. 

4. p. 13, line 2: the sentence was rephrased. 

5. p. 13, line5: "a" was deleted. 

6. Keywords: "C;2+" was replaced by "Cd 2
+" on the first page of the PDF file. 

Response to Reviewer # 2 

Major points 

1. A detailed description oí tl1e growth medium and chemical activity oí Cd2
+ was induded 

on p. 6, last paragraph and p. 7, 1st paragraph. Chemical activity of Cd2
+ was estimated 

and experimentally determined at a pH of 3.5, the pH value of the culture medium, which 
changes by the eighth day of culture, when most of added Cd2

+ has been accumulated 
(see Ref. Mendoza). The calculated values represent minimum values of free Cd2

+ 

available in the culture media; the presence of the other metal ions should increase the 
free Cd2

+ concentration. The free Cd2
+ concentration was not determined in the complete 

culture medium beca use Mag-Fura-2 also reacts with the other metal ions, making the 
changes in the fluoréScence signa'l difficult to interpret. 

2. Certainly Cd2
+ binds non-specifically to the chloroplast surface. A sentence stating this 

is included on p. 13, lines 13-15. However, bound cadmium was efficiently removed by 
washing the chloroplasts in the filters with CdCb, as stated in Material and Methods (p. 9, 
lines 4-6). Moreover, no differences were found by washing the chloroplasts with CdCI2, 

EGTA, KCI or DTI (see please p. 13, last lines and p. 4, first two lines). This suggests that 
the main part of Cd2

+ be localized inside the chloroplasts. As suggested by the reviewer, 
new data on cadmium release in the presence of competing and non-competitive ions were 
included on Fig 3A. 

The chemical form in which cadmium is released is at the moment not known. This 
was stated on p. 14 lines 4-5. Updated information and references on phytochelatin 
synthase and algal heavy metal biology were added on p. 6, 1 st paragraph; and p. 20, 1 st 
paragraph. 
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------------------------------------------

Minor comments 

1. The mass identity (mg protein-') was included in the Tables. 

2. p. 11, line 3; The sentence was modified and expanded to clarify the idea. 

3. There was an overlap in the Tables numbering. Table 3 now shows the cadmium, iron 
and zinc content in cells and chloroplasts exposed or not for eight days to 50 ~M CdCb. 

Response to Reviewer # 3 

We have tried to present the objectives and questions analyzed in the present work 
in a more general context in the Introduction on p. 3-6 and in Discussion on p. 19-21. We 
think our research may contribute to the understanding of the cellular and molecular 
mechanisms involved in the resistance to toxic levels of Cd2

+ and its associated 
accumulation in unicellular protists and probably other organisms. In addition, we would 
like to emphasize that this is the first work addressing the biochemical mechanism by 
which a non-essential and toxic heavy metal is transported and accumulated into the 
chloroplast and this is, precisely, the relevance of the work. We hope the reviewer may 
concur with our view. 
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De: BBA - Bioenergetics (ELS) <bbabio@elsevier.com> 
Enviado el: Miércoles, 22 de Septiembre de 2004 06:05:14 p.m. 
Para: 
Asunto: 

<cozatl@hotmail.com> 
BBABIO-04-2R2: Final Decision 

Manuscript No.: BBABIO-04-2R2 
Title: Cd2+ transport and storage i n t he chloropla s t 
of Euglena gracilis 

Article Type: Regular Paper 
BBA Section : BBA - Bioenergetics 
Corresponding Author: Dr . David Guillermo Me ndoza-Có zatl 
All Authors: David Guillermo Mendo za-Cózatl, PhD ; Rafael Moreno-Sánchez, PhD 
Submit Date : Apr 07, 2004 

De ar Dr. MendQza-Cózatl: 

We are pleased to inform you that the above -named manuscript has been accepted 
for publication in Biochimica et Biophysica Acta . Your article has been 
forwarded to Elsevier's Production Department in Amsterdam and will be 
included for publication in BBA - Bioene rgetics . 

Your article will be published rapidly in elec tronic form, as well as in the 
traddtional print journal in the first available scheduled issue. 

Shortly, you will receive an acknowl edgement letter from our Production 
Department detailing information regarding proofs, reprints and copyright 
transfer. The BBA Editorial Office handl e s on}y editorial matters and does not 
ha ve any information regarding production issues. Should you have any further 
inquiries regarding this manuscript, pleas e contact our author $upport 
department at: autllorsupport@elsevler.com 

We once again thank you for your contribution to BBA - Bioenergetics and hope 
that you will continue to submit your research articles to the journal. 

On behalf oE Dr . Peter Rich, 
Yours sincerely, 

Laura Wallins, D. Sc. 
Editorial Off ice 
BBA - Bioenergé t ics 
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6.1.1 Datos no mostrados en el trabajo "Cd2
+ transport and storage in the chloroplast of 

Euglena gracilis" 

La gráfica 6.1.1 muestra los dobles recíprocos del transporte de Cd2
+ en 

cloroplastos control. Se puede distinguir una desviación de la linealidad , la cual puede 

interpretarse como: (a) dos componentes o bien, (b) cooperatividad negativa. La curva de 

saturación (v vs Cd 2+; ver Fig 1A de Mendoza-Cózatl y Moreno-Sánchez R, 2005) no 

muestra la tendencia característica de una cooperatividad negatíva. Por otro lado, no se 

obtuvo un buen ajuste de los datos utilizando la ecuación de Hill (Tabla 6.1.1), la cual es 

capaz de describir la cooperatividad negativa. Estos resultados apoyaron la presencia de 

dos componentes en el transporte de Cd 2
+ al cloroplasto de Euglena gracilis. 
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Figura 6.1.1 Dobles recíprocos del transporte de Cd2
+ en Clorúplastos control (25°C) 
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La tabla 6.1.1 muestra los resultados de los ajustes dell transporte de Cd2
+ a 

diferentes ecuaciones, incluida la usada en la Fig. 1A del transporte de Cd2
+ al cloroplasto 

(ver Fig 1'A de Mendoza-Cózatl y Moreno-Sánchez R, 2005). Hay que puntualizar que la 

Chi2 no puede ser usada en este caso como única referencia para evaluar los ajustes, 

debido a que I ~as ecuaciones contienen un número distinto de parámetros. Los resultados, 

ponderando la desviación de los parámetros cinéticos, muestran que el mejor ajuste se 

logra con una ecuación que involucra dos componentes, uno saturable e hiperbólico y otro 

lineal no-saturable. 

Tabla 6.1.1 Parámetros cinéticos de diferentes ajustes por regresión no-lineal realizados al 

transporte de Cd2
+ en cloroplastos contro.1 (ver Fig 1A de Mendoza-Cózatl y Morello

Sánchez R, 2005). 

MMa 
T línea doble MM Hill doble Hilll 

Chi2 1.04 Chi2 0.91 Chi2 1.03 Chi2 0.74 

Vm 10.5 ± 2b Vm 1 107 ± 48 Vm 387 ± 921 Vm 1 23.8 ± 25 

Cloroplastos Km 13.9 ± 6.1 Km 1 468 ± 351 Kos 5629 ± 24451 Ko.s 1 34 ±80 

control m 0.13 ± 0.1 Vm2 4.9 ± 3.4 h 0.67 ± 0.09 n1 0.8 ± 0.5 

Km2 3.9 ± 6.8 Vm2 18 ± 14 

Kos 2 107 ± 10 

n2 4.4 ± 3.2 

a Michaelis-Mentén 
b La dispersión de la media se refiere al error estándar derivado del ajuste de los datos experimentales a la 
ecuación respectiva y, por tanto, no tiene que ver con el número de experimentos. 

La tabla 6.1.2 muestra que el rojo de rutenio, mersaryl, la luz o la oscuridad no 

tienen efecto sobre el transporte de Cd 2
+ en cloroplastos de Euglena gracilis, por lo que el 
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transporte depende únicamente de la concentración de Cd 2
+ a ambos lados de la 

membrana del cloroplasto. 

Tabla 6.1.2 Efecto del rojo de rutenio. mersalyl. luz y oscuridad en el transporte de 109Cd2+ 

en cloroplastos control 

Rojo de rutenio 
(50 fJM) 

Cloroplastos 21.4 ± 4.6 (4) 
Control 

Mersalyl 
(50 fJM) 

Luz' Oscuridad 

nmoles 109Cd2+ min· ' mg protelna·1 

20 ± 3.4 (3) 19.5 ± 2.7 (3) 23 ± 4 (3) 

Los cloroplastos se iluminaron 60 segundos antes de iniciar el experimento del transporte y se continuó 
durante el experimento. Los experimentos se realizaron con 100 ¡.JM 109CdCI2 Promedio ± DE (n). 

Una de las posibilidades para explicar el aumento en la velocidad de captación de 

Cd2+ hacia el cloroplasto de Euglena (ver tabla 1 B de Mendoza-Cózatl y Moreno-Sánchez 

R, 2005), era un cambio inespecifico en la relación proteína/clorofila. Una disminución en 

la concentración de proteína a una concentración constante de clorofila, produciría un 

incremento en la velocidad del transporte si se usa como única referencia la cantidad de 

proteína en el ensayo. La tabla 6.1.3 muestra que esta relación permanece constante, por 

lo que el aumento en la Vm del transporte podría deberse a un aumento en la cantidad de 

transportador en la membrana del cloroplasto. 

Tabla 6.11.3 Relación proteína/clorofila en células control y cultivadas con 50 fJM CdCI2 

Condición de cultivo Relación proteina/clorofíla 
(mg proteina·(107cels)"' I ¡.Jg clotrofila·(10

7
cels)"' 

Control o. ~ 1 ± 0.02 (5)' 

ZCdso o 11 ± 0.01 (5) 
Promedio ± DE (n). 
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l· 

la figura 6.1.2 muestra el gráfioo de Dixon (1/v vs inhibidor [Zn2+]) para determinar 

la Ki del transportador (componente saturabre) de Cd2
+ hacia el Zn 2

+ en c1oroplastos de E. 

gracilis (ver Fig. 28 en Mendoza-Cózatl y Moreno-Sánchez R, 2005). 
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-0.1 I 
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Figura 6.1.2 Gráfico de Dixon para la inhibición del transporte de Cd2
+ por Zn2

+. 

Las concentraciones de Cd2
+ usadas fueron: 10 ¡JM (.), 50 ¡JM (o) y 100 ¡JM ( ... ). El inserto es una 

amplificación de las concentraciones 50 y 100 ¡JM Cd2
+. 

La tabla 6.1.4 muestra los ajustes por regresión no-lineal de la inhibición del 

transporte de Cd2
+ de cloroplastos de Euglena por Zn2

+. Una vez más, basándose en las 

desviaciones estándar de los ajustes, podemos concluir que la inhibición del Zn2
+ es de 

tipo competitiva. 
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Tabla 6.1.4 Ajustes por regresión no-lineal del tipo de inhibición del transporte de Cd2
+ en 

cloroplastos. 

Competitivo No competitivo I ncom petitivo Mixto 

Chi2 3.01 Chi2 3.56 Chi2 4.03 Chi2 3.04 
Cloroplastos 
control Ki 8.5 ± 2 ~M Ki 50.3 ± 12.5 Ki 30±10 Ki 4.7 ± 2.9 

a -0.07 ± 0.04 
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6.2 Consideraciones termodinámicas del transporte de Cd2
+ en cloroplastos de 

Euglena gracilis 

P 82-84 Problema Bioquímico REB 22:86, 92-93 
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REB n (2):86 

PROBLEMA BIOQuíMICO 11 

ioenergética 
ransporte de cadmio en c1oroplasto 

.1 cadmio es un metal pesado no esencial, el cual es tóx
;0 para la mayoría de los organismos. Euglena gracilis es 
n protista fotosintético con una elevada capacidad de tol
rancia y acumulación de cadmio, y la mayor parte del 
letal es acumulado en el cloroplasto. Para determinar hi 
inética de captación, y el mecanismo por el cual el cad
.lio es acumulado en el cloroplasto, se obtuvieron las 
elocidades iniciales de captación de cadmio en cloro
,lastos intactos de Euglena gracilis. Además, se evaluó el 
fecto de la temperatura y de diferentes inhibidores 
CCCP, desacoplante y DCMU, inhibidor del Fotosistema 
n sobre la velocidad de captación, para determinar a que 

rabIa 1 Velocidades inicialeS de transporte de cad
nio en c\oroplastos intactos de Euglena gracilis a 
liferentes temperaturas. 

CdCI2 (/lM) 25 oc 4"C 
nmol Cd min ·1 mg- I 

O O O 
5 3.61 2.9 

7.5 4.43 n.d. 
10 6.62 4.12 
15 7.73 n.d. 
20 8.8 I 5.21 
50 15.69 I 6.86 
75 19.59 8.1 
100 24.72 10.3 
150 29.74 13.1 
200 L 36.88 16.4 1 

1.11. no determmada 

David Mendoza Cózatl y Rafael Moreno Sánchez 
Correo E: davidmendozac@netscape,net 

Tabla 2 Efecto de inhibidores sobre el transporte de 
cadmio en cJoroplastos de Euglena gracilis 

Cloroplastos control I ( 100 11M CdCI2) I +CCCP 
( 100 11M ) + DCMU ( 50 /lM ) 

nmol Cd min·1 rng ·1 

21.4 ± 4.6 (8) I 19.4 ± 3 (3) I 19±4.2(4) 

promedio ± DE (n) 

tipo de energía está acoplado el transporte. 

1.- Determinar los parámetros cinéticos (Km y Vm) de el 
o los componentes involucrados en el transporte de cadmio. 

2.- ¿A que tipo de energía esta acoplado el transporte? 

3.- Si la concentración máxima de cadmio libre en el 
citosol es de 10 /lM y la de el cloroplasto es 5 11M, Y 
durante la fotofosforilación se establece una diferencia de 
potencial eléctrico transmembranal (t. 'l') entre el citosol y 
el estroma de -100 mV (interior negativo), calcule el 
cambio de energía libre (t.GCd) para el transporte de cad
mio del citosol al cloroplasto a 25 "C. ¿Es termodinámi
camente favorable este proceso? 



Mendoza Cóz3nl o y Moreno Sánchez R 

R ,ESPUESTA AL PROBLEMA BIOquíMICO 11 

I graficar la velocidad de transporte contra la concen-
Ición de cadmio se obtienen a ambas temperaturas. 
:rvas que no se ajustan a una hipérbola (cinética de 
ichaelis-Menten) (Fig. 1). La gráfica de dobles 
:íprocos muestra curvas convexas (Fig. 2). Estos 
sultados pueden interpretarse de dos maneras: (1) dos 
,mponentes están actuando simultáneamente en el 
msporte o bien. (2) una sola enzima presenta cooper-
ividad negativa (una curva cóncava se interpretaria 
,mo cooperatividad positiva). La gráfica de velocidad 
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E 
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o 4°C o 

.. 
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.'.' t 
,ntra sustrato a 4 oC define con mayor claridad dos 
'mponentes, de los cuales uno es completamente line
sugiriendo que parte del' transporte se lleva acabo por .a.l0 
fusión simple. La curva de saturación presente a bajas 

0.05 

b= 0,,053=11 Vtn.pp 

Vtn.pp=1'8.8 rvnolCd min ., mg ., 

0.1'0 0.15 0.20 

'ncentraciones de cadmio. y claramente visible a -{).10 lICdCI
2 

,oC, sugiere que la parte restante del transporte es 
!diado por una proteína. Figura 2 

O 50 100 150 200 

CdCI2 (¡.tM) 

;ura 1 

La Vm del componente saturable (18.8 nmoles Cd min 
ng" a 25 OC), obtenida de la zona lineal en loS dObles 
:íprocos a bajas concentraciones de C.d, será una Vm 

arente (Vm"I'P) pues se encuentra modificada por el 
mponente lineal. Sin embargo, esta Vm""" nos indica 
e por aniba de esta velocidad, el transporte es única
:nte debido al componente lineal (difusión). De hecho. 
a regresión lineal con los datos de la Fig. 1 a 75, 100. 
O Y 200 ¡.LM de CdCI!, tiene un coeficiente de coro 
ación de 0.995 (recuadro de la figura 3), y el valor de 
pendiente (0.140) nos indica cuanto aumenta la veloci· 
d de difusión por unidad de tiempo por cada ¡Lmol de 
lañad ido L"'. 

Conociendo la velocidad de difusión, y debido a que 
esta depende únicamente de la concentración de Cd aña
dido, la velocidad de transporte del componente saturable 
puede obtenerse restándole a la velocidad total la veloci
dad de difusión. Esta se obtiene al multiplicar la pendi
ente del componente lineal (0.140 nmol Cd min" mg" 
¡.LM"') por la concentración a la cual. se ensayó el trans
porte (Fig. 3). De los do'bles recíprocos de las velocidades 
corregidas (Fig. 4) podemos obtener los valores reales de 
las constantes cinéticas para el componente saturable 
(V:m = 11 nmol Cd min ., mg ., y Km = 14.28 ¡.LM). 
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Los valores obtenidos por regresión no lineal. usando 
el programa Microcal Origin 5.0, al ajustar las veloci
dades iniciales de la Fig. I usando la ecuación v = 
(Vm*S I Km + S) + (m*S), concuerdan con los valores 
obtenidos por regresión lineal. 

Por otro lado, que el transporte de Cd no haya sido 
afectado por un desacoplante (CCCP) o un inhibidor de la 
fotosíntesis (DCMU), indica que el transporte no esta 
asociado a un potencial electroquímico de protones y que 
no depende de la actividad de los fotosistemas. Debido a 
que una proteína esta involucrada, estos resultados sug-

Fígura4 

1j03i 

:20.30 g 
GiO.25 
> 
:::-0.20 

0.15 

.o.lO 

m=1.297 

Vm= 11 nrrol Cd rrin -1 ~-1 

1/Vm=QaDIl 

0.D5 0.10 0.15 0.20 

1/C<D
2 
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ieren que parte del cadmio entra al c1oroplasto por 
difusión facilitada. 

Finalmente, usando la ecuación 6GQI = RTln ( [Cd)"" .... 1 
[Cd)fucno) + Zc.t F 6'l' • donde R = 1.98 cal mol" K', T = 
298. 15 (25OC), Zcd = 2 (carga del ion), F::: 23 080 cal mol" 
V·, (Cte. de Faraday) y 6'1' = - 0.1 V (potencial de mem
brana) tenemos que: 

6GQI = 1.987 JI 298.15 In (5 JI I~ MIlO JI 10" M) + 
(2 JI (23 080) JI (-0.1)] 

durante la fotofosforilación, el potencial electro
químico del cadmio es óGCd = - 5.02 kcal mol", por lo 
que el transporte' de cadmio es termodinámicamente 
favorable. 

REfERENCIAS. 
Hart JJ, We1ch RM. Norvell WA. Sullivan LA. 

Kochian LV (1998) Characterization ofcadmium bind
ing. uptake. and translocation in intact seedlings of 
bread and durum wheat cultivars. Plant Physiol 116 : 
1413-1420. 

Voet D and Voet JG (1990) Transporte a través de 
membranas. En : Bioquímica. Ed. OMEGA. Barcelona, 
España. pp. 520-544. 



El problema bioquímico presentado ayuda a responder la pregunta ¿Que impulsa la 

entrada de Cd 2+ al cloroplasto de Euglena gracilis? De acuerdo con la ecuación para 

calcular el potencial electroquímico del Cd2+ (óGCd ; Ecuación 1), la entrada de Cd2+ al: 

cloroplasto estaría tennodinámicamente favorecida durante la fotofosforilación (- 5.02 kcal 

mor\ si la concentración de Cd2+ en el citosol es mayor que en el estroma. Sin embargo, 

la entrada de Cd2+ al cloroplasto fue la misma con iluminación o en la oscuridad (ver 

capitUlo 6.1). De modo que la pregunta sigue siendo válida, durante la oscuridad ¿E~ 

transporte de Cd2+ estaría igualmente favorecido termodinámicamente? 

(Ecuación 1) 

En la oscuridad, la diferencia de potencial eléctrico entre el citosol y el estroma 

puede disminuir significativamente, por lo que la contribución del segundo término de la 

ecuación 1 (el componente eléctrico) al valor global' del ÓGCd disminuye; sin embargo, no 

llega a cero o adquiere valor positivo debido a las ATPasas que se encuentran en la 

membrana externa del cloroplasto, I'as cuales bombean H+ hacia el citosol manteniendo 

una diferencia mínima de potencial eléctrico entre el estroma y e.1 citosol necesario para el 

transporte de solutos (Heiber et al. , 1995). Por otro lado, aún sin una diferencia de 

potencial, la ecuación 1 también muestra que en cualquier condición en la que la 

concentración de Cd2+ fuera del cloroplasto sea mayor que en el estroma, y por lo tanto el 

componente químico In([Cd)estroma/[Cd)citosol) adquiera un valor negativo, el transporte de 

Cd2+ hacia el clorop,lasto estaría favorecido tennodinámicamente. Adicionalmente, hay 

que considerar que si dentro del cloroplasto hay moléculas capaces de secuestrar al Cd2
+, 

el transporte hacia el interior estaria aún más favorecido . 
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Es notable, sin embargo, que la diferencia del t-.GCd entre luz y oscuridad pueda ser 

de un orden de magnitud o más. Por ejemplo, asumiendo que la concentración de Cd2
+ en 

el citosol y el estroma sea igual ([Cdlestroma = [Cdlcitosol), el primer término de la ecuación 1 

se elimina debido a que In 1 = 0, por lo que el t-.GCd depende únicamente del segundo 

término. Tornando como ejemplo dos valores de diferencia de potencia ll -0.1 V (luz) y -

0.01 (oscuridad), el t-.GCd sería -4.6 y -0.46 kcal mor1
, respectivamente. ¿Que tanto podría 

influir esta diferencia en la velocidad de transporte? La respuesta es que podría o no 

podría influir. 

Una reacción catalizada por una enzima está gobernada por dos factores los cuales 

pueden ser claramente separados, un término cinético, el cual tiene que ver con la kcat Ó 

constante catalítica de la enzima y la afinidad de la enzima por los sustratos o productos 

respectivos (Kms y/o Kmp) y un segundo término, denominado termodinámico, el cual 

considera la constante de equ rnb~io de la reacción (Keq) y por lo tanto e1 t-.G, ya sea el valor 

estándar o de preferencia el fisiológico (Ecuación 2). 

(Ecuación 2) 

Una reacción puede entonces estar gobernada cinéticamente, termodinámicamente 

o un balance de ambas. Siguiendo con el ejemplo anterior, un cambio d~r-; orden de 

magnitud en el t-.GCd representa un cambio de 1000 veces en la Keq de la reacción, 2.16 

para el caso de 0.01 V Y 2230 para el caso de 0.1 V. Para demostrar cuanto puede variar 

la velocidad debido a un cambio en la Keq de 1000 veces, vamos a considerar que 

solamente el componente termodinámico afecta la velocidad de la reacción, por lo que la 

ecuación 2 quedaría simplificada a la ecuación 3 
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(Ecuación 3) 

Cuando s = p, un cambio en la constante de equilibrio de 2.16 a 2230 aumentaría la 

velocidad de la reacción 1.86 veces. Sin embargo, en condiciones de velocidad inicial, tal 

y como las utilizadas en el transporte de Cd2
+ en cloroplastos de Euglena, cuando P es 

iguall o muy cercano a cero, el cambio es mínimo, porque el término plKeq es muy 

pequeño, si no es que despreciable. Por lo tanto, en una reacción catalizada 

enzimáticamente, el término termodinámico es importante para indicarnos hacia que 

dirección se llevará a cabo la reacción, hacia adelante (signo +) o en dirección reversa 

(signo -). 

En conclusión , el cambio de mil veces en la Keq no modificó la velocidad de entrada 

de Cd2
+ al cloroplasto debido a que los ensayos se llevaron a cabo en condiciones de 

velocidad inicial, donde la velocidad esta principalmente determinada por la capacidad 

catalítica del transportador, Vm ó kC8t * [ET], Y más específicamente por su eficiencia 

catalítica (Vm/Km). 
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6.3 Síntesis de fitoquelatinas e inactivación dell Cd 2
+ en el cloroplasto de Eug/ena 

gracilis * 

Una vez que determinamos que el Cd 2
+ y las FQs se acumulan principalmente en el 

cloroplasto, que el Cd2
+ puede entrar al cloroplasto como ion libre y que son, los tioles 

orgánicos (Cys, GSH, FQs) y el sulfuro las mol'éculas que lo retienen dentro del cloroplasto 

(ver capitulo 6. 11, Mendoza-Cózatl y Moreno-Sánchez R, 2005), el siguiente paso fue 

determinar s,i ,las FQs podían sintetizarse en el interior del cl'oroplasto o si estas tenían que 

ser exclusivamente transportadas del citosol al cloroplasto. 

En plantas y en la I'evadura S. pombe, ilas FQs pueden ser transportadas 

activamente del citosol a la vacuola a través de un transportador de tipo ABC (ATP 

Binding Cassette; ver capitulo 2). Esta es la principal razón por la cuall en la literatura se 

sugiere que la fitoquelatina sintetasa es un enzima citosólica; sin embargo, ningún trabajo 

ha determinado sistemáticamente su localización intracelular. 

Utilizando cloroplastos purificados de Euglena, con poca o nula contaminación por 

citosol « 10%), se determinó que las FQs pueden sintetizarse en el interior del cloroplasto 

y el porcentaje de la enzima total que se encuentra en el interior de este organelo. Por 

otro lado, un proceso clave en la inactivación del Cd2
.f en plantas y levaduras como 

Gandida glabrata y S. pombe es la formación de complej'os de alto peso molecular 

formados por tioles, Cd 2
+ y sulfuro (ver capitulo 2), por lo que también se determinó sil 

estos complejos se pueden formar dentro del cloroplasto de Eugléna gracilis. 

* En este trabajo participaron: Mendoza-Cózatl D y Moreno-Sánchez R. 

Material y Métodos 
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Aislamiento de cloroplastos y obtención de citosol 

Los cloroplastos se purificaron a partir de células en la fase estacionaria temprana 

de cultivo (8 días), expuestas o no a 50 IJM de CdCb (cloroplastos ZCd50) de igual manera 

a lo reportado anteriormente (Mendoza-Cózatl y Moreno-Sánchez, 2005) con algunas 

modificaciones, las cuales se indican a continuación. Una vez rotas las células por 

sonicación, el extracto se centrifugó a 200 x g por 5 min para sedimentar células enteras; 

el sobrenadante se centrifugó a 2000 x g por 5 min para sedimentar los cloroplastos y el 

sobrenadante de esta fracción se centrifugó a 225 000 x g por 45 min para sedimentar la 

fracción microsomal. El sobrenadante de esta última fracción fue considerado como el 

citoso!. La pastilla correspondiente a la centrifugación de 2000 x g enriquecida con 

cloroplastos se resuspendió y se aplicó a un gradiente discontinuo de Percoll (40-80%). 

Después de centrifugar a 6500 x g por 20 min, los cloroplastos intactos se localizaron en la 

interfase; estos cloroplastos fueron diluidos (20:1) y lavados dos veces con un medio libre 

de EDTA o buffer SH (0.33 M SOrbitol, HEPES 10 mM pH 7.3;) Y finalmente resuspendidos 

en un volumen mínimo de buffer SH. 

Para obtener las proteínas del estroma, los cloroplastos intactos se diluyeron 10 

veces con Tris 20 mM pH 8, previamente burbujeado con nitrógeno, y se sometieron a 3 

ciclos de congelación con nitrógeno líquido y descongelamiento (37 OC). El extracto se 

centrifugó a 20 000 x g por 10 min y el sobrenadante se consideró como el estroma. 

Antes de usarse, todos los buffers fueron previamente saturados con N2. La proteína se 

determinó de acuerdo al método de Biuret usando BSA como estándar y centrifugando la 

mezcla para eliminar la interferencia del paramilo. La clorofila se extrajo con acetona al 

80% y se cuantificó de acuerdo a lo reportado por Arnon (1949). 
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Actividad de fitoquelatina sintetasa (peS), gliceraldehido 3-fosfato deshidrogenasa 

dependiente de NADp· (GAPDH-NADP+) Y glutamato deshirogenasa (GDH) 

Para eliminar compuestos de bajo peso mo'lecular incluidos sustratos ycofactores 

que pudieran interferir con el ensayo de la pes, todas las fracciones (extracto crudo, 

estroma y citosol) se pasaron a través de una columna de Sephadex G25 y el eluado se 

concentró por ultra-filtración con un filtro Amicon Ultra (30 kDa) . Todos los buffers usados 

fueron previamente saturados con N2. 

El ensayo de la PCS se realizó en Tris-HCI 200 mM pH 8.0, DTT (DL-ditiotreitol) 1 

mM, GSH 1 mM. La reacción se inició con la adición del extracto (1-3 mg proteina/ml). A 

diferentes tiempos (0-60 min), alícuotas de la mezcla de reacción. (450 !JI) se acidificaban 

con ácido perclórico 3 % final, se centrifugaba a 20 000 x g para descartar la proteína 

precipitada y se analizaba el contenido de fitoquelatinas por RP-HPLC. 

La GAPDH-NADP+ se determinó por el consumo de NADPH (E = 6220 'M-1 cm-1 a 

340 nm) en Tris 100 mM pH 7.8, 'MgCh 10 mM. GSH 5 mM, ATP 5 mM, 0.2 unidades de 3-

fosfoglicerato cinasa, 0.2 mM NAOPH; después de una incubación de 4 min, la reacción se 

iniciaba añadiendo 3-fosfoglicerato 2 mM concentración fina'l (Latzko y Gibbs, 1,969). 

La GDH se midió por la formación de NADPH en Tris 50 mM pH 8.0, NADP+ 0.2 

m'M. Después de la adición del extracto (1-3 mg proteína),. la reacción se iniciaba con la 

adición de Glu 30 mM (Suzuki et al., 1987). 

Obtención de fracciones de alto (>50 kDa) y bajo peso molecular del estroma 

Los cloroplastos obtenidos de células cultivadas con 50 !JM CdCI2 y purificados con 

Percoll (8-10 mg; 500!JI) se solubilizaron con 0.2% de Tritón X-100 (concentración final), se 

sometieron a 3 ciclos de congelación-descongelación, con nitrogeno liquido y un bañO a 
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30°C, respectivamente, y se centrifugaron por 20 min a 20 000 x g. El sobrenadante se 

fraccionó con un Centricón (50 kDa). El concentrado se resuspendió en Tris 50 mM (pH 

8.0) Y se concentró por segunda vez. Ambas fracciones se analizaron por RP-HPLC, 

además de medir el contenido de Cd2
+ tal y como se reportó previamente (Mendoza

Cózatl y Moreno-Sánchez R, 2005). 

Resultados y Discusión 

Síntesis de fitoque/atinas en e/ c/orop/asto de Eug/ena graci/is 

Los cloroplastos control de E. graci/is fueron capaces de sintetizar FQs usando el 

GSH endógeno cuando se les expuso a Cd2
+ 500 IJM por una hora (Fig. 6.3.1). Esta 

observación muestra que, al igual que la enzima reportada para plantas y S. pombe, la 

PCS de los cloroplastos control de E. gracilis es una enzima constitutiva. La tabla 6.3.1 

muestra el contenido de tioles solubles en ácido antes y después de la exposición a Cd2
+. 

Los únicos dos compuestos que varían significativamente durante la exposición a Cd2
+ in 

vitro son la PC2 y la PC3, y la diferencia respecto a los cloroplastos incubados sin Cd2
+ nos 

permitió calcular una velocidad de síntesis de 150 pmoles -SH (mg proteinar1 h-1
. Debido 

al alto contenido de FQs presentes en los cloroplastos obtenidos de células cultivadas con 

Cd2
+ (cloroplastos ZCdso), la síntesis de novo de FQs no pudo ser detectada (Tabla 6.3.1). 

Para determinar la distribución intracelular de la PCS en Eug/ena y debido a la baja 

actividad de la enzima, fue necesario hacer un extracto enriquecido del estroma y eliminar 

la mayor parte de las FQs endógenas mediante una columna de exclusión molecular 

(Sephadex G25). A pesar de que este procedimiento no eliminó la totalidad de la PC2 

endógena, sí permitió determinar con mayor confianza la velocidad inicial para la PCS de 

Eug/ena gracilis, la cual fue lineal por 60 min (Figura 6.3.2). El mismo procedimiento 
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permitió medir la actividad en el extracto crudo (sonicado) y citosol (Tabla 63.2). La tabla 

6.3.2 también muestra la actividad de la GAPDH-NADP+ y GDH, enzimas marcadoras de 

estroma y citosol , respectivamente (Buetow, 1989), con el fin de determinar qué porcentaje 

de la PCS total está presente en el cloroplasto de Euglena. 

Con la actividad de la PCS en el extracto crudo y en el cloroplasto purificado, más la 

cantidad de clorofila por célula (55 IJg Chl/107 células) y la relación mg proteina/lJg Chl en 

cada fracción, pudimos determinar que el 39% de la actividad de la PCS se encuentra en 

el cloroplasto (Tabla 6.3.2). Es importante notar que los cloroplastos no presentaron 

contaminación significativa por el citosol (actividad nula de la GDH) , el cual seria la única 

fuente de contaminación para la actividad de PCS. Por otro lado, la elevada actividad de 

la GAPDH-NAOP+ encontrada en el citosol sugiere que una gran cantidad de cloroplastos 

se rompieron durante el proceso de sonicación; sin embargo, esto no afecta el cálculo del 

porcentaje de PCS en el cloroplasto debido a que la actividad se midió también en 

cloroplastos intactos después de ser purificados por un gradiente de Percoll. El hecho de 

haber encontrado una PCS en el interior del cloroplasto tiene implicaciones filogenéticas 

muy importantes, las cuales se discutirán en el apartado siguiente (ver capitulo 6.4). 

Distribución de tioles en complejos de alto y bajo peso molecular en el cloroplasto de 

Euglena gracilis 

Uno de los procesos clave para la inactivación y almacenaje del Cd2+ es la 

formación de complejos de alto peso molecular formados por tioles, Cd2+ y sulfuro; en 

plantas y algunas levaduras, la incapacidad de formar estos compuestos resulta en una 

hipersensibilidad a Cd2+ (Vande y Ow, 2000) Si la acumulación de Cd2
• en el cloroplasto 
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de Euglena esta relacionada con el mecanismo de resistencia, entonces se esperaria 

encontrar este tipo de complejos dentro del cioroplasto de Euglena. 

El fraccionamiento del estroma de cioroplastos ZCdso en compuestos de alto (>50 

kOa) y bajo «50 kOa) peso molecular permitió determinar que parte del Cd2+, sulfuro y 

FOs, los cuales son péptidos de muy bajo peso molecular « 2 kOa), se encontraban en la 

fracción de alto peso molecular (> 50 kOa, Fig. 6.3.3). La tabla 6.3.3 muestra que más del 

70% de las FOs se encuentran en la fracción de alto peso molecular, mientras que 

monotioles como y-EC y GSH se encuentran principalmente en la fracción de bajo peso 

molecular. Estos resultados sugieren que los complejos tiol- Cd2+-sulfuro de alto peso 

molecular están relacionados con la acumulación e inactivación del Cd 2+ en el cloroplasto 

de Euglena gracilis. 
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Pie de figuras 

Figura 6.3.1 Síntesis de fitoquelatinas en cloroplastos intactos y puros de Euglena gracilis. 

Cloroplastos control (5 mg proteína/mi) se incubaron por 60 min con CdCb 500 IJM, la 

reacción se detuvo acidificando con PCA 3% final, la proteína se eliminó por centrifugación 

y las fitoquelatinas se cuantificaron por RP-HPLC. El compuesto X no fue identificado, 

pero su concentración no varió por la exposición a Cd2
+. 

Figura 6.3.2 Velocidades iniciales de la PCS en extractos citosólicos de Euglena graci/is. 

Los cuadros representan la cantidad de PC2 en cada punto de Ila curva. a I'os círculos se 

les restó la cantidad de PC2 presente en el tiempo cero. 19.65 UA corresponden a 1 nmol 

de -SH. El inserto muestra el cromatograma con el cual se cuantificó la síntesis de PC2. 

Figura 6.3.3 Tioles solubles en ácido y contenido de Cd2
+ en las fracciones de alto y bajo 

peso molecular del' estroma. 

Cloroplastos ZCdso fueron solubilizados con Triton X-100 y fraccionados por ultrafiltración 

con un centricon (50 kDa). Ambas fracciones, de a'lto y bajo peso molecular. fueron 

analizadas por RP·HPLC y el Cd2+ se determinó por espectrofotometría de absorción 

atómica. 
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Tablas y Figuras 

Tabla 6.3.1 Síntesis de fitoquelatinas en cloroplastos control y ZCdso de Euglena gracilis. 

Cloroplastos control 

Cys 

GSH 

y-EC 

X 

PC2 

PC 3 

PC4 

Cloroplastos ZCdso 

Cys 

GSH 

y~EC 

X 

PC2 

PC3 

PC4 

-Cd + Cd 

nmoles -SH I mg proteina 

1.2 ± 0.2 1.2 ± 0.3 

0.13 ± 0.06 0.08 ± 0.03 

0.44 ± 0.1 0.42 ± 0.2 

0.03 ± 0.007 0.04 ± 0.02 

0.09 ± 0.01 
. 

0.18 ± 0.06 

0.02 ± 0.01 
. 

0.07 ± 0.02 

0.03 ± 0.006 0.036 ± 0.01 

2.4 ± 0.7 2.2 ± 0.5 

5.3 ± 2.6 4.9 ± 2.1 

4.7 ± 0.5 4.3 ± 0.7 

0.4 ± 0.08 0.36 ± 0.15 

2.9 ± 0.09 2.7 ± 0.2 

0.8 ± 0.1 0.9 ± 0.3 

0.1 ± 0.05 0.11 ± 0.06 

Promedio ± SO (n=3-4); * P<0.05 respecto al valor - Cd2
' Los cloroplastos intactos (-Cd) se incubaron por 

60 min con 0.5 mM CdCI2 (+Cd) y posteriormente se determinó el contenido de tioles por RP-HPLC. X, 
compuesto no identificado. 
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Tabla 6.3.2 Localización intracelular de la PCS de Euglena gracilis 

Fracción 
PCS GAPDH. NADP+ GDHnmoles mg proteína I 

pmoles min·' mg nmoles min·' mg·' min·' mg·' 1-19 Chl 
proteína·' 

Extracto crudo 2.47 23 ± 8 5.2 ± 0.9 0.154 ± 0.01 

(20.9 iJU/107 cels) (137 iJU/107 cels) 

01 orop la stos 1.81 15.4 ± 4 O±O 0.083 ± 0.009 
. 

(70.3 iJU / 55 iJgChl) (8.26 iJU /55 iJgChl) 

Citosol 37 .7 ± 6 634 ± 90 43.3 ± 9.7 23.7 ± 6 

La actividad de la PCS en cloroplastos corresponde al 39 % del total de acuerdo a los siguientes cálculos: la 
actividad de la PCS en cloroplastos se multiplicó por 0.083 para convertir las unidades a pg de Chl, 
posteriormente se multiplicó por 55 iJg de Chl/107 cels para obtener la activid'ad proporcional a todos .Ios 
cloroplastos de una célula . El mismo procedimiento se realizó para el sonicado. obteniendo el porcentaje de 
enzima asociada a cloroplastos. Excepto en la actividad de PCS en el extracto crudo (sonicado) y 
cloroplastos, todas las actividades son el promedio ± DE (n=3~) . 
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Tabla 6.3.3 Distribución de tioles en cloroplastos de Euglena gracilis expuestos a 50 I-IM de CdCI2. 

Cys y-EC + GSH X1 PC2 PC3 PC4 X2 pes X3 

nmol -SH / fraction 

Total 7.3 ± 0.8 18 ± 3.6 0.06 ± 0.01 0.86 ± 0.2 0.25 ± 0.04 0.87±0.1 0.45 ± 0.05 0.75 ± 0.2 0.26 ± 0.04 

HMWC 3.6 ± 0.5 3.3 ± 0.6 0.05 ± 0 .. 01 0.75 ± 0.2 0.23 ± 0.03 0.66 ± 0.06 0.45 ± 0.06 0.67 ± 0.2 0.24 ± 0.05 

(>50 kDa) (49 %) (18 %) (83 %) (87 %) (92 %) (75 %) (73 %) (89 %) (92 %) 

lMWC 3 ± 0.4 13.1±1.2 N.O. 0.03 ± 0.01 N.O. 0.12 ± 0.05 0.08 ± 0.02 N.O. N.O. 

«50 kDa) 

Cloroplastos ZCdso purificados con Percol! (8-10 mg; 5001-11) solubilizados con 0.2% Tritón X-100 y centrifugados 20 min a 

20 000 g. El sobrenadante se fraccionó con un Centricón (50 kDa). El concentrado se resuspendió en Tris 50 mM (pH 8.0) 

y se concentró por segunda vez. Ambas fracciones se analizaron por RP-HPLC. Los resultados son la media ± DE (n = 3) . 

Los números entre paréntesis representan el porcentaje respecto al contenido en el estroma. La recuperación fue del 85-

90%. El límite de detección fue 0.03 nmoles. X1, péptido-tiol no identificado que permanece constante con y sin Cd2
+. X2 y 

X3, péptidos-tioles no identificados sintetizados en respuesta a Cd2
+, presumibl.emente homo-fitoquelatinas. N.O., no 

detectado. 
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6.4 Origen filogenético de la fitoquelatina sintetasa de Euglena gracilis 

Las PCSs son enzimas que se encuentran en el citosol (Rea et al., 2004), por lo 

que el hallazgo de una PCS organelar tiene interesantes implicaciones filogenéticas. 

El phylum Euglenozoa, que incluye a los órdenes Euglenida (Euglena sp.) y 

Kinetoplastida (Trypanosoma sp.), presenta una historia evolutiva muy característica. 

Aparentemente, el organismo eucarionte progenitor del phylum se separó del tronco 

común muy temprano en la evolución, justo después de haber adquirido las mitocondrias 

por endosimbiosis primaria (Gray et al., 1989, Hannaert et al!., 2003). Posteriormente, y 

contrario al evento común de la adquisición del cloroplasto por una segunda endosimbiosis 

primaria, se llevó a cabo una endosimbiosis secvndaria. Esto es, un organismo eucarionte 

(del phylum Euglenozoa) tuvo una endosimbiosis con otro organismo eucarionte 

(posiblemente un alga verde) del cual conservó principalmente el cloroplasto. Una 

evidencia de este proceso es la estructura atípica del cloroplasto de E. gracilis, el cual 

presenta 3 membranas además de las tilacoidales (Buetow, 1989). Durante este proceso 

se llevó a cabo una transferencia de genes del cloroplasto al genoma nuclear, un proceso 

bastante común tanto para mitocondrias como para cloroplastos (Gray et al., 1989). 

Una diferencia entre los ordenes Euglenida y Kinetoplastida es que éste último 

perdió el cloroplasto pero conservó genes exclusivos de organismos fotosintéticos, 

además de desarrollar un organelo muy característico, derivado de los peroxisomas, 

denominado glicosoma, e'l cual es de vital importancia para el metabolismo de este 

organismo (Hannaert et al.,2003). La figura 6.4.1 muestra un árbol filogenético ilustrando 

estos eventos. Los organismos del orden Kinetoplastida son de relevancia clínica y, en el 

caso de Trypanosoma brucei y T. cruz;' sus respectivos genomas están prácticamente 

secuenciados (httQ:I/www.tigr.org) . Un análisis de la base de datos de estos organismos 
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mostró que no hay g'enes homólogos de pes lo cual sugiere que: (1) el phylum 

Euglenozoa NO tenía el gene de la PCS antes de la adquisición del cloropl'asto, y por lo 

tanto adquirió éste del alga clorofita endosimbionte y (2) el orden Kinetoplastida no solo 

perdió el cloroplasto, sino algunos genes incluyendo el de la PCS. El hecho de haber 

encontrado actividad de PCS en el cloroplasto de E. gracilisapoya la idea de que esta 

enzima provino del alga endosimbionte . 

A pesar de que esta hipótesis podría explicar el origen de la pes de cloroplasto, 

quedaría incompleto el origen de 1a PCS en el citosol, el cual podría ser el resultado de 

una duplicación de genes (genes ortálogos) aunado a la pérdida del péptido de tránsito 

que dirige a la enzima al cloroplasto. En relación a ésto, en el alga verde Chlamydomonas 

reinhardtii, la cual tampoco tiene una vacuola tipo planta, el Cd2
+ también se acumula en eli 

cloroplasto (Nagel et al., 1996) Y dentro de él se han encontrado compuestos similares a 

Fas (Nagel et al., 1996); sin embargo, no se conoce aún si dentro del cloroplasto de esta 

clorofita existe una pes. 

Además del origen filogenético, los resultados obtenidos sobre la caracterización 

funcional de la enzima nos permiten hacer Lln análisis función-estructura de la pes de E. 

gracilis. 

Las Fas fueron identificadas por primera vez en levaduras (S. pombe) y 

originalmente se les denominó cadistinas (Kondo et a., 1984). Hasta 1988 se identificaron 

compuestos homólogos a los cuales se les denominó Fas (Grill et al., 1988). Por una 

razón no muy clara, tal vez debido al mayor avance en el campo de las plantas que en el 

de las levaduras, el nombre que predominó en la literatura científica para estos 

compuestos fue Fas, el cual tiene un prefijo claramente erróneo si el término también se 

aplica a levaduras o a otros organismos 
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Figura 6.4.1 Árbol filogenético ilustrando la historia evolutiva del phylum Euglenozoa 

(tomado de Hannaert et al., 2003). 

De cualquier manera, una vez detenninada su estructura primaria I(y-Glu-Cys)n-

Gly], donde n = 2-11, la cual guarda semejanza con el GSH, se sugirió que estas 

moléculas eran sintetizadas por una enzima a I'a cual se le denominó fitoql.lelatina 

sintetasa (revisado por Rea et al., 2004). La PCS de plantas (Si/ene cucuba/us) se purificó 

y caracterizó en 1989 (Grill et al., 1989) y los genes, tanto de S. pombe como de plantas, 

se clonaron a partir de 1999 existiendo hasta la fecha al menos 5 secuencias reportadas 

(Rea et al., 2004). Una caracterización cinética mas profunda llevó a la conclusión de que 

la PCS es una dipeptidiltranspeptidasa cuya reacción se muestra en la figura 6.4.2A, yel 

ciclo catalítico propuesto en la figura 6.4.28; nótese que durante la síntesis de una FQ se 

libera una Gly y por lo tanto se genera un intermediario des-Gly, que en el caso de que el 
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donador del grupo y-EC fuera GSH, sería y-EC y en el caso de que el donador fuera otra 

FQ el intermediario sería una des-Gly-FQ. 

La era post-genómica y la biología molecular han hecho posible dos hallazgos 

importantísimos para el origen y función de las PCS: (1) se clonó y se determinó que el 

gusano Caenorhabdifis elegans, un nematodo marino, posee una PCS funcional y (2) la 

cianobacteria Nosfoc sp. contiene un gen homólogo, pero incompleto (correspondiente al 

extremo amino terminal de las PCS "canónicas"), el cual se ha sugerido como el ancestro 

de la enzima y que proviene, por cierto, de un organismo fotosintético relacionado con el 

origen del cloroplasto. 

La figura 6.4.3 muestra un esquema que compara diferentes secuencias de PCSs 

haciendo especial énfasis en los aminoácidos esenciales para la catálisis y las diferencias 

entre secuencias a nivel del carboxilo terminal. Varios experimentos nos permiten hacer 

inferencias respecto a la estructura-función de la PCS de Euglena. Los fragmentos de la 

secuencia AtPCS1 denominados PCS_Nt1 y PCS_Nt2 son fragmentos proteolíticos de la 

secuencia original AtPCS1 con un carboxilo terminal más corto (Ruotolo et al., 2004). 

Estos fragmentos son capaces de sintetizar FQs pero solo de cadena corta (n=2-3) e 

incapaces de sintetizar FQs de cadena larga (> 4). Por otro lado, la proteína codificada 

por el gen Alr0975 de Nosfoc sp., cuyo carboxilo terminal esta ausente, preferentemente 

hidroliza GSH a y-EC + Gly mientras que la síntesis neta de FQs es muy ineficiente 
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al.,2004). 
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Estos resultados sugieren que el segmento amino terminal de la PCS está 

relacionado con la catálisis e hidrólisis, mientras que el segmento del carboxilo terminal 

está relacionado con la longitud de las FQs sintetizadas (Ruotolo et al., 2004). Hay que 

mencionar que la síntesis de FQs de cadena larga en plantas puede llevarse a cabo en 

horas, y su acumulación depende de los días de exposición a Cd2
+. 

A Cys!'G Hi6'Cl ~'N . I_ .• L.I._. __ 
AtPC$1 

SpPCS "'_1 ¡ 14; ! 1 
_ •• __ u 

o!I 14 

CePCS1 -.... ~._.I ... I .. I¡ 
AlPCS1 _. ___ 111111 312 

AtPCS1 I 1I 11 • 283 

AJrOi75 242 

~----------------~I I~----------~~--------
Con&ef'tled N-tenninal d:Jmain Variable C-!errnioBI oomai1 

Figura 6.4.3 Estructura de diferentes fitoquelatina sintetasas con énfasis en los 

aminoácidos esenciales del sitio activo y el. dominio carboxilo altamente variable entre 

secuencias (tomado de Rea et al. ,2004) 

La figura 6.4.4 muestra la síntesis de FQs en E. gracilis después de ocho días de 

exposición a diferentes concentraciones de Cd 2
+. Es notable que aún después de 8 días 

de exposición a Cdr2
+ las FQs de mayor abundancia sean de cadena corta (2-3). Por otro 
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lado, utilizando extractos de E. gracilis, hemos hecho experimentos en condiciones de 

síntesis de FQs para detectar hidrólisis de GSH y en ningún caso hemos detectado 

formación de y-ECo Estos resultados sugieren que 'la PCS de Euglena tiene 

mayoritariamente actividad de PCS, por lo que debe tener un carboxilo terminal similar a 

plantas, pero lo suficientemente distinto como para sintetizar preferentemente FQs de 

cadena corta. 
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Figura 6.4.4 Síntesis de fitoque!latinas en Euglena graci/is después de 8 días de 

e~posición a diferentes concentraciones de Cd 2
+. 

106 



6.5 Caracterización de los complejos tiol-Cd2
+ -sulfuro (HMWC) en Euglena gracilis * 

Como se revisó en los capítulos 2 y 6, un proceso indispensable para la inactivación 

del Cd2
+ es la formación de complejos de alto peso molecular formados por tioles, Cd2

+ y 

sulfuro (HMWC), alrededor de un núcleo de sulfuro de cadmio (CdS; Figura 6.5.1). En 

plantas y algunas levaduras como S. pombe y C. glabrata, estos complejos se localizan 

principalmente en la vacuola (Barbas et al., 1992; Speiser et al., 1992; Vande y Ow, 2000). 

Su formación aparentemente es no-enzimática y pueden formarse in vitro por la simple 

combinación de sus componentes (Cd2
+, tioles y sulfuro); sin embargo, in vivo son 

necesarias dos enzimas relacionadas con la síntesis de purinas: la adenilosuccinato 

sintetasa y la succinoaminoimidazol carboximida sintetasa, las cuales pueden utilizar un 

análogo del aspartato, sulfinato de cisteína, para transferir el sulfuro a los complejos 

(Juang et al., 1993). Otra característica importante de estos complejos es que, en plantas 

y S. pombe, los HMWC están formados únicamente por Cd2
+, sulfuro y Fas, mientras que 

en C. glabrata otros tioles (monotioles), como y-EC y GSH, pueden incorporarse en los 

complejos. Se ha demostrado que la composición de tioles esta relacionada con la 

estabilidad de los HMWC. Los complejos que incluyen monotioles resultan ser mucho 

más inestables fuera de la célula que los complejos formados sin monotioles (Oameron et 

al., 1989). 

Ya demostramos que en el cloroplasto de Euglena los tioles y el Cd 2
+ se encuentran 

en la fracción de alto peso molecular de,1 estroma; sin embargo, su estructura y 

composición no se ha determinado. 

* En este trabajo participaron: Meridoza-Cózatl D, Mendoza-Hernández G y Moreno

Sánchez R. 
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Además, dos observaciones hacen suponer que estos comp'lejos NO son idénticos a los 

reportados para plantas y levaduras: (1) su localización intracelular, pues las condiciones 

del cloroplasto son muy diferentes a la vacuola respecto al pH y disponibilidad de tioles (a t 

contrario del cloroplasto, en la vacuola prácticamente no hay GSH) y (2) la cuantificación 

de tioles solubles en ácido en Euglena, tanto en células como en cloropl'astos, ha 

mostrado que respecto al total de tioles, la mayor parte son monotioles (Cys, y-EC y GSH) 

y solo una fracción menor corresponde a FOs. Por lo tanto, sí la formación de los HMWC 

es no-enzimática, esperar,íamos que la composición de los HMWC de Euglena fuera más 

parecida a C. glabrata que a plantas y S. pombe. 

En el siguiente trabajo, purificamos los HMWC de Euglena para determinar sus 

propiedades fisicoquimicas tales como peso molecular, propiedades ópticas, composición 

de péptidos y aminoácidos así como la estequiometría tiol'-Cd2
+ -sulfuro, I!a cual será 

definitiva para establecer si estos complejos están relacionados con la inactivación del 

Cd2
+ en E. gracilis. 

Debido al bajo rendimiento en la obtención de cloroplastos puros e intactos, se 

decidió como una primera aproximación, que la purificación de los HMWC de Euglena se 

realizara a partir de células enteras. Puesto que ,la mayor parte del Cd2
+ y FOs se 

encuentran en el interior de este organelo, la información obtenida de células enteras sería 

un reflejo de los HMWC formados dentro del cloroplasto. 

Material y Métodos 

Purificación de los HMWC de Euglena 

Los HMWC se purificaron de acuerdo a la técnica reportada por Grill et al. (1991) 

partiendo de citosol obtenido de células cultivadas por 8 días con 50 IJM CdCI2. El citosol 
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se obtuvo por sonicación exhaustiva de las células (hasta que el 90 % de las células 

fueran rotas) y centrifugación a 225 000 x g por 60 mino Todos los buffers usados durante 

la purificación fueron previamente saturados con N2. El citosol se cargó en una columna 

de DEAE (1.5 x 25 cm; DEAE-Biogel) equilibrada con Tris 10 mM pH 8.0 (Buffer A) a un 

flujo de 200 mi/h. Una vez cargada la muestra, la columna se lavó con 50 mi de Buffer A. 

Los compuestos unidos se eluyeron en un solo paso con NaCI 0.5 M en el buffer A. Toda 

la proteína fue colectada y llevada a 80% de saturación con (NH4hS04 (0.6 g/mi de 

eluado). La proteína precipitada se removió por centrifugación a 9000 x g por 10 min y el 

sobrenadante se diluyó 1:1 con buffer A y posteriormente se concentró con un Amicon (10 

kDa) hasta 1 mI. El concentrado final se sometió a una cromatografía de filtración en gel 

(Sephacryl S-200, 1.7 x 56 cm) a un flujo de 60 ml/h, colectando fracciones de 4 mI. Las 

fracciones con absorbencia (280 nm) se colectaron y liofilizaron para posterionnente ser 

analizadas por RP-HPLC y detenninar el contenido de tioles, Cd2
+ y sulfuro de la misma 

manera que lo reportado previamente (Mendoza-Cózatl y Moreno-Sánchez, 2005). El 

rendimiento a partir de 2.8 x 108 células (1.7 g de peso húmedo) fue de 7 mg de HMWC. 

Caracterización de los HMWC de Euglena gracilis 

La composición de aminoácidos de los HMWC (1 mg) se llevó a cabo después de 

mezclarlos con Hel 1 N, e hidrolizarlos a 10QoC durante 24 h Y posteriormente 

derivatizarlos con fenilisotiocianato. La separación y cuantificación se llevó a cabo por RP

HPLC. La Cys se modificó con poliacrilamida o se cuantificó con 1 mM de DTNB en un 

buffer de Tris 50 mM, 10 mM EGTA pH 8.0 usando un ETNB 13,600 M·1 cm·1 a 412nm. 
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Marcaje de HMWC con 109Cd2
+ 

HMWC (30 I-Ig) fueron incubados con 75 I-ICi de 109CdCI2 durante 30 min a 4 oC en 

un buffer con 50 mM Tris pH 8.0, previamente saturado con N2• en un volumen final de 30 

1-11. Los HMWC marcados se analizaron en un gel de poliacrilamida (10%) desnaturalizante 

(0.1 % SOS) en condiciones no reductoras de acuerdo al método de Laemmli (1970). 

Medición de proteína 

Debido a que las FQs no dan señal por los métodos tradicionales (Bradford o 

Biuret), la proteína se cuantificó por el método de Murphy y Kies (1960) midiendo la 

absorbencia del enlace peptídico (Abs215nm-Abs225nm) y usando BSA como estándar. 

Resultados y Discusión 

La figura 6.5.2 muestra el peso molecular nativo de los HMWC de E. gracilis (148 ± 

25 kDa; media ± DE, n =3) los cuales se purificaron como un compuesto homogéneo a 

juzgar por el perfil cromatográfico (Fig. 6.5.2, inserto), sugiriendo que en Euglena solo hay 

una especie molecular de HMWC. El análisis espectrofotométrico de los HMWC mostró 2 

máximos de absorción, uno a 220 nm (enlace peptídico) y otro a 254 nm (enlace tiol-Cd; 

Fig.6.5.3). La acidificación de los HMWC con HCI (10% concentración final), indujo una 

reducción en la absorbencia a 254 nm pero no la de 220 nm, lo cual es consistente con la 

idea de que el Cd2
+ está unido, al menos parcialmente, a través de grupos tioles. La 

acidificación induce la protonación del grupo tiol desplazando al Cd2
+, reduciendo así la 

absorbancia a 254 nm (Dameron et al., 1989; Barbas et al., 1992). No se observaron 

hombros a 280 nm, lo que indica poca o nula contaminación por proteínas (con 

aminoácidos aromáticos). Un análisis adicional de los HMWC por SDS-PAGE (10%, no

reductor) teñido con azul de Coomassie. tampoco reveló contaminación por proteínas (Fig. 
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6.5.4A); sin embargo, cuando se marcaron HMWC con 109Cd2+, estos revel'aron un 

compuesto de más de 100 kDa (Fig. 6.5.48). Si bien el peso molecular no corresponde 

con aquel determinado por filtración en gel (148 kDa), desconocemos la estabilidad de los 

HMWC fuera de I'a célula y además, desconocemos su comportamiento en un campo 

eléctrico, por 'lo que el menor peso puede corresponder a HMWC parcialmente disociados. 

El análisis por RP-HPLC mostró que los HMWC de Eug/ena están formados 

principalmente por monotioles (Cys + y-EC + GSH = 74.8%) Y solo un 15 % por FQs (Fig. 

6.5.5). Los HMWC de Eug/ena contienen una elevada cantidad de S2- , la cuali junto con el 

Cd2+ determinado en los complejos da una relación S2-/Cd2+ de 1.87 (Tabla 6.5.1). Esta 

relación es semejante a la reportada en plantas y S. pombe (Speiser et al., 1992). Por otro 

lado, la relación -SH + S2- /Cd~+ fue de 3.41 (Tabla 6.5.11 ), un valor superior all encontradol 

en algunas plantas (-SH + S2- /Cd2+ = 1.18 para maíz) y similar a lo reportado para S. 

pombe (-SH + S2- /Cd2+:: 4) (Speiser et al., 1992). Los resultados sugieren que, al igual 

que en plantas y algunas levaduras,los HMWC de Eug/ena están relacionados con la 

inactivación-acumulación de Cd2+. 

Por otro lado, la composición de aminoácidos de los HMWC reveló que el 72.4 % de 

los HMWC están formados por Glu, Cys, Gly, Ser y Ala, los cuales pueden pertenecer a y

EC, GSH, homo-glutatión y FQs (Tabla 6.5.2). Sorprendentemente, el Asp constituyó un 

19 % de los aminoácidos totales, un porcentaje muy superior al contenido promedio de 

este aminoácido en una proteína (5%; Lehninger et al., 2000) para sospechar de una 

posible contaminación. Al momento desconocemos el origen de este aminoácido y/o si 

forma parte de los complejos como aminoácido libre. 

Los HMWC de plantas y S. pombe tienen un peso molecular de entre 10-30 kDa, se 

encuentran principalmente en la vacuota y están formados exclusivamente por Cd2+, 
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sulfuro y FQs (Speiser et al., 1992). Los HMWC de C. glabrafa pueden contener, además 

de FQs, monotioles tales como y-EC y GSH (Dameron et al., 1989). Aparentemente, la 

incorporación de estos monotioles disminuye la estabilidad a los complejos (Dameron et 

al., 1989). Al igual que los complejos de C. glabrafa, los HMWC de Euglena contienen 

cantidades significativas de monotioles (74.8%) y al igual que en esta levadura, los HMWC 

de Euglena son inestables tal y como lo muestra la electroforesis no reductora (Fig. 6.5.4 

A-B). 

Por otro lado, en S. pombe y C. glabrafa se ha demostrado que los HMWC se 

forman alrededor de un núcleo de CdS, y dependiendo del tamaño del cristal, los HMWC 

pueden mostrar transiciones electrónicas en longitudes de onda cercanos al ultravioleta 

(300-330 nm, Barbas et al., 1992). Un núcleo de CdS de 20 A de diámetro, formado por 

aproximadamente 85 moléculas de CdS, presenta una transición a 316 nm (Barbas et al., 

1992). Debido a que los HMWC de Euglena no presentan ninguna transición en 

longitudes mayores de 300 nm, podemos concluir que el núcleo de estos complejos es 

menor a 20 A (Fig. 6.5.3) 

Nosotros hemos demostrado que en Euglena, la mayor parte de las FQs se 

encuentran en el cloroplasto y que dentro de este organelo, más del 80% se encuentran 

como complejos de alto peso molecular (Mendoza-Cózatl et al., 2002; ver capitulos 2 y 

6.1). Los HMWC caracterizados en este trabajo se purificaron a partir de células enteras, 

si bien no podemos decir que la totalidad de los complejos estén en el cloroplasto, si 

podemos sugerir que la mayor parte de ellos esta en este organelo y, por otro lado, debido 

a que los HMWC se obtuvieron como un solo compuesto homogéneo (Fig. 6.5.2, inserto), 

podemos decir que en Euglena hay un solo tipo de HMWC. 
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Independientemente de si los HMWC de Euglena se forman en el citosol o en el 

cloroplasto, cabe señalar que ambos compartimentos tienen características que difieren 

significativamente de las condiciones en la vacuola, principalmente en valores de pH y 

disponibilidad de monotioles (en la vacuola no hay cantidades significativas de GSH). 

Además de la diferencia en el tamaño del núcleo de CdS, los HMWC de Euglena también 

difieren significativamente de los encontrados en plantas y levaduras respecto al peso 

molecular, composición de péptidos y aminoácidos. Estas diferencias pueden deberse a 

la disponibilidad de tioles y las condiciones del compartimento celular donde se forman. 
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Pies de figura 

Figura 6.5.1 Estructura propuesta para los HMWC formados por Cd2
+, FQs y sulfuro de 

plantas. Este tipo de estructura se formaría alrededor de un núcleo de CdS (Tomado de 

Pickering et al., 1999). 

Figura 6.5.2 Determinación del peso molecular de los HMWC de E. gracilis utilizando una 

columna de exclusión molecular Sephacryl S-200 (1.7 x 56 cm). Los estándares utilizados 

se muestran en círculos abiertos y el número se refiere al peso molecular. El coeficiente 

de distribución (Kav) se determinó de acuerdo a la fórmula Kav = Ve-VoNt-Vo, donde Ve es 

el volumen de elución del compuesto de interés, Vo es el volumen vacío (60 mi 

determinado con Azul Dextran) y Vt el volumen total (127 mi). 

Figura 6.5.3 Propiedades ópticas de los HMWC de Euglena gracilis. 

Figura 6.5.4 SDS-PAGE no-reductor de los complejos de alto peso molecular de E. 

gracilis. 

(A) 20 ~g de proteína de los HMWC se analizaron en un gel de poliacrilamida (10%) sin ~-

mercaptoetanol, se incluyeron 20 ~g de proteína de citosol como control positivo. (8) 

Radioblott de I'os HMWC de Euglena, 20 ~g de proteína de los HMWC se incubaron con 

75 iJCi de 109CdCh y se separaron de la misma manera que en el inciso A. 

Figura 6.5.5 Perfil de RP-HPLC de los compuestos tioles de los complejos de alto peso 

molecular purificados a partir de células cultivadas con CdCI2 50 pM durante 8 días. 
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Tablas y Figuras 

Tabl'a 6.5.1: Contenido de tioles, sulfuro y Cd 2
+ de los complejos de arto peso molecular 

purificados a partir de células cultivadas con 50 iJM de CdCI2 

Cys y~EC + GSH PCs 

6.4 

(%) 

68.4 25.1 

Promedio de dos determinaciones 

-SH 

nmoles I mg proteina HMWC 

67.7 126.7 105.7 3.41 

Tabla 6.5.2 Composición de aminoácidos de los complejos tio'I-Cd2
+ -sulfuro de E. gracilis 

(1 mg proteína) purificados a partir de células cultivadas con 50 iJM de CdCb. 

Aminoácido Contenido Intracel,ular Contenido Porcentual 

(nmoles I mg HMWC) Observado 

Glu 21.1 27.9 

Cys 25.09' (0.63) 33.2 

Gly 5.4 7.1 

Ser 0.62 0.82 

Ala 2.56 3.39 

Asp 14.4 19 

Thr 1.4 1.8 

Tyr 1.36 1.8 

Pro 1.1 1.4 

Val 0.95 1.3 

Phe 0.8 1.5 

lIe 0.68 0.9 

Determinado con DTNB, el número entre paréntesis fue el encontrado por derivatización con 

fenilisotiocianato. La determinación de aminoácidos solo se ha llevado a cabo una vez. 
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Capitulo 7 Capacidad de biorremoción de cadmio, zinc y plomo por Euglena gracilis 

Hasta este punto, la tesis presentada se ha centrado en el mecanismo bioquímico 

por el cual E. gracilis resiste y acumula cantidades significativas de Cd2
+. Si bien se han 

cumplido los objetivos planteados al inicio de la tesis, queda incompleta la información 

acerca de qué tan factible es el uso de este organismo en procesos de biorremoción de 

metales de cuerpos de agua. Este es un problema común cuando se trata de hacer una 

conexión entre ciencia básica y aplicada. No necesariamente debe haber una conexión 

entre ambas, pero sería ideal que el avance en ciencia básica tuviera un uso inmediato en 

la ciencia aplicada. El siguiente trabajo hace precisamente esta conexión. A pesar de no 

estar incluido en los objetivos planteados al inicio de la tesis, el trabajo establece una 

relación entre el mecanismo de resistencia-acumulación de Cd2
+ en E. gracilis y la 

viabilidad de este organismo para ser usado en procesos de remoción de metales de 

sistemas acuosos. Además, no solo determina la capacidad de Euglena para remover 

Cd2
+, adicionalmente analiza cómo otros metales usualmente presentes en aguas 

residuales, como zinc y plomo, pueden afectar esta capacidad de remoción. Por estas 

razones, procedimos a desarrollár el siguiente trabajo como parte del trabajo de tesis. 

P 121-151 Archives of Environmental Contamination and Toxicology 

(enviado para su evaluación) 
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Abstraet 

The ability of Euglena gracilis to simultaneously remove and accumulate Zn2
+, Cd2 + 

and Pb2
+ from the culture media was evaluated. E. gracilis was able to remove up to 

80% of the Cd2
+ present in the medium when cultured with 20 or 50 JlM CdC12. 

Higher external Cd2
+ eoncentrations inereased Cd2

+ accumulation per cell but 

decreased the cell density, thus diminishing the capacity of the cell culture to remove 

Cd2
+. E. gracilis removed 60% of the Zn2 + present in the medium when cultured with 

5 to 50 JlM ZnS04. Zn2
+ did not affect the Cd2 + removal capacity. E. gracilis was 

much less efficient in removing Pb2
+ « 20%) when cultured with 100 or 200 JlM 

Pb(N03)2. Moreover, Pb2 + decreased the efficiency to remove Cd 2 +; Pb2 + did not 

affect Zn2
+ removal. Cd2

+ induced a generalized increase in the cellular thiol

compounds, including phytochelatins, and Pb2
+ had an additive effect only at 200 JlM. 

Zn2
+ did not stimulate phytochelatin synthesis. Cd2

+ and Pb2
+ co-Iocated in the 

cytosol at the same high-molecular weight fraction. As Pb2
+ is a weak phytochelatin 

inducer, competition .between Pb2 + and Cd2+ for transportation across the plasma 

membrane and binding to phytochelatins and other thiol-compounds is proposed to 

explain the detrimental effects of Pb2
+ on the Cd2

+ removal capacity of E. gracilis. 



Introduction 

Industrial activity and the inappropriate disposal of residues have turned heavy 

metal pollution in a serious environmental problem. Removal of heavy metals from 

polluted waters by the use of plants and microorganisms, a process called 

"bioremediation", is an expanding technology with several advantages over physical 

remediation methods (Salt et al., 1995; Dhankher et a., 2002). Thus, several works 

have studied the ability of bacteria, plants, yeast, and micro- and macro-algae to 

tolerate, bind and accumulate heavy metals (Trevors et al., 1996; Salt et al., 1995; 

Nedelkoska and Doran, 2000; Hamdy, 2000; Dhankher et a., 2002). 

Euglena gracilis is a photosynthetic, free-living, unicellular protist with high 

resistance to heavy metals such as Hg2 + , Cd 2
+ , Cr6 + and Pb2

+ and several groups 

have characterized some of the biochemical mechanisms involved in this process 

(Bariaud et al., 1985; Coppellotti, 1989; Navarro et al., 1997; Devars et al., 1998; 

Devars et al., 2000; Cervantes et al., 2001; Einicker-Lamas et al., 2003) . For 

instance, a decreased Cd 2
+ uptake accounts for the differential Cd2

+ sensitivity in 

resistant and sensitive strains of photosynthetic E. gracilis (Bariaud et al., 1985; 

Devars et al., 1998) . Also, enhanced content of thiol-compounds (Cys, glutathione, 

and phytochelatins) together with active intracellular compartmentation into 

chloroplasts and mitochondria has been described for Cd 2
+ resistance in E. gracilis 

(Mendoza-Cózatl et al., 2002; Avilés et al., 2003) . Volatilization and increased levels 

of glutathione were also described for Hg 2
+ resistance in E. gracilis (Devars et al. , 

2000). 



In addition to high Cd 2
+ resistance (lCso = 100 J.lM for photosynthetic strain Z; 

Devars et a., 1998), high Cd 2
+ accumulation capacity has also been reported for E. 

graci/is: heterotrophic cells exposed to 200 J.lM CdCI2 for 96 h accumulated 11.2 9 

Cd2
+ I Kg dry weight (1.1 %) (Avilés et al., 2005) . Therefore, E. graci/is may be a 

suitable model for bioremediation of heavy metal-polluted water bodies (Devars et al., 

1998; Mendoza-Cózatl et al., 2002) . However, few works, if any, have determined 

the ability of E. gracilis to remove heavy metals from aqueous solutions, either 

synthetic or natural wetlands. Furthermore, most of the experiments related to heavy 

metal removal using free-living organisms have been performed with only one heavy 

metal (Kaplan et al., 1995; Carr et al., 1998; Matsunaga et al., 1999). 

Although necessary as a first step to characterize the utility of a given organism 

for bioremediation of one particular heavy metal, it should be recall that polluted 

waters usually contain a mixture of heavy metals, which may compete with each 

other for binding and transportation into the cell (Guerinot, 2000; Williams et al., 

2000). In addition, cells may use different resistance mechanisms, depending on the 

heavy metal and its concentration. Thus, the presence of a given heavy metal may be 

detrimental for the detoxification of another one, affecting the ability of an organism 

to accumulate both heavy metals, simultaneously. On the contrary, exposure to a 

given heavy metal may stimulate the response against oxidative stress or exposure to 

another toxic heavy metal , improving thei r overall performance (i. e., growth) under 

unfavorable conditions (Devars et al., 1998; Tsuji et al. , 2002) . 

In the present work the ability of E. gracilis to remove Cd 2
+ , Zn 2

+ and Pb2
+ , 

separately or in combination from the culture medium was assessed . As the content 

4 



:"~~!; a .. ' 

01 thiol-compounds is directly reJated to Cd 2 • resistance and accumulation capacity in 

E. gracilis (Coppellotti, 1989; Devars et al.. 1998; Mendoza-Cózatl et aL, 200 2; Avilés 

et aL, 2003). the different acid-soluble thiol-compounds (cysteine, y-glutamylcysteine, 

glutathione, phytochelatinsl were also analyzed t o determine whether Zn2~ and Pb2+ 

have an additive effeet on the glutathione-phytochelat in synthesis pathw ay or t hey are 

detox ified by different mechanisms. 

Material and Methods 

Cell culture and growth condit ions 

Axenic cultures of Euglena gracilis Klebs (strain Z) were grown under 

photoheterotrophic conditions with a light/dark cycle of 12 h, as described by Devars 

et al. (1998). Cultu res were initiated with a cel! inoculum of 0.4 x 106 cells/ml. CdCI2, 

ZnS04 and Pb(N03h were added f rom sterite stock solutions. When Zn2
+ 

concentration was modified, sulfate was maintained constant in the culture (2 .7 mM) 

by adding H2S0, before adjusting the final pH value of the medium (pH 3.5). Growth 

was determined by counting cells from culture aliquots in a Neubauer chamber, after 

appropriate ditution and immobilization with HCI. Cell viability, measured by the 

trypan blue method (described in Devars el al., 1998), was always higher than 90%. 

Cells were harvested at the eight day 01 culture (early stat ionary phase for control 

cells) by centrifugation al 1 000 x 9 for 10 min (4°CI and washed twice w ith 50 mM 

Tris-HCI, pH 8.0. The pellet was finally re-suspended in a small volume of ice-cold 

Tris buffer, cells were counted and aliquots were frozen at -70°C for later 

determinations of chlorophyll, metal content and acid-soluble thiol-compounds. 



Protein and Chlorophyll determination 

Protein was determined by the Biuret method using bovine serum albumin as 

standard; turbidity was eliminated by centrifugation at 2 000 x 9 for 5 mino 

Chlorophyll was determined as described by Devars et al. (1998). Heavy metals at 

the concentrations tested showed no effect on the protein and chlorophyll 

measurements (Mendoza-Cózatl et al., 2002) . 

Cadmium, Zinc and lead determination 

Content of heavy metals in acid-digested cells (107-108 cells) was determined 

by atomic absorption spectrophotometry in a SpectrAA 640 (Varian Australia Pty 

Ltd.) spectrophotometer as described by Devars et al. (1998) . To determine the 

amount of Cd2
+ bound to the external cell surface, half of the harvested cells were 

washed twice with a chelating buffer containing 50 mM Tris, and 10 mM EGT A 

(ethylene glycol-bis(¡3-aminoethyl ether)-N,N,N',N'-tetraacetic acidl. pH 8.0. The 

difference in cadmium content between cells washed with and without EGT A was 

considered as Cd2
+ bound to the external cell surface. Washing cells with buffer 

containing 1 mM DTT (DL-dithiotreitol) instead of EGTA yielded similar results. 

Bioremoval capacity 

To determine the removal capacity of E. gracilis, aliquots were withdrawn from 

the culture medium before addition of the initial cell inoculum and from the cell-free 

medium after 8 days of culture U.e., supernatant of the first low-speed centrifugation 

step during the cell harvesting) . Then , the metal content in both samples was 

determined and the difference was considered as the bioremoval capacity . Negligible 
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amounts of Cd2
+ , Zn2

+ or Pb2
+ were adsorbed into the glass walls of the culture flasks 

used in the removal experiments. Since E. gracilis lacks a cell wall and negligible 

amounts of heavy metals are bound to the cell pellicle, bioremoval capacity may also 

be calculated from the cell growth and metal content in harvested cells . The two 

above-described approaches yielded similar values . 

Content of acid soluble thiol-compounds 

Cellular contents of cysteine (Cys), y-glutamylcysteine (y-EC) , reduced 

glutathione (GSH) and phytochelatins (PCs) were determined by reverse phase-HPLC 

coupled to post-column derivation with DTNB (Ellman . s reagent) as described 

previously (Mendoza-Cózatl and Moreno-Sánchez, 2005) . Aliquots of 107 cells (in 

900 Jil) were acidified with 3% perchloric acid (final concentration), mixed vigorously 

for 30 s and cell debris was removed by centrifugation at 20 000 x 9 for 5 mino AII 

samples were filtered through MillexMA-Millipore filter devices (0.45 Jim) prior to 

analysis by HPLC (50 Jil injection loop). Appropriate standards were used to identify 

the thiol-compounds. 

Gel filtration chromatography 

A soluble cellular fraction was generated by 3 consecutive freeze-thawing 

cycles of a suspension of approximately 1 x 108 cells in 2 mi of Tris-HCI buffer with 

0.2 % Triton X-lOO, pH 8 .0 (saturated with N2). Cell debris was removed by 

centrifugation at 20 000 x 9 for 20 min o Soluble fractions from control cells, cells 

grown in the presence of 50 JiM CdCI2, and cells grown with 50 JiM CdCI2 plus 200 

JiM Pb(N03)2 were separated in al . 7 cm x 54 cm Sephacryl S-200 column 

(Amersham Biosciences) equilibrated w ith 50 mM Tris-HCI pH 8 .0 (previously 
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saturated with N2) at a flow rate of 0.8 ml/min . Column was calibrated with the 

standards supplied by Amersham 8iosciences : Dextran blue (void volume, 2 000 

kDa). Aldolase (158 kDa). Ovoalbumin (43000). Quimiotripsinogen (25 kDa) and 

vitamin 8'2 (1.3 kDa). Fractions of 4 mi were collected for determination of metal 

content and HPLC analysis. Zinc, cadmium and lead were determined by atomic 

absorption spectrophotometry in samples previously treated with perchloric acid (3 % 

final concentration) and centrifuged to discard protein. For HPLC analysis, the 

indicated fractions were pooled and concentrated to a final volume of 1 mi by ultra

filtration through an Amicon filter membrane (Millipore, 30 kDa). The concentrated 

solution was extensively reduced with 1 mM DTT (final concentration) for 20 min at 

room temperature, acidified with 3 % perchloric acid, centrifuged and then analyzed 

by HPLC (200 JlI injection loop) for determination of the thiol-compounds as described 

previously (Mendoza-Cózatl and Moreno-Sánchez, 2005). 

Results 

Cadmium uptake and remo val 

E. gracilis growth after 8 days of culture (early stationary growth phase) was 

significantly diminished by Cd2
+ concentrations higher than 20 JlM (Table 1); at 20 JlM 

or lower Cd2
+ concentrations no effect on growth was observed. Cell viability was, in 

all cases, higher than 90% (data not shown) . The protein content was not affected 

by Cd2
+ concentrations of 5 up to 50 JlM (Table 1). whereas a significant increase 

was found at 100 JlM . The Cd2
+ concent rations used in this work (5 -100 JlM) did not 

alter the chlorophyll content . . However, a signifi cant increase in both parameters, 



protein and chlorophyll, has been reported at Cd 2• concentrations higher that 100 tJM 

(Navarro et al., 1997; Mendoza-Cózatl et al., 2002) . Cd 2
+ accumulation was a linear 

function of the external Cd2
+ concentration used (Table 1), with no apparent 

saturation even at 0 .5 mM external Cd2., although cellular density severely decreased 

(data not shown) . 

After eight days of culture and at the lower concentrations used (5 and 10 tJM 

CdCI21, E. gracilis was able to remove 60% of the Cd2
+ present in the growth medium, 

whereas at 20 and 50 tJM CdCIz, this value reached 80% (Fig . 1) . At this range of 

concentrations, Cd2
+ was mainly located inside the cell and not loosely bound to the 

external surface, since no significant differences were found in the Cd2
+ content per 

cell by washing them with either 10 mM EGTA (101 ± 15 nmol Cd2+!1 01 cells; mean 

± SD; n=3; at 50tJM CdCIz) ordistilled water (134 ± 19 nmol Cd 2+!101 cells; n=3) . 

Washing the cells with 1 mM DTT yielded identical results (not shown). Cd2
+ removal 

capacity decreased drastically with Cd2
+ concentrations higher than 50 tJM (Fig . 1) . 

Although the cellular Cd2
+ accumulation increased concomitantly with the Cd2

+ 

concentration in the medium, the cell density was severely affected (Table 1); 

therefore, the final removal capacity by the overall culture was also affected . 

Influence of Zn 2
+ on Cd2

+ remo val 

Industrial wastewaters usually contain mixtures of heavy metals (Celebi and 

Kendir, 2002; Sharaf, 2002) . Then, for an organism to be used in bioremediation 

technology, it is important to determine how a given heavy metal may affect the 

removal efficiency of a competitor heavy metal. Cd 2
+ and Zn2

+ are well-known 
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competitors in several cell processes (Guerinot, 2000; Williams et al., 2000). Thus, to 

determine the effect of Zn2
+ on the Cd2

+ removal capacity of E. gracilis, 50 J.lM CdCI2. 

was added to the culture medium, as this is the concentration at which E. gracilis 

achieved the optimal Cd2
+ removal (Fig. 1). 

Zn2
+ at the concentrations tested (5-300 J.lM) did not affect the cell density or 

the Cd2
+ accumulation (Table 2). Protein and chlorophyll content also remained 

constant (data not shown). Zn2
+ accumulation was a hyperbolic function of the Zn2+ 

concentration in the culture medium (Table 2); the different patterns found between 

the Cd2
+ and Zn2

+ accumulation behavior (linear and hyperbolic, respectively) 

suggested that the processes involved in the storage of both heavy metal s are 

different. Zn2+ did not affect the Cd2+ removal capacity of E. gracilis, which remained 

constant throughout the different Zn2+ concentrations assayed (Fig. 2) . 

On the other hand, Zn2+ removal was constant (75 %) up to 50 J.lM ZnS04 and 

pecreased significantly at external Zn2+ concentrations of 100 and 300 J.lM (Fig.2). 

This result was not related to a variation in the cell density, which was not affected 

by the different Zn2+ concentrations (Tale 2). The diminished Zn2 + removal capacity 

was very likely associated with the saturable behavior of the Zn2
+ accumulation by 

these cells (Table 2): At ZnS04 concentrations higher than 100 J.lM , the amount of 

metal ion present in the growth media saturated the E. gracilis capacity for Zn2+ 

accumulation, which resulted in a decreased capacity in cellular Zn2+ removal. 
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Effect of Pb2 + on Cd2 + and Zn2 + remo val 

Lead is another heavy metal usually present in industrial wastewaters (Celebi 

and Kendir, 2002; Sharaf, ~002) . In addition, E. gracilis tolerates exposure to high 

concentrations of Pb 2
+ and accumulate part of the metal inside the cell (Navarro et al. , 

1997; Devars et al., 1998). Therefore , this metal was selected to evaluate the ability 

of E. gracilis to simultaneous remove three different metal ions from the culture 

medium. In these experiments, the concentrations of Cd 2
+ and Zn2

+ remained 

constant in the medium (50 tJM each), values at which the removal of both metals 

was optimal (Figs . 1 and 2). 

Remarkably, the two different Pb2
+ concentrat ions used did not affect cell 

growth (Table 3) or protein and chlorophyll content (data not shown) . At 100 tJM 

Pb2
+, Cd 2

+ accumulation was not affected , whereas at 200 tJM Pb2 + it significantly 

decreased (Table 3). In consequence, the abil ity of E. gracilis to remove Cd 2
+ from 

the culture medium in the presence of 200 tJM Pb2
+ was also affected (Fig. 3) . In 

contrast, Zn2
+ accumulation and removal were not affected by the presence of Pb2

+. 

These observations suggested that in E. gracilis Pb2 + and Cd2 + might share the same 

mechanisms for resistance and storage of these heavy metals . 

Acid soluble thiols levels under heavy metal exposure 

In order to determine whether the glutathione biosynthetic pathway is part of 

the mechanisms involved in the resistance and storage of Cd 2
+, Zn 2

+ and Pb2
+, the 

intracellular content of cysteine (Cys) , y-glutamylcysteine (y-EC), glutathione (GSH) 

and phytochelatins (PCs) was determined in the presence of the three heavy metal s 
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(Table 4). A typical RP-HPLC profile from a cell extract showing all the thiol

compounds analyzed in this work is shown in Figure 4. Standards were used to 

identify Cys, y-EC, GSH, PC2 and PC4. The peak corresponding to PC3 was assigned 

according to the characteristic chromatographic behavior of this molecule in the usual 

acetonitrile gradient described in the literature (Rauser et al., 1991). No peaks at 412 

nm were observed when the post-column derivation with DTNB was omitted, thus 

discarding any interference by non-thiol compounds absorbing at this wavelength 

(Berlich et al., 2002) (data not shown). 

Cells grown with 50 JlM ZnS04, without Cd2+ or Pb2+ , showed similar content 

of mono-thiols (Cys, y-EC and GSH) to that previously reported for control cells 

cultured in the presence of 300 JlM ZnS04 (Table 4; Mendoza-Cózatl et al., 2002), 

which is the usual concentration present in the Hunter' s medium for E. gracilis 

cultures (Navarro et al., 1997; Devars et al., 1998). With 50 JlM Zn2+, the PCs 

content was below the limit of detection « 0.1 nmol; Table 4) . Addition of 50 JlM 

CdCI2 to the culture medium induced an increase in thiol-compounds: 6-fold for Cys, 

27-fold for y-EC and 1 O-fold' for GSH (Table 4) . PCs synthesis was also induced 

(Table 4). resulting in a thiol-compounds/Cd 2
+ stoichiometry of 3.1; although this is a 

high ratio, which very likely inactivates Cd2
+, 30 % inhibition on cell growth still 

developed under this condition (Table 2) . 

Addition of 100 JlM Pb2 + to the culture medium containing Zn 2
+ and Cd 2

+ 

brought about a 2-fold increase in the Cys content respect to cells grown in the 

absence of Pb2
+ (Table 4), whereas the other thiol-compounds, including the PCs and 

total thiol content , remained unchanged . Interestingly, the thiol/Cd 2
• rati o increased 
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to 4.2 (Tables 3 and 4), but Cd2+ accumulation and removal did not vary, suggesting 

that a fraction of the thiol-compounds was occupied with Pb2+. Moreover, addition of 

200 JlM Pb2+ to the culture medium (+ Cd2+ + Zn2 +) promoted a significant increase 

in Cys, GSH and PCs content (Table 4). supporting the idea of an additive effect of 

high concentrations of Pb2+ with Cd2+ in activating the GSH and PCs synthesis 

pathway. In this last condition, the thiol/Cd2 + ratio increased up to 7.7, which was 

apparently in contradiction with the observation that 200 JlM Pb2+ diminished the 

ability of E. gracilis to accumulate and remove Cd2+ from the culture medium (Table 3, 

Figure 3). Then, this last finding strongly suggested that Pb2 + might interfere with the 

Cd 2+ storage-inactivation mechanism. 

Heavy metal sub-cel/u/ar distribution 

To further assess the proposed Pb2+ competition with Cd2 + for the thiol

mediated mechanism of storage-inactivation, the distribution of heavy metals (Zn2 +, 

Cd2 + and Pb2 +) in the soluble fraction of E. gracilis was determined by using gel 

filtration chromatography (Figure 5, A-C). In control cells (50 JlM ZnS04). Zn2 + was 

mainly located in the high-molecular weight fractions (10-19; > 30 kDa, Fig. 5A) . In 

Cd2 + exposed cells, Zn2+ was found in both high- and low-molecular weight fractions, 

but in contrast to control cells, Zn2
+ was mainly located with the low-molecular 

weight fractions (25-35; < 30 kDa, Fig . 58) ; Zn2+ in its free ion form eluted in 

fraction 37 (not shown). The putative molecules involved in Zn2
+ chelation were not 

further characterized in this work, but they are presumably single PCs, which have not 

been fully polymerized with sulfide. 
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Cd 2
+ was mainly located in the high-molecular weight fractions in two major 

peaks (Fig. 58). When E. gracilis was grown in the presence of Zn 2
+ , Cd 2

+ and Pb2
+ 

(50 jJM, 50 jJM and 200 jJM, respectively). Zn2
+ and Cd2

+ were located in the same 

two fractions (Fig. 5C) than those from cells grown in the absence of Pb2
+ (Fig. 58) . 

Notably, the presence of Pb2
+ decreased the height of the Cd2

+ high-molecular weight 

fractions, in one of which Pb2
+ was also located (Fig. 5C) . When cells were disrupted 

by sonication, instead of freeze-thawing cycles, the content of Cd2
+ in the higher

molecular weight fractions (10-19) decreased, whereas that in fractions 25-30, 

corresponding to lower-molecular weight complexes increased (data not shown). This 

indicated an unstable, weak binding of Cd2
+ to the higher-molecular weight fractions. 

In an attempt to determine which molecules may be binding simultaneously 

Cd2
+ and Pb2

+, the fractions containing both heavy metals were analyzed by RP-HPLC. 

Thus, low-molecular weight thiol-compounds such as Cys, sulfide, GSH, y-EC and PCs 

were identified (Fig. 6) . 

Discussion 

Photosynthetic Euglena gracilis was able to remove more than 60 % and up to 

85 % of the Cd2
+ added to the culture .when grown in the range of 5-50 jJM CdCI2 

(Fig. 1). This ability did not affect cell viability and, in the case of 50 jJM CdCI2, only 

decreased cell growth by 30 % (Table 1) . The IC50 values for similar photosynthetic 

organisms such as Chlorella vulgaris , C. pyrenoidosa, Scenedesmus obliquus, and S. 

quadricauda are in the range of 0 .03 to 6 jJM CdCI2 (reviewed by Trevors et al., 

1996) . Thus, these results emphasize the high Cd 2
+ resistance of E. gracilis. On the 
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other hand, in an extensive study made by Matsunaga et al., (1999) where 191 

microalgae strains were screened for their potential utilization in bioremediation, it was 

concluded that only 6 strains of green algae were able to remove 10 % of the 

cadmium (50 tJM) added to the culture medium whereas only 1 (Chlorella sp. 

NKG16014) removed 48 %. These results establish the great potential of 

successfully applying E. gracilis in the bioremediation of heavy metal-polluted water 

systems in comparison to other photosynthetic microorganisms. Although several 

groups (Bariaud et al., 1985; Navarro et al., 1997; Devars et al. , 1998; Mendoza

Cózatl et al., 2002) have advocated such a proposal, this had not been experimentally 

demonstrated before. 

By considering that the content of protein in the cell is around 50% of the dry 

weight (Lehninger et al., 2000), it can be estimated that photosynthetic E. gracilis is 

able to accumulate Cd2
+ up to 0.02 and 0 .08 % of its dry weight, at 20 and 50 tJM 

CdCb, respectively. These values are lower than that reported for Cd2
+

hyperaccumulator plants (0.4 %; Ebbs et al. 2002) and heterotrophic E. gracilís (1.1 

%; Avilés et aL, 2005). but whether the capacity of E. gracílís to remove Cd2
+ from 

the culture medium due to the high biomass production is also taken into account, a 

different picture emerges (Fig . 1; Table 1). 

A low concentration factor for a heavy metal exhibited by a given organism may 

be compensated if the organism generates high biomass. Then, the overall bioremoval 

capacity of such type of organisms could be similar or higher to that attained by a 

hyperaccumulator organism with slow growth and poor biomass production. As 

presented in this work, heavy metal removal is, therefore , the result of both heavy 
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metal accumulation by cell unit and total biomass in the culture. These two variables, 

growth and metal uptake/storage, should be considered when a bioremediation 

strategy is designed and developed . The accumulation factor given by an organism 

towards a heavy metal is as important as the ability of the same organism to produce 

high biomass content in the presence of heavy metals. 

Wastewater from industries usually contains a mixture of heavy metals (Celebi 

and Kendir, 2002; Sharaf, 2002). Then it seems relevant to determine how the 

removal efficiency of an organism towards a given heavy metal may be altered by the 

presence of other heavy metals. In the case of E. gracilis, Zn2
+ did not affect the 

Cd2
+ removal capacity (Fig. 2), and the process involved in accumulation and storage 

of Zn2
+ seemed to be independent of the Cd2

+ accumulation mechanism. This 

conclusion was supported by (a) the distinct accumulation patterns of Zn2
+ and Cd2

+ 

(saturable and linear, respectively; Tables 1 and 21. (b) the induction of 

phytochelatins, which were synthesized only with the addition of Cd2
+ (Table 4) and 

(e) the different sub-cellular location, as revealed by size exclusion chromatography 

(Fig.5). 

On the eontrary, although E. gracilis showed not to be an efficient organism to 

remove Pb2
+ from the culture medium, the presence of this metal ion proved to be 

detrimental for Cd 2
+ removal (Fig. 3). This behavior may be explained in terms of the 

affinities of thiol-compounds for the three metals, which participate in the Cd 2
+ 

storage and inactivation eellular mechanism (Clemens, 2001; Mendoza-Cózatl et al., 

2005) . Pb2
+ is a weak inducer of PCs (Vatamaniuk et al. , 2000); in E. gracilis this 

was evident from the fact that 100 JlM Pb2
+ had no effect on the pes content (Table 
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4) and that a higher Pb2
+ concentration was required to increase the PCs content over 

that induced by Cd 2
+ . 

Phytochelatin induction by Pb2
+ might be due to an indirect effect of Pb2 + on 

the Cd2
+ -induced PCs synthesis. For instance, Pb2 + and Cd2 + have similar dissociation 

constants for the thiol group, i.e. , for GSH, the logarithmic value of the stability 

constant for Cd2
+ is 10.5 and for Pb2 + is 10.6, whereas that for Zn2 + is two orders of 

magnitude lower at 8.3 (Sillen and Martell, 1971). In consequence, it is conceivable 

that Pb2
+ may compete for the already synthesized PCs, thus diminishing their 

efficiency to bind (and inactivate) Cd2 +, whereas Zn2
+ is unable to compete with Cd2 +. 

In agreement with this proposal, Cd2
+ and Pb2

+ in the soluble cellular fraction were 

located in the same high-molecular weight fractions, in which low-molecular weight 

thiol-compounds were also present, whereas Zn2
+ was located in different fractions 

(Fig. 5). These results do not exclude the possibility that part of the Cd2
+ and Pb2 + 

content may be also bound to high-molecular weight proteins or that other 

mechanisms may be acting simultaneously to detoxify the three heavy metals 

analyzed . However, the results of the present work suggest that thiol-compounds are 

certainly part of the Cd2
+ and Pb2

+ storage-inactivation mechanism in photosynthetic 

E. gracilis. Further work is required to determine and characterize the physicochemical 

properties of the high-molecular weight complexes containing Pb2
+ and Cd2

+ in E. 

gracilis, but data presented in this work support the notion that, as in plants and sorne 

yeast such as Schizosaccharomyces pombe and Gandida glabrata, these complexes 

are essential for an effective Cd2
+ and Pb2

+ storage-inactivation process (Speiser et 

al., 1992; Vande and Ow, 2001). 
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In Mexico, the permissible concentration of Cd 2
+ in water for agriculture 

purposes has to be below 3 .5 JlM (0.4 ppm) (NOM-001 -ECOL-1 996) . Reliable values 

of heavy metals content in waste water from industries are not often available, but 

Vázquez-Alarcón et al. (2001) reported Cd 2+ values of 0 .2-1 JlM (0.032-0.11 ppm) for 

water used in food crops irrigation in the Mezquit al Va"ey (Central México); Ni2
+ and 

Pb2
+ w~re also present in potentia"y toxic amounts . These observations suggest that 

the immediate, direct effluent of wastewater from industries to the environment must 

contain considerable higher amounts of these heavy metals (> 20 JlM), which are 

disposed towards water bodies and soils w ith the concomitant risk for human health . 

We have also found high contents of Cd 2
+ , Zn 2

+ and Pb2
+ in an artificial lake of 

Mexico City (Chapultepec Lake: Cd2
+ , 5-17 JlM; Zn 2 + , 23-38 JlM; Pb2

+ , 18-49 JlM; 

sampling was made from March 2004 to August 2004) and in a natural lake in the 

state of Michoacan (Cuitzeo lake: Pb2
+, 18-31 ¡.1M; Zn2

+, 3.6-30 IJM; Cd2
+, 

undetectable; sampling was made during July-August, 2004) . As photosynthetic E. 

gracilis shows a high capacity for removal of several heavy metals, it is proposed that 

this microorganism may be -á suitable model to apply bioremediation technology on 

heavy metal po"uted water bodies. 

It should be emphasized that the efficient and simultaneous removal of three 

different heavy metals by the protist Euglena gracilis was analyzed in a defined culture 

medium and under axenic conditions. This is sti" far from the conditions that this and 

other microorganisms may encounter in a po"uted environment such as the effluent of 

a given industry. In consequence, another issue to resolve for a successful application 

of microorganisms in bioremediation of heavy metal-contaminat ed systems is to 
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determine the capacity of the microorganism to remove heavy metals under more 

realistic conditions and how external factors such as light/dark cycles, carbon source, 

pH and temperature variations, essential trace compounds availability (sulfate, vitamin 

812) and the presence of other organisms (phytoplankton) may affect this capacity. 

Conclusions 

The main conclusions of the present work are: 

1) Eug/ena gracilis is a suitable organism for simultaneous, relatively fast and 

efficient Cd2
+ and Zn 2

+ removal from aqueous media containing concentrations 

below 100 pM of each heavy metal. 

2) In E. gracilis, Cd2
+ and Zn2

+ do not share the same mechanism of resistance 

and storage. 

3) The presence of Pb2
+ may be detrimental on th~ ability of E. gracilis to remove 

Cd 2 + from an aqueous media . Photosynthetic E. gracilis cells are not able to 

efficiently remove Pb2 + • 

4) Cd 2
+ and Pb2

+ may share the thiol-mediated mechanism for resistance and 

storage in E. gracilis. 
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Figure Legends 

Figure 1. Cd2+ removal from the culture medium by Euglena gracilis. 

Results are mean ± SO of 3-4 independent cell cultures. Significant differences are 

indicated: a vs b (P<0.01); b vs c (P<0.005). 

Figure 2. Effect of Zn2+ on the Cd2+removal capacity of E. gracilis. 

CdCI2 was 50 pM whereas Zn2+ was varied as indicated. Results are mean ± SO of 

3-4 independent cell cultures. Significant differences are indicated: a vs b (P<0.05); 

a vs c (P<0.01); b vs c (P<0.01). 

Figure 3. Effect of Pb2
+ on Zn2+ and Cd2+ removal by E. gracilis. 

CdCI2 and ZnCI2 were 50 pM whereas Pb2+ was varied as indicated. Results are mean 

± SO of 3 independent cell cultures. Significant differences are indicated: a vs b 

(P<0.05); c vs d (P<0.01). 

Figure 4. Representative HPLC profile of thiol-compounds in Cd2+ -exposed cells (50 

pM). 

Thiol-containing compounds were post-column derived with OTNB and detected at 

412 nm as described in the Methods section. The retention times for the different 

compounds were determined with the appropriate standards. Compound marked with 

an X is unknown but presumably corresponds to PC5. The inset is an amplification of 

the peaks corresponding to phytochelatins. 

Figure 5. Sub-cellular distribution of accumulated heavy metals .. 

The cellular cytosolic fraction was obtained and size exclusion chromatographywas 

performed as described under Material and methods from cells exposed to (A) 50 JlM 

ZnS04, (B) 50 pM ZnS04 and 50 pM CdCI2, and (C) 50 pM ZnS04, 50 pM CdCIz and 

200 pM Pb(N03) 2. Arrows show the fraction elution for: (1) Oextran blue (void 

volume, 2 000 kOa), (2) Aldolase (158 kOa), (3) Ovoalbumin (43 kOal, (4) 
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Quimiotripsinogen (25 kDa) and (5) vitamin 8' 2 (1.3 kDa) . The chromatograms shown 

are representative of several (n > 3) reproducible experiments. 

Figure 6. Thiol-compound composition of the high-molecular weight fractions . 

Fractions (10-19) from chromatograms similar to that shown in Figure 5C were 

pooled, concentrated and analyzed by RP-HPLC as described in the Methods section. 

Compounds marked as X, and X2 were not identified but presumably corresponded to 

larger chain (n > 4) phytochelatins. 
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Table 1. Effect of Cd2 + on cel! density, protein, chlorophyll and metal content in photosynthetic Euglena gracilis. 

Cells were harvested, and washed, after 8 days of culture under the indicated conditions. Results are mean ± SD (n) 

and statistically significant difference ("p< 0.05; "P< 0.01; Student t-test for non-paired sample~), respect to no 

Cd 2
+ added, is indicated . 

CdCI2 (pM) 

O 5 10 20 50 100 

Cell density 5.4 ± 0.6 (6) 5 ± 1 4.6 ± 0.7 5 .3 ± 3 .8 ± 0.3' 2.2 ± 0 .3'· 

(x 106 cells/ml) (3) (7) (3) (8) (3) 

Protein content 6 .3 ± 2 6.5 6 .7 ± 1.2 7.1 6 .5 ± 1.5 13.8 ± 5 · 

(mg protein I 107 (5) (2) (4) (2) (10) (4) 

cells) 

Chlorophyll 55 ± 9 62 46 ± 4 57 56 ± 5 66 ± 15 

content (5) (2) (3) (2) (7) (5) 

(Jig Chl / 107 cells) 

Cd 2 + content O 6 .3 15 ± 3 33 ± 5 102 ± 10 183 ± 30 

(nmol / 107 cells) (2) (4) (3) (4) (3) 
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- - - -------- - -------

Table 2. Effect of Zn2+ on cell density, protein , chlorophyll and metal content in E. 

gracílis after eight days of culture with 50 pM CdCi2 . 'p < 0.05 versus 5 pM Zn2 +; 

"p< 0.05 versus 50 pM Zn2 +; "P< 0 .0 1 versus 5 pM Zn2+ ; b P< 0 .001 versus 5 pM 

Zn2 +; c P< 0.005 versus 50 pM Zn2+. 

ZnS04 (pMI 

5 20 50 100 300 

Cell density 3.2 ± 0.3 2.7 ± 0.3 3 .8 ± 0 .7 3 .9 ± 3 .2 ± 0.4 

(x 106 cells/ml) (3) (3) (3) (3) (5) 

Cd2+ content 125 ± 25 113 ± 7 83 ± 6 ' 90.5 ± 2 102 ± 10" 

(nmol / 107 cels) (3) (3) (3) (3) (4) 

Zn2+ content 25 ± 6 68 ± 15" 130 ± 20b 148 ± 15 240 ± 30c 

(nmol / 107 cels) (3) (3) (3) (3) (5) 
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Table 3. Effect of lead on cell density, protein, chlorophyll and metal content in 

Euglena gracilis cultured with CdCi2 (50 JlM) and ZnS04 (50 JlM). Results are mean ± 

SO (n). Statistically significant difference (P< 0.01) respect to cells grown without 

lead is indicated . 

Pb(N03)2 (pM) 

O 100 200 

Cell density 3.2 ± 0.4 2.S ± 0.2 3.6 ± 0.4 

(x 106 cells/ml) 
(4) (4) (4) 

Cd 2 + content S4 ± 6 77 ± 17 54 ± S· 

(nmol I 107 cels) 
(4) (4) (4) 

Zn2 + content 130 ± 20 144.5 ± 30 147 ± 21 

(nmol / 107 cels) 
(4) (4) (3) 

Pb2
+ content O 24 ± 7 31 ± 17 

(nmol / 107 cels) 
(4) (3) 
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Table 4 Thiol-containing molecules in Euglena gracilis grown with Cd2 +, Zn2 + and Pb2 +. 

Thiol-compounds in cells (107 cells) were quantified by RP-HPLC as described under Material and methods . PCs are 

reported in thiol-content basis as the sum of PC2, PC3 and PC., identified by standards as described by Avilés et al. 

(2003) . Results are mean ± SO of 3 independent cell cultures. NO, not detected. The lower limit of detection was 

0 .1 nmol. Statistically significant difference ('P< 0.05; ··P< 0.01) respect to cells grown without lead (50 JJM ZnSO. 

and 50 JJM CdCI2) is indicated. 

Cells Cys y-EC GSH PCs Total thiols 

nmol / 107 cells 

ZnSO. (50 JJM) 10 ± 1.9 3.5 ± 0.6 6.9 ± 1.3 N.O. 21 ± 4 
(4) (4) (4) (4) 

ZnSO. (50 JJM) + 39 ± 7 90 ± 10 61.5 ± 8 68 ± 11 258 ± 37 
CdCI2 (50 JJM) (4) (4) (4) (4) (4) 

ZnSO. (50 JJM) + 70 ± 18' 112 ± 32 67 ± 20 74 ± 22 323 .5 ± 92 
CdCI2 (50 JJM) + (3) (3) (3) (3) (3) 
Pb(N03)2 (100jJM) 

ZnSO. (50 JJM) + 58 ± 8· 110±13 133 ± 15"" 118 ± 18· 419 ± 52" 
CdCI2 (50 JJM) + (3) (3) (3) (3) (3) 
Pb(N03) 2 (200jJM) 
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Capitulo 8. Análisis de control metabólico para la síntesis de glutatión y 

fitoquelatinas 

Los libros de bioquímica y la mayor parte de la literatura enfocada al estudio del 

metabolismo hacen énfasis en que las vías metabólicas son principalmente controladas 

por una etapa limitante, la cual si es incrementada tendrá como resultado el aumento en el 

flujo de la vía metabólica en cuestión (Voet y Voet, 1992; Lehninger et al. , 2000) . Este 

punto de vista carece de una base sólida y cuantitativa acerca del control que ejerce una 

enzima sobre el flujo de una vía metabólica determinada. 

Durante la década de 1970, dos grupos de investigación europeos desarrollaron 

una teoría que se conoce actualmente como teoría de control metabólico la cual sustituye 

el término de etapa limitante por la determinación cuantitativa del grado de control que una 

enzima ejerce sobre el flujo de una vía metabólica (Kacser y Burns, 1973; Heinrich y 

Rapoport, 1974). La formalización de este concepto se denomina coeficiente de control de 

flujo, el cual nos dice qué porcentaje de cambio en el flujo de una vía metabólica se 

obtendrá al variar infinitesimalmente un porcentaje de la actividad de una enzima. El 

mismo formalismo se aplica para la concentración de metabolitos. El coeficiente de 

control de concentración nos dice cual será el efecto en la concentración de un metabolito 

si cambiamos en un porcentaje pequeño la actividad de una enzima dada. Es importante 

decir que ambos coeficientes están estrechamente relacionados con la cinética enzimática 

por lo que el diseño experimental para calcular estos coeficientes es posible con los 

experimentos que comúnmente se realizan en bioquímica . 

Si conocemos la estructura de control de una vía , es decir los coeficientes de 

control y concentración, y los coeficientes de elasticidad, de cada una de las enzimas de 

una vía metabólica, podemos identificar racionalmente y con bases cuantitativas los sitios 
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Por otro lado, a pesar de las diferencias intrínsecas en el metabolismo del GSH y 

FQs entre plantas, levaduras y Euglena , el hecho de que la síntesis de GSH en todos los 

organismos descritos hasta el momento tenga como principal mecanismo de regulación a 

la retro-inhibición de la primera enzima de la vía (y-ECS) por GSH (ver capitulo 2), permite 

extrapolar algunas de las conclusiones del modelo cinético de plantas, a la vía de síntesis 

de GSH en cualquier otro organismo. Estas conclusiones son: 

1.- La síntesis de GSH en condiciones control es mayormente controlada por la 

demanda (enzimas consumidoras de GSH), mientras que en condiciones de alta demanda 

(p. ej ., exposición a Cd2+) , el control de la síntesis de GSH se distribuye entre el bloque 

productor y el consumidor. 

2.- La y-ECS sólo controla marginalmente el flujo de la síntesis de GSH en 

condiciones control ; la retro-inhibición de la y-ECS está estrechamente relacionada con la 

homeostasis del GSH, pero no necesariamente con el control del flujo . 

3.- En una vía metabólica se debe hacer una clara distinción entre quien controla el 

flujo y quien controla la concentración de intermediarios. Dependiendo del estatus celular, 

el mismo grupo de enzimas puede o no controlar ambas propiedades de la vía . 
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Capitulo 9. Discusión general 

El trabajo realizado en esta tesis demuestra que, respecto al mecanismo de 

resistencia propuesto: (i) el Cd2
+ puede entrar al cloroplasto de Euglena como ion libre, (ii) 

la retención del Cd2
+ dentro del cloroplasto depende de los compuestos tioles y el sulfuro 

presente en el estroma, (iii) dentro del cloroplasto hay una fitoquelatina sintetasa activa y 

(iv) el Cd2
+, los tioles y el sulfuro forman complejos de alto peso molecular, los cuales 

inactivan y mantienen fuertemente unido al Cd2
+. 

En plantas y levaduras esta bien documentado que el Cd2
+ se acumula 

principalmente en la vacuola, y puede ser transportado en forma de ion libre usando al 

intercambiador vacuolar Ca2+/2H+ (Salt y Wagner, 1993). Euglena carece de una vacuola 

tipo planta y la mayor parte del Cd2
+ se acumula en el cloroplasto (Mendoza-Cózatl et al., 

2002). La entrada de Cd2+ al cloroplasto como ion libre provee una base bioquímica para 

explicar la acumulación de Cd2
+ en el cloroplasto, sin excluir la posibilidad de que el Cd2

+ 

también pueda ser transportado en forma de complejo GS-Cd ó FQ-Cd (ver capitulo 2). 

Se identificaron dos procesos responsables de la entrada de Cd2
+ al cloroplasto, 

uno saturable y otro no saturable. Considerando que para otros organismos la 

concentración estimada de Cd2+ libre en el citosol es de 0.005-2 j.lM (durante la exposición 

a concentraciones de CdCI2 en el orden de micromolar; Salt y Wagner, 1993) y atendiendo 

a los parámetros cinéticos de ambos procesos de transporte [Vm 11.3 nmol Cd2+ minO' (mg 

proteína)"' , Km 13 j.lM para el transportador y 0.13 nmol Cd2+ mino1 (mg proteína)"' j.lMo' 

de la difusión simple], se puede proponer que la entrada de Cd2
+ al cloroplasto es 

principalmente mediada por el transportador saturable. 

La bioenergética del transporte resultó ser muy diferente a la reportada para plantas 

y levaduras, en el sentido de no depender de un gradiente electroquímico de H+ Además, 
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el hecho de que cloroplastos cargados con Cd2
+ podían rápidamente liberar el metal, 

involucraba un proceso de difusión facilitada. 

Se ha demostrado experimentalmente la difusión facilitada de metales pesados, 

específicamente Zn2
+, en plantas y mamíferos, y los genes responsables del transporte se 

han agrupado en dos familias de proteínas: CDF (Cation Diffusion Facilitator) y ZIP (Zinc

lron Proteins) . Los proyectos de secuenciación de genomas han permitido identificar 

genes pertenecientes a estas familias con péptidos de tránsito para organelos, incluido el 

cloroplasto, pero su caracterización funcional no se ha realizado todavía . Debido a que el 

transporte de Cd2
+ al cloroplasto de Euglena es mediado por una proteína mediante 

difusión facilitada, y es inhibido competitivamente por Zn2
+ , sugerimos que la proteína 

responsable puede pertenecer a una de estas dos familias de transportadores, CDF ó ZIP. 

La obtención del gene responsable del transporte será crucial para la asignación final del 

transportador en una familia determinada. 

Una consideración importante sobre el mecanismo de transporte es que la difusión 

facilitada implica que la dirección en la cual se va a llevar a cabo el transporte depende 

únicamente de la concentración de Cd2
+ , en su forma libre, a ambos lados de le 

membrana del cloroplasto. Este mecanismo no podría explicar la acumulación 

preferencial del Cd2
+ dentro del cloroplasto. Sin embargo, si dentro del cloroplasto hay 

moléculas capaces de secuestrar al Cd2
+, la entrada al cloroplasto se vería favorecida , y si 

además el cloroplasto es capaz de sintetizar de novo estas moléculas, se daría una 

acumulación progresiva del Cd 2
+. Nosotros demostramos que los tioles orgánicos (Cys, y

EC, GSH, FQs), junto con el sulfuro inorgánico, son en parte los responsables de 

secuestrar al Cd2
+ y por lo tanto favorecer su acumulación dentro del cloroplasto. 
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Respecto a la síntesis de FQs en Euglena, fue muy interesante encontrar síntesis 

de FQs dentro del cloroplasto. Las repercusiones filogenéticas de este hallazgo resultan 

ser aún más interesantes. La localización de una secuencia parcial de fitoquelatina 

sintetasa en una bacteria fotosintética (Nosfoc sp.) sugiere que el origen de esta enzima 

pudo ser en el organismo endosimbionte que dio origen al cloroplasto (Tsuji et al., 2004). 

Esta hipótesis implica que, para el caso de plantas, el gen de la PCS se transfirió del 

cloroplasto al genóma nuclear y en algún momento de la evolución perdió el péptido de 

tránsito dando como resultado una enzima citosólica. La peculiar historia evolutiva de 

Euglena (un organismo originalmente no fotosintetico y aparentemente sin el gene de la 

PCS) y la adquisiciÓn del cloroplasto por endosimbiosis secundaria, apoyarían esta 

hipótesis (Hannaert et al.,2003; Rea et al.,2004). 

Las propiedades cinéticas de la PCS de E. gracilis, así como la poca eficiencia con 

la que sintetiza FQs de cadena larga, sugiere que la enzima de Euglena se encuentra en 

un punto intermedio entre el ancestro de la PCS de Nosfoc sp y la enzima más estudiada 

de plantas (A. fhafiana) . La obtención de la secuencia de la PCS de Euglena será crucial 

para determinar con certeza que tanto pueden relacionarse estas especulaciones con la 

historia filogenética de la PCS. 

Por otro lado, se ha demostrado que las FQs per se no constituyen la totalidad de 

un mecanismo de resistencia a Cd2
+. Las FQs junto con sulfuro y Cd2

+ deben formar 

complejos de alto peso molecular para una completa inactivación del Cd2+; la incapacidad 

de formar estos complejos resulta en una hipersensibilidad al Cd2
+ respecto a organismos 

silvestres (Juang et al. , 1993; Vande y Ow, 2000) . Euglena gracilis también forma estos 

complejos, lo cual sugiere su participación en el mecanismo de resistencia a Cd2
+ en este 

organismo. 
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Si bien los complejos resultaron ser distintos a los reportados en plantas y algunas 

levaduras respecto a la composición de aminoácidos, péptidos, peso molecular, contenido 

de monotioles y localización intracelular, la estequiometría -SH + S2-/ Cd2
+ de 3.4 sugiere 

fuertemente que estos complejos son los responsables de inactivar al Cd2
+ dentro de la 

célula y específicamente, dentro del cloroplasto. Las diferencias entre los complejos de 

plantas, levaduras y Euglena probablemente están relacionadas con las diferentes 

condiciones en las cuales se forman , vacuola en plantas y levaduras donde el pH puede 

llegar a 5 y citosol-cloroplasto en Euglena donde el pH podría esperarse entre 7 y 8 (Salt y 

Wagner, 1993; Lehninger et al., 2000). Un pH más alcalino favorecería la unión tiol-Cd, 

incrementando significativamente la estabilidad de los complejos. 

La composición a nivel de péptidos también podría jugar otro papel importante en la 

estabilidad. Los complejos de plantas y S. pombe no contienen monotioles (Cys, y-EC y 

GSH) y están formados únicamente por Cd2
+ , FQs y S2-. Estos complejos son bastante 

estables una vez aislados, no así los HMWC de Euglena , los cuales están constituidos en 

un 74.8 % por monotioles, y una vez purificados se disocian fácilmente aún en condiciones 

alcalinas (pH 8) . Otro aspecto interesante de los HMWC de Euglena fue el alto contenido 

de aspártico. Se ha sugerido que un análogo del aspartato, sulfinato de cisteina, pudiera 

estar involucrado en el acarreo de sulfuro hacia los HMWC (Speiser et al. , 1992), pero su 

función no se ha establecido claramente, por lo que todavía no es posible proponer una 

analogía directa respecto a su función en Euglena. 

Finalmente, el avance en el conocimiento de los mecanismos de resistencia y 

acumulación de metales en plantas terrestres para fitorremediación es notable; no así el 

avance en el campo dirigido al tratamiento de aguas que involucra plantas acuáticas y 

organismos unicelulares como Euglena gracilis. Este organismo se ha propuesto como un 
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candidato para procesos de biorremediación debido a la elevada resistencia y capacidad 

de acumulación de metales (Devars et al., 1998). Sin embargo, poco se conocía sobre el 

mecanismo bioquímico de resistencia y acumulación en Euglena, así como su verdadera 

capacidad de remoción de metales de medios acuosos. Esta tesis también abordo este 

último tema, determinando la capacidad de Euglena para remover Cd2
+ de un medio 

acuoso bajo diferentes condiciones. Los resultados obtenidos mostraron que Euglena es 

capaz de remover hasta el 80% del Cd2
+ en condiciones similares a las encontradas en 

cuerpos de agua contaminados con Cd2
+ (20-50 fJM; Vázquez-Alarcón et al., 2001). 

El mecanismo de acumulación de Zn2
+ pareció no involucrar compuestos tioles y 

formación de HMWC, aunque tal vez sí comparta con el Cd2
+ el mecanismo de transporte 

en el cloroplasto. En cambio, otros metales pesados como el Pb2
+ sí compartieron el 

mecanismo de acumulación mediado por tioles, por lo que su presencia en cuerpos de 

agua podría disminuir la eficiencia de Euglena para remover y acumular Cd2
+. Sin 

embargo, los resultados obtenidos aún sostienen que este organismo es un candidato 

ideal para ser utilizado en procesos de biorremoción de metales de aguas contaminadas, 

principalmente con Cd2
+. 
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9.1. Conclusiones generales 

1.- El Cd2
+ puede entrar al cloroplasto como ion libre mediante un proceso de difusión 

facilitada. 

2.- El transporte de Cd2
+ probablemente es mediado por un transportador de Zn2

+ 

perteneciente a la familia de transportadores ZIP o CDF. 

3.- La acumulación de Cd2
+ en el cloroplasto de Euglena depende de la cantidad de tioles 

orgánicos y sulfuro presentes en el estroma. 

4.- El 39 % de la fitoquelatina sintetasa se encuentra en el interior del cloroplasto, por lo 

que las FQs pueden sintetizarse en el cloroplasto de Euglena graci/is. 

5.- Al igual que plantas y levaduras, la mayor parte del Cd2
+ y los tioles se encuentran 

formando complejos de alto peso molecular, los cuales difieren de los de plantas y 

levaduras en peso molecular composición de péptidos y aminoácidos, pero presentan 

una similar estequiometría de sulfuro, Cd2
+ y tioles. 

6.- Euglena gracilis es capaz de remover hasta el 80 % del Cd2
+ cuando se cultiva en un 

medio con 20 ó 50 IJM CdCI2. 

7.- El zinc en el medio de cultivo no modifica la capacidad de Euglena para acumular y 

remover el Cd2
+. 

8.- Euglena no es un buen modelo para biorremoción de plomo de cuerpos de agua y la 

presencia del plomo en el medio tiene un efecto negativo en la capacidad de 

acumulación y remoción de Cd2
+ . 

9.- El Cd2
+ y el zinc no comparten el mecanismo de resistencia y acumulación mediado por 

tioles, pero el Cd2
+ y el plomo probablemente si lo comparten . 
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Capítulo 10. Perspectivas 

Tal vez la pregunta más inmediata que deja abierta esta tesis, y por lo tanto se 

convierte en una perspectiva, es determinar si las FQs pueden ser transportadas 

activamente al interior del cloroplasto de Euglena . De acuerdo con el esquema de la 

figura 5.1 (capitulo 5), una posibilidad adicional para explicar la acumulación de FQs en el 

cloroplasto es que éstas se sinteticen en el citosol y sean internalizadas al cloroplasto 

mediante un transporte acoplado a ATP. Este mecanismo es independiente del hecho de 

que las FQs se sinteticen en el interior del cloroplasto y más bien estaría relacionado con 

una acumulación muy selectiva de estos compuestos dentro de este organelo. 

Independientemente de la existencia de este transporte, el mecanismo de 

internalización es en sí una alternativa para incrementar la capacidad de acumulación de 

FQs dentro del cloroplasto de Euglena. La biología molecular nos ha demostrado que es 

posible la expresión heteróloga de enzimas, por lo que una hipótesis de trabajo sería que 

el introducir el gen hmt1, responsable del transporte de FQs en S. pombe, con un péptido 

señal dirigido a cloroplasto, se incrementaría la acumulación de FQs en ese organelo. 

Una vez mas el análisis de control metabólico (capitulo 8) se hace indispensable 

para determinar el grado de control de este transportador respecto al flujo hacia FQs y 

respecto a la concentración de FQs, además de determinar si este transporte no 

comprometería la concentración de GSH, necesaria para otros procesos celulares (como 

procesamiento de especies reactivas de oxígeno y detoxificación de xenobióticos). El 

análisis de control permitirá obtener una visión global de cómo se controla la síntesis de 

GSH, yen su caso de FQs, en condiciones control y de exposición a Cd2
+. Resultados en 

nuestro grupo de investigación sugieren que el control de la vía en Euglena durante la 

exposición a Cd2
+ puede ser significativamente diferente a lo esperado para plantas y 
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levaduras, con una participación muy significativa de la glutatión sintetasa. El análisis de 

control sentará las bases bioquímicas para entender de manera mecanística esta 

diferencia. 

Adicionalmente, la síntesis de GSH y FQs puede llevarse a cabo tanto en citosol 

como en cloroplasto (Martínez-Oliver, 2005). El efecto de esta compartamentalización y 

su relevancia para el control de la vía no se ha evaluado, y será necesaria para el análisis 

de la vía en el siguiente nivel de organización celular. 

Por otro lado, la obtención de la secuencia de la PCS es otra perspectiva importante 

de este trabajo. Sólo con un análisis filogenético usando las secuencias de la PCS de 

Euglena y de las otras especies reportadas, se podrá tener una idea del origen de esta 

enzima y de los cambios que ha sufrido durante su historia evolutiva. 

Finalmente, es un hecho que se ha avanzado en el conocimiento del mecanismo 

bioquímico de resistencia a Cd2
+ en Euglena gracilis. Pero el avance en este 

conocimiento se verá grandemente impulsado cuando las grandes herramientas de la era 

post-genómica se integren a este estudio: la proteómica, la transcriptómica y la 

metabolómica. Estas herramientas nos darán un panorama global de como las vías 

metabólicas en conjunto responden a un estrés como la exposición a metales pesados. 

Un último reto será además, el encontrar una técnica adecuada para llevar a cabo 

transformaciones genéticas (introducción y expresión de genes) en protistas fotosintéticos 

como Euglena gracilis, la cual no esta disponible a la fecha . 
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ultimate and more stable storage of cadmium. Mutant 
cells unable to synthesize phytochelatins. transport them 
or form HMWC are Cd 2

+ hypersensitive in comparison 
to the wild type organisms (reviewed in Mendoza·Cózatl 
et al.. 2005). 

2. Over-expression experiments 

The biochemical basis of the Cd 2 
+ -inactivation 

mechanism described aboye regarding reacti ons. en
zymes and transporters is well known. The cloning of 
the enzymes involved in the GSH- phytochelatins 
biosynthetic pathway has prompted several research 
groups to induce the over-expressi on of some of these 
enzymes with the aim of increasing the Cd2 

+ -resistance 
capacity. Although sorne of them have had sorne 
success, others have not obtained the expected results. 

For example, in unstressed conditions (without Cd2 + 

exposure). over-expression of sorne of the enzymes 
involved in the sulfate assimilation pathway and Cys 
synthesis (2-10-fold increase in activity of ATP sulfur
ylase or O-acetylserine(thiol)lyase in tobacco and serine 
acetyl transferase in potato chloroplasts) shows little 
(~2-fold) or no eITect on the GSH levels (Hatzfeld et al.. 
1998; Youssefian et al., 2001; Harms et al.. 2002). 
Likewise. over-expression of the GS by at least 2- 3-fold 
in several organisms does not aITect the GSH content 
(Grant et al.. 1997; Zhu et al.. 1999b; Creissen et al.. 
1999; Kim et al.. 2003). However, co-expression of y
ECS (9.I-fold) and GS (18-fold) in Saccharomyces 
cerevisiae induces a 1.8-fold increase in the GSH level , 
although over-expression of y-ECS alone also induces 
similar GSH variation (Grant et al., 1997). 

Over-expression of the Escherichia coli y-ECS gene by 
50-fold in the cytosol or chloroplast of Populus Iremula 
or by 5-fold in the chloroplast of Brassica jUl1cea also 
leads to a significant increase ( > 4-fold) in the tota l GSH 
content (Noctor et al.. 1996, 1998). Over-expression of 
the same gene in tobacco produces a 4-fold ele\'ation in 
the GSH content and a 40-fold mcrease 111 ;'-ECS 
activity in comparison to wild type plants. As in yeas t. 
thi s indica tes that GSH concentration is homeosta tica ll y 
regulated . We shall show that this is Illostl y due to the 
feedback inhibition of }'-ECS by GSH. especiall)' under 
conditions where the demand for GSH controls the tlux 
through GSH. However. in the case of tobacco. the 
strong over-expression is accompanied by ox idative 
st ress. beca use apparently the y-ECS activity exceeds 
the GS activity , increasing the content of )'-EC and its 
oxidized form (ESSE) (Creissen et al. . 1999). In the same 
case of tobacco. when }'-ECS and GS are co-expressed. 
GSH levels increase by 6-fold with respect to non
transformed plants; under these conditions the oxidative 
damage diminishes and plant growth is pa rtia ll y 
restored . It is important to note thal even afler co-

expression of ;'-ECS and GS, Cys levels are nOl aITected 57 
retlecting lhe great plasticily of sulfate assimilation to an 
enhanced Cys demand (Noclor el a l. , 1998; Creissen el 59 
al.. 1999). 

Over-expression of enzymes involved in GSH-phyto- 61 
chelalins synthesis during Cd 2 

+ exposure has also been 
sludied. In S pombe the simultaneous over-expression 63 
of )'-ECS and GS allows growlh in the presence of I mM 
CdCl 2 (Kim el a l.. 2003) . Unfortunately, neither 65 
phylochelatins concenlralion or Cd2+ accumulation 
were measured in order 10 establish whether phytoche- 67 
la tins are responsible for the enhanced Cd2+ resistance 
or whether this is achieved only by the higher GSH 69 
levels. 

In B. juncea over-expression of either GS or y-ECS 71 
during Cd 2

• exposure increases the Cd2+ resistance and 
accumulation capac ity (Zhu el al., 1999a, b). It is again 73 
nOled that the sulfur assimi lation pathway does not limit 
the increased Cys demand for GSH synthesis. Indeed, 75 
enhanced activity of severa l steps of the sulfate 
assimi lation pathway such as sulfate transporters, A TP 77 
sulfurylase, and adenosine 5-phosphosulfate reductase is 
induced by Cd2 + stress (Mendoza-Cózatl et al., 2005). 79 
Thus. these results suggest that the best target (or 
targets) for genetic manipulation to enhance Cd2 

+ 81 
resistance and accumulation may be located after Cys 
synthesis. 83 

Unexpected ly. over-expression of PCS in A. thaliana 
caused hypersensitivity to Cd2 +; this phenotype was 85 
suppressed when GSH was supplied m the growth 
medium , suggesting Iimited intracellular GSH genera- 87 
tion (Lee et a l. . 2003). However, the Cd2+ content was 
not examined. It is possible that added GSH restored 89 
growth by reducing the free Cd2 + concentration in the 
culture medium . Natural PCS-defective or phytochela- 91 
tins vacuo le lransport-defective stra ins of A. thaliana 
and S pombe are highly Cd2 

+ -sensitive, which indica tes 93 
that both proteins are essential for the onset of the 
cellular mechanisms of heavy metal resistance (reviewed 95 
by Mendoza-Cózat l el al.. 2005). Indeed. over-expres-
sion of heavy metal transporter-I (HMTI). the protein 97 
that ca talyses the lransport of the complex phytochela-
tin- Cd into the S pOlllbe vacuo le . results. in higher Cd 2 

+ 99 
resistance (Ortiz et al.. 1995). 

Thus. these observat ions on enzyme over-expression 101 
reveal that lhe conlrol of the GSH concentration canno! 
be attributed to only one enzyme. but that it may be 103 
distributed alllong several si tes. In consequence, over-
expression of only one enzyme of the GSH biosynthetic 105 
pa thway is not expected to significantly enhance the 
GSH concentration as so far observed by many 107 
researchers. Moreover. the only evaluated parameter 
has been the GSH concentra tion, but in no case the flux 109 
to GSH has been measured or even considered . This is a 
common misunderstanding since the rale-limit iny step III 
concepto oflen used in the above-mentioned works, does 
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chemical manipulation , whichmay enhance the heavy 
metal removal capacity of organisms. 

3 One of the most studied mechanisms of heavy metal 
accumulation is the GSH-phytochelatins-mediated 

5 Cd2 ~ resistance (Mendoza-Cózatl el aL , 2(05). 
AIlhough this mechanism has been described for 

7 Cd2+ , other heavy metals such as Hg2+ , Cu2 + and 
Zn2+ may also be inactivated imd stored (Devars et aL, 

9 1998; Vatamaniuk et aL, 2000). Glutathione (GSH) is 
synthesized by y-glutamy1cysteine synthetase (y-ECS) 

II and glutathione synthetase (GS) (Fig. 1, Scheme 1; Hell 
and Bergmann, 1988, 1990; Meister, 1995). All y-ECSs 

13 described in bacteria, yeast, plants and animals are 
physiologically feedback inhibited by GSH with K¡ 

15 values ranging from 0.1 to 8 mM; for plants such as 
tobacco and Arabidopsis thaliana the K¡ values are 

17 within a closer range, 0.42 and 0.72 mM, respectively 
(Hell and Bergmann, 1988; Griffith and Mulcahy, 1999; 

19 Jez et aL , 2004). This feedback inhibition of y-ECS by 

21 

Scheme 1 
23 

25 Cysteioe 

GSH has been considered as the prime regulalion 
mechanism of the pathway (Meisler. 1995). 

GSH is a ubiquitous molecule with several roles in the 
cell metabolism such as reactive oxygen species proces
sing, redox state regulation, transport of amino acids, 
and sulfur storage (Meister, 1995; Noctor and Foyer, 
1998). In plants and sorne yeast such as Schizosacchar
omyces pombe and Candida g/abrara. GSH is also used 
to synthesize phytochelatins (Fig. 1; Scheme 2) (see, for 
a recent review, Mendoza-Cózatl et aL , 2005). Phyto
chelatins are synthesized by phytochelatin synthase 
(PCS), which is active when two GSH molecules plus 
a heavy metal form a thiolate (Cd-GS2 or Zn-GS2) and 
one y-Glu-Cys moiety is transferred to a GSH free 
molecule or to a previous synthesized phytochelatin 
(Vatamaniuk et aL. 2000). Once phytochelatins are 
synthesized, they can be transported into the vacuole 
and form high molecular weiglíl' complexes (HMWC) 
around a CdS crystallitecore. These HMWC are the 

27 
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Abstraet 

Glutathione (GSH) plays several roles in ceH metabolism sueh as redox state regulation, oxidative stress control. and proteetion 
against xenobiotics and heavy metals. GSH is synthesized in two steps eatalysed by y-glutamylcysteine synthetase (y-ECS) and 
glutathione synthetase. y-ECS is feedback inhibited by GSH, which has lead to the proposal that this enzyme acts as the rate- limiting 
step in the pathway. 

Thus far. the study of GSH metabolism has been confined to GSH synthesis (GSH supply), without considering the GSH
consuming enzymes (GSH demand). Several works have shown that the demand block of enzymes may have a significant control on 
a pathway; therefore, we hypothesize that GSH-consuming enzymes may exert sorne control on GSH synthesis. 

A kinetic model of GSH and phytochelatin synthesis in plants was constructed using the software GEPASl and the kinetie data 
available in the literature. The main conclusions drawn by the model coneeming metabolic control analysis are (1) y- ECS is indeed a 
rate-limiting step in GSH synthesis, but only if GSH-eonsuming enzymes are not taken into accoun!. (2) At 10\V demand, GSH
consuming enzymes exert significant flux-control on GSH synthesis whereas at high demand, supply and demand blocks share the 
control of flux . (3) In unstressed conditions, flux to GSH is controHed mainly by demand, so that y- ECS determines the degree of 
homeostasis of the GSH concentration. Under cadmium exposure, the GSH demand inereases and flux-control is re-distributed 
almost equaHy between the supply and demand blocks. (4) To enhance phytochelatins synthesis without depleting the GSH pool , at 
least two enzymes (y-ECS and PCS) should be increased and/or, alternatively, a branehing flux (GSH·S-transferases) could be 
partiaHy diminished . 
© 2005 Elsevier Ltd. AH rights reserved. 
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J. Introduction 

One potentia l strategy lO efficiently remove heavy 
metals rrom conlaminaled si tes is lhe use of organisms 
wilh high heavy metal resislance and accumulalion 
capacity (Sall el al., 1995; Dhankher el al.. 2002). This 
slrategy. called " bioremediation", has several advan

lages over physical remedialion melhods in the sense or 
COSlS, practice and the scale al which lhe processes 
opera te (Sall el al., 1995; Dhankher et al. . 2002). Thus, 

lhe underSlanding of the biochemical mechanisms 
relaled lO heavy melal resislance and accumulalion 
may lead to the identification of (argels for genelic and 
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not distinguish between metabolite concentration con
trol and flux control through the pathway. 

2.1. In silico experimenta/ion 

The over-expression results, together with the feed
back inhibition of y-ECS by GSH have led to consider 
this enzyme as the ra/e-/imiting step ofthe pathway. One 
of our goals in the present work is to replace this 
misleading concept by the appropriate framework of 
metabolic control analysis (MCA; see below). In 
addition, it has been experimentally demonstrated in 
other systems that significant flux control may reside 
outside a synthetic block of enzymes, i.e. in the 
consuming block of enzymes (Rodríguez-Enríquez et 
al., 2000; Koebmann et al. , 2002) . The demand block of 
enzymes has not yet been considered when GSH 
synthesis has been studied . 

Several metabolic pathways of potential biotechnolo
gical and clinical relevance such as glycolysis in 
erythrocytes (Heinrich et al. , 1977), Trypanosoma brocei 
(Bakker et al., 1997, 1999), and yeast (Teusink et al. , 
2000; Pritchard and Kell, 2002); oxidative phosphoryla
tion in skeletal muscle (Korzeniewski , 1998); threonine 
synthesis in E. coli (Chassagnole et al., 2001); and Calvin 
cycle (poolman et al., 2000) have been modeled in the 
last few years . In sorne of these efforts, pathway 
simulation has led to further experimentation to assess 
its flux control predictions. 

In the present work, we have constructed a kinetic 
model of the GSH and phytochelatins synthesis in.¿ n 
attempt to understand the control structure of the 
pathway applying the concepts of MCA (for a detailed 
review, see Fell, 1997). This analysis establishes a 
theoretical framework that may help t~ e"plain the 
results obtained with the enzymc;, , over-:ex,pression 
experiments. It may also help to identify and design 
strategies to improve the Cd2+ -¡iccurilUlating ability of 
resistant organisms. MCA shows diat it is feasible to 
quantitatively determine the·degi~.of control exerted by 
each site of a given pathway. In 'addition , it provides the 
different experimentaL designs to achieve such a goal, 
and directs to what has to be measured to establish why 
an enzyme exerts -significant or negligible control. This 
approach has <Shown ' that, in most cases, the flux in a 
metabolic páthway is not necessarily controlled by only 
one enzy[ne, ¡he puta ti ve rate-/imiting step, but the 
control can be distributed among several enzymes of the 
pathway. It has also been observed that the distribution 
of flux control may change depending on the external 
conditions, and that the main controlling steps may 
change between orga ni sms (Fell , 1997; Moreno-Sánchez 
et al. , 1999; Rossignol et al .. 2000) ' 

MCA also establishes that, instead of embarking on a 
" trial and error" sequence o f experiments fo r ide nti fyi ng 
the ill-conceptua lized "rate-li mi ting step". the control 

profile of a pa thway should be evalua ted systematically . 57 
Contro l is quantified in terms of flux-contro l (C'i:) and 
concentration-control (Cr) coefficients (the degree of 59 
control exerted by a given enzyme E on flux J and 
metabolite M concentration, respectively) (Fell, 1997). 61 
The control coefficients are system properties that are In 
turn determined by the elasticity coefficients (the 63 
sensitivity of a given enzyme rate to variations in one 
of its ligands under particular steady-state conditions). 65 
Sorne enzymes have elasticities to factors other than 
their own substrate, product or enzyme concentration 67 
such as allosteric modulators. 

69 

3. Description of the model 71 

The kinetic model is based on data obtained from 73 
GSH synthesis ID tobacco cell suspension cultures 
during illumination and was simulated using the 75 
computer program GEPAS( (available at http:// 
www.gepasi .org; Mendes, 1993). Identical results were 77 
obtained by using the software PySCeS (http://pysces .-
sourceforge.net; Olivier et al. , 2005). GSH-synthesizing 79 
enzymes (Y;ECS and GS) were from the same source 
(Nicotiana ' tabacum) and characterized by the same 81 
group (Hell and Bergmann, 1988, 1990). The reaction 
stoil;hiometry, the kinetic constants and the fixed 83 
metabolites are shown in Tables 1- 3, with the maximal 
rate valiJes (V) calculated from the activities in the crude 85 
cell extracts instead of the activities from the purified 
enzymes. For a detailed explanation of the stoichiome- 87 
try reactions and the kinetic equations used see 
Appendix A. Two models were built: (1) in control, 89 
unstressed conditions (Fig. 1, Scheme 1) and (2) under 
cadmium exposure (Fig. 1, Scheme 2 and 3). 91 

Glutathione S-transferases (GSTs) were chosen as the 
GSH-consuming block because they are the only 93 
enzymes that effectively consume GSH by forming 
conjugates with electrophilic compounds (Fig. 1, 95 
Scheme 1). Kinetic constants of GSTs were also taken 
from tobacco (Droog et al. , 1995). Glutathione perox- 97 
idase (GPx) is another enzyme that uses GSH to reduce 
organic pero xi des forming GSSG (Fig. 1, Scheme 1). 99 
Under unstressed conditions glutathione reductase (GR) 
is able to maintain a high GSH/GSSG ratio at expenses 101 
ofNADPH (up to 100/ 1; Meister, 1995). Therefore, this 
branch involving a moiety-conserved cycle may have no 103 
relevant control on GSH synthesis (see Hofmeyr et al. , 
1986 for control ana lysis of moiety-conserved cycles); 105 
fo r this reason, this branch was not included in the 
mode!. However, under conditions in which the redox 107 
state of the cell is compromised , this set of reactions may 
be relevant for the co ntrol of GSH synthesi s. 109 

In the cadmium exposure model. the GSH-consuming 
block of enzymes invo lves the GSTs and PCS activities . III 
PCS has been fo und in tobacco (Nakazawa et al.. 2002). 
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bUl a delailed descriplion of kinelics has been made for 
lhe A. Ihaliana enzyme (Yalamaniuk el al. , 2000. 2004) . 
Kinelic paramelers for phylochelatins synthesis were 
then taken from the Arabidopsis studies. Allhough 
comparlmentation of phytochelalins into lhe vacuole 
is well described for higher planls. phytochelatins 
transport has only been determined in tonoplasts 
isolaled from oal roots (Salt and Rause r, 1995). There
fore. kinetics for phytochelatins transport was taken 
from lhis lasl organismo A more accurate eSlimalion of 
the control dislribulion of the phytochelalins synthesis 
palhway will be possible when the kinetic paramelers of 
the enzymes and lransporters from lhe same organism 
become available. Nonetheless . we expecl that the 
conclusions reached with the cadmium exposure model 

Table 1 
Rcactions oC glutathionc and phytochclatin synthesis 

Enzyrnc 

(1) Unstressed comlitiolls 
y- ECS" 
GS' 
GSTs 

(2) Clldmium exposureb 

PCS' 

HMTI 
Non·cnzyrnalic formation of 

GS,.Cd 

Rcaction rcprcscntcd in CEPA SI 

Glu + Cys = y- EC 
;-EC + Gly = GSH 
GSH+Xe-GS-Xe 

GSH + GS,-Cd - PC, + r'
EC+Cd" + 2Gly 
PC.,_Pcin 
2GSH + Cd" = GS,-Cd 

;'Sce Appcndix for justification 00 lhe sto ichiomctry of the reaclions. 
hlncJuding Ihe re.lclions showed for unstressed condilions. 

TabJc 2 
K inctic paramctcrs oC (he model 

Enzyrnc or rcaction V .. ·h K.(m,,) 

Unslressed fOlltlitiollJ 

;'-ECS 1.73 10.4 
GS 1.14 0 .022 
GSTs 103< 0.4 
Cadmium e xposure 
;'-ECS 4.Ji 10.4 
GS 2.85 0.022 
PCS 3.25 1.1 .6 
Ph)'tofhelarinJ transporter 1 0.03.1 
2GSH + Cd" = GS,.Cd N .A . N.A. 

a V uni ts are: nmol min - 1 {rng prolein)- I. N.A. Non -appliea blc. 

are relatively insensilive lO the inclusion of kinetic 
paramelers from a differenl biological source. 

The volume (mI) for comparlments was 1 for cylosol 
and 0.8 for vacuole. These values were chosen to 
maintain lhe volume proporlionalily found in mOSl 
plant cells (Lehninger el al.. 2000) . A TP was assumed to 
be present al saturaling concentralions and, therefore, 
\Va s not included in the model (see Appendix A). 

3.1 . Kinelic equalions 

Kinetic equations were taken from lhe kinetic 
characterization reported for each enzyme. For y-ECS 

Table 3 
Fixcd metaboliles of Ihe modcl 

Me.aboli.e (mM) Unstresscd conditions Cadmium exposure 

Glu 5.25 5.25 
Cys 0.3 
Gly 1 1 
Xe 0.0003 0.0003 
GS-Xe 1 1 
Cd' - N.A . 0.01' 
PCin N.A. 

N.A., non-applicable. 
aTo maintain a consta ni phytochclatin synlhes is, cadmium was 

initializcd at 0.01 mM bUI not fixcd , bccausc due lo its high arnnily for 
GSH i. would dcple.c .he GSH pool. Almo" all eadmium (>99%) 
remained in lhe form of GS,-Cd, which is Ihe lrue substrate of pes 
(Valarnaniuk el al.. 2000). In -the following rcaclion with pes, Cd2 + is 

reeycled (see Table 1). 

K" (rnM) K,(mM) K,(mM ) K" 

O. I~ 0.3' 0.42 5597" 

0 . .1 0.03' N .A. 5597" 

0.5 N.A N.A. NA 

0.19 0.3 0.42 5597 
0 . .1 0.03 N .A. 5597 
0.0092 N.A. N .A. N.A. 
NA NA . N .A. N.A. 
N,A. N.A . N.A. 2.23 x 10" M-' 

"'Vclocitics were calculalcd from Ihe rates found in eXlnlets al non-saturating substrate concentralions and by using Ihe kinelie rncchanism 
describcd fo r eaeh enzyrne (see Descriplioll oI,Jw II/odel se(tion). Daw were taken from Hcll ,Ind Bcrgl11ann (198~) (y-ECS): Hell and Bcrgmann 
(l990)(GS): Droo~ e. al. (1995) (GSTs): Loemer e. al. (19H~) and V". "maniuk e' al. (2000) (PCS): and Sah "ud RatlSer (1995) (pes transport): da.a 
for GSrCd slOiehiomelry was eompiled by Vatamaniuk el al. (1000) . 

cThere are no experimental d¡¡t" for K,. values of ¡-- ECS and GS: see Appcndix for K,. es tim'lIion. 
dK'Rl was calculated using the 60'" for" peptide bond fo rmation at expenses of ATP hydrolysis (see "Iso Appcndix) . 
~This v,lluc rcprcscnts an ilverage of ilctivitics under unstressed conditions dcscribcd for several plant spceies (Irzyk and Fuerst. 1993: Droog el al.. 

1995: Riechers e' id .. 1997: DeRidder e. a l .. 2002). 
(In Ihe e'ldmium exposure model. r- ECS and GS rale ;lclivil¡C~ \Vere increilscd by a factor of 2.5. whieh is an inere<lse aven.lgc found for both 

enzymes afler e'ldmium exposurc. 
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the rate equation used was (1), a reversible Michaelis
Menten random bi-reactant mechanism with competi
ti ve inhibition by GSH against glutamate (Hell and 
Bergmann, 1990; Griffith and Mulcahy, 1999), 

v= V/KaKb(AB-P/K.q) 
1+ A/Ka + B/Kb(l + l/K, + A/Ka) + PjKp + l/K, 

(1) 

in which Vis the maximal rate of the forward reaction; 
A = Glu, B = Cys, P = y-EC, 1= GSH; Ka, Kb, Kp , and 
K, are the respective dissociation constants for each 
ligand, and K.q the equilibrium constant of the overall 
reaction. 

For GS the rate equation used was, a reversible 
Michaelis-Menten random bi-reactant mechanism 
(there is not yet a kinetic mechanism described for GS; 
kinetic data are from Hell and Bergmann, 1988): 

v= V/KaKb(AB-P/K,q) 
I +A/Ka + B/Kb(1 + A/Ka) + P/Kp 

(2) 

with A = y-EC, B = Gly, and P = GSH. 
For GSTs the rate equation used was, an irreversible 

Michaelis-Menten random bi-reactant mechanism 
(Droog et al., 1995), in which the binding of one 
substrate does not affect the affinity of the other 
substrate (Segel, 1975): 

v = V(AB/KaKb) 
1+ A/Ka + B/Kb + AB/KaKb 

(3) 

in which A = GSH and B = Xenobiotic. 
For PCS the rate equation used was, an irreversible 

ping-pong mechanism (Segel, 1975; Vatamaniuk et al., 
2000): 

VAB 
v = -=K=-b"""'A:-+--:K""a-:B=-+-A-:-B-=' (4) 

where A = GSH and B = GS2-Cd .... 
For phytochelatins transport into l't.U0les lhe rate 

equation used was, irreversible icllaeli?-Menten (Salt 
and Rauser, 1995): 

v = V(A/Ka) 
1+ (A/Ka) 

(5) 

in which Vis the maúmal rate of the forward reaction, 
A = phytochelatin-i a;d Ka the dissociation constant 
for phytoche!~tins. Although this transport is A TP 
dependent, the reaction was considered uni-reactant 
because the KmArP is very low (0.2 mM ; Salt and Rauser, 
1995) and A TP values in the plant cell are usually aboye 
0.7mM (Geingenberger et al.. 2001 ; van Dongen et al., 
2003). Then, under physiological conditions A TP would 
not apparently be a limiting facto~ for phytochelatins 
transporto 

It is important lO recall that lhe c~ is a quantitative 
measurement of the flux sensitivity lO the concentration 
(or. more stricll y. to lhe acti vily) of one particular 

enzyme. c~ directly reflects the impact on flux by 
changing an enzyme activity caused by biochemical 
factors (biosynthesis. degradation, external aClivalion or 
external inhibition). Thus. a c~ of 1 implies total 
control of that enzyme over the flux. as expected for a 
rate-limiting step; on the other hand, a ~ ofzero mea~s 
that this enzyme exerts no control over the pathway flux . 
Similarly, the e'; is a quantitative measurement of the 
dependence of a metabolite concentration on the activity 
of one particular enzyme; metabolite and enzyme may 
or may not have to establish an obligatory interaction to 
generate a e';, but they have to be interconnected by a 
pathway. An absolute value of e'; of I or higher means 
that that enzyme exerts significant control on the 
concentration of a given metabolite and a e'; of zero 
means that the activity of that enzyme exerts no control 
on the concentration of such metabolite. A large e'; 
value reflects the high sensitivitY 'of metabolite concen
tration to enzyme activity. 

4. Results 

4. / . Sleady-slale properlies of Ihe GSH synlhesis mode/ 

GSH" syrithesis was successfully modeled with the 
kinetic data available in the literature and using the 
software GEPASI. We initially modeled GSH synthesis 
using fixed concentrations of substrates with values 
similar to those reported for plants (Table 3), leaving the 
two crucial intermediaries. y-EC and GSH, as variables 
of the system. Remarkably, the steady-state concentra
tions of these intermediaries predicted by the modeling 
were in good agreement with those reported in the 
literature (Table 4). 

The flexibility of the model was assessed to establish 
the range of stable responses to a given stimulus. Thus, 
we initially analysed the effect of small, physiological 
variations in the concentration of several essential 
metabolites (Glu, Cys, Gly and Xe; Noctor el al., 
1997, 1998) on the flux to GSH (JGSH) and the GSH 
concentration (Fig. 2). The arrows shown in Fig. 2 
represent the physiological concentration of each sub
strate reported in plants (po piar and tobacco) (Hell and 
Bergmann, 1990; Noclor et al., 1997, 1998). 

Variation in Glu concentration by a factor of 2 at 
both sides oflhe scale (3- 12mM) has no effect on J GSH ; 

only at Glu values below 1 mM, JGSH is affected. As Glu 
is a subslrate of the firsl enzyme (y-ECS), then the 
decrease in JGSH is related to the decrease in lhe y-ECS 
rate due to substrale limitalion. However. this effect has 
a poor physiological relevance since Glu concentrations 
are usually higher than 1 mM 111 planls (Hell and 
Bergmann. 1990; Noctor el al.. 1998). On lhe contrary. 
small changes in Glu concenlration ha\'e a slrong effect 
on GSH concentralioll (Fig. 2A). Glu is Il OI usually 
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Tablc 4 
Stcady-statc conccntrations of intcrrncdiaries of GSH and phytochclatin synthcsis obtaincd by modcling and comparcd with {hose reported in (he 
¡ilcralUrc 

Mctabolitc Unstresscd conditions C<tdmium cxposurc Lilcraturc 

No changcs:' ;',EeS (5 x ) (mM) pes (5 x I (mM) -¡,ECS + PCS (2.5 x ) (mM) 

;',Ee 0.04 0.085 I.IJ 0.087 0.54 0.01-1J.5b 

GSH 3.4 I 2.85 0.33 I 1-10" 
Phytochclatins (eytosol J N .A . 0.008 0.03 0.02 0.036 0.0J-8d 

Variable rnclabolilcs "'erc: initializcd al 0.001 mM .N .A .. non-applicabJc. 
OIIn the cadmium cxposurc made!. lhe maximal Tate of ,'-ECS and GS was ¡ncfcascd S-fo ld rcspccl lO unstrcsscd conditions. 
bOctcrmincd in plants in unstrcsscd conditions (NOClOr el al.. 1997, 1998): for mctabolite content , a volumc of 210~l/g fresh wcight was uscd 

(Noctor el al., 1997). 
(: Dcterrnined in unslrcssed conditions for difTcrcnt animal cells and ti ssues (M cister, 1995), planls (Noetor ilnd Foyer, 1998) and Euglena gracilis Z 

(Mcndoza,eózat l et al. . 2002). 
dThc lowcst valuc represcnts the eoneentration of the smallcst phytochelatin (n = 2), and the highcst {he sum of all phytochelatins, both in the 

wholc eell: Euglena gracilis Z grown for 10 days with 30¡.tM CdCI2 (Gekclcr el al. , 1988). 
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Fig. 2. EfTect on flux to GSH and GSH conccntralion of varying the conccnmHion 01' Glu (A). e ys ( B). or Xc (e) .md the K, valuc of j'·EeS by GSH 
(D). The arrows indici.tlc the physiological value of ¡he metaboli tes found in planls or lhe K¡ valuc used in lhe presenl kinetie model. 

considered as a crucial metabolite for GSH synthesis 
beca use it is maintained roughly stable in Ihe cell 
(Noctor el al., 1998), but due to the competitive nature 
or the feedback inhibition or l'-ECS by GSH, changes in 
Glu cOl1centration may directly a ffec I the GSH COI1-
centration. 

Plants fed wilh an excess of su lfur develop increased 
Cys and GSH cOl1cenlrations (BlIwalda et al., 1988), 
The present model reproduces Ihis response. In the 
range of concentrations fOllnd in plants of 0.1- 1 mM 
(Hel l and Bergmann, 1990; Noctor et al., 1998), Cys 
arfects GSH concentration, and to a much smaller 
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extent J GSH (Fig. 2B). This response, in which an 
increased GSH is associated with increase in Cys, has 
also been experimentally determined by several groups 
(Xiang and Oliver, 1998; Domínguez-Solís el al., 2001; 
Harada et al., 2002; Mendoza-Cózatl el al.. 2002; Aviles 
et al., 2003). This implies that Cys synthesis from sulfate 
is a highly responsive pathway towards Cys variations 
and is able to maintain a constant or increased Cys 
concentration during high Cys demando Thus, for 
instance under Cd2+ stress, which prompts a high Cys 
(and GSH) demand, the plasma membrane sulfate 
transporters and sorne enzymes of sulfate reduction 
such as A TP sulfurylase and O-acetylserine(thiol)lyase 
are up-regulated in plants, leading to an enhanced Cys 
level (Xiang and Oliver, 1998; Domínguez-Solís el al., 
2001; Harada et al., 2002). 

Gly is probably the ami no acid with more variation in 
plants, particularly in plants with C3 metabolism, since 
it is derived from photorespiration, which shows a 
circadian rhythm. However, variation in Gly in the 
reported values ofO.I-1 mM (Noctor et al., 1997) had no 
effect on J GSH or GSH concentration (not shown; see 
Supplementary data). 

It is well documented for several cell lines from 
mammals (Habig et al., 1974; Meister, 1995), yeast 
(Dennda and Kula, 1986) and plants (Droog et al., 1995; 
Table 2), that the maximal activity of GSTs is several
fold greater than that of the enzymes responsible for 
GSH synthesis (Table 2). In addition, GSTs have a high 
affinity by GSH and at the physiologicallevels of GSH 
(1-10 mM) tbese enzymes are practically saturated (near
zero elasticity towards GSH). Therefore, the r¡¡te of 
GSTs is govemed by the concentration of the e1ectro
philic compound (Xe in this model), thus establishing a 
highly efficient detoxifying system. Hence, a Xe con
centration that allows a physiologica1r.acCumuláÍlon of 
GSH was selected for modeling (0.3 'M; Fig. 2C). 
Around this value (0.1-0.5 JlM), Xe-concentration affects < , 
both flux to GSH and GSH coÍl"centration. 

Feedback inhibition in / meulb'6"IJc pathways is an 
efficient mechanism for metabolite homeoslasis espe
cially for those involvea in reactions wilh large 
equilibrium constantS (Hofmeyr and Cornish-Bowden, 
1991; Cornish-Bowden apd Cardenas, 2001). All de
scribed y-ECSs. Illl3}'mes catalysing a reaction with a 
large K,q (Table 2)" sbow feedback inhibition by GSH, 
although'<theiiX/ values vary among organisms (Griffith 
and Mulcab' ,. 1999). Hence, the effect of varying Ki 
value was evaluated (Fig. 2D). GSH concentration was 
markedly affected by changing the Ki value of y-ECS in 
the range tested (0.1 - 1.5 mM), whereas the effect on 
J GSH was negligible. 

Only Ki values below 0.2mM have a significant effect 
on J GSH; the meaning of this result may be physiologi
cally irrelevant since the Ki values reported for ;'-ECSs 
range from 0.1 to 8 mM (Griffith and Mulcahy, 1999) 

and aboye 0.2 mM the Ki va lue shows no effect on J GSH ' 

This finding predicts that the intracellular GSH con
centration of a given organism is determined, at least in 
part, by the Ki va lue of its y-ECS for GSH. The same 
conclusion may be drawn by plotting the effect of 
varying the Ki of y-ECS in a supply-demand rate 
characteristic graph (see below for description); chan
ging the Ki value has an effect on the GSH concentra
tion at the different Ki values tested, whereas JGSH is 
only affected at the lowest Ki values where the elasticity 
of the demand block increases, thus diminishing its 
control on JGSH (see Supplementary data). 

4.2. Control of GSH synthesis under unstressed 
conditions 

Modeling GSH synthesis under unstressed conditions 
(Fig. 1, Scheme 1) shows tha! J~SH is mainly controlled 
by GSTs (88%; Table 5), the GSH-consuming block, 
due to its lower elasticity .tQwards GSH (Eg~~ = 0.10) 
than that of the enzymes of the supply block 
(E,·t~~ = -0.84: Eg~H = -0.91). The E't~ is high, 
despite the saturating inhibitor concentration 
(KiGSH = ,0.42 mM, [GSH] = 3.4 mM at the steady sta te), 
becausethe' GSH inhibition is of the competitive type 
against the ,substrate glutamate, which in tum is also 
present at a high concentration (K...clu 10.4 mM, 
[Glu] = 5.25 mM; Table 3). Within the supply block, y
ECS is the controlling step because it is virtually 
insensitive to its immediate product (~:~ = 

Tablc 5 
Flux control cocfficicnts and Ouxcs of the glutathionc and phytochc
latin synthesis 

Enzyrnc Unstrcsscd Cadrnium 
conditions cxposurc 

OSH OSH 
synthesis" synthcsis:.l 

;'-ECS 0. 11 0.58 

OS <0.01 <0.0 1 
GSTs 0.88 0.01 
PCS N.A. 0.40 
Phytochclatins N.A. < 0.01 
transport 

Flux nmol min - I (mg protcin)- I 

OS· 
0.055 

N.A. no n-applicablc. 

OS 
0.67 

Phytochelatins 
synthesisb 

0.60 
0.01 
-0.06 
0.44 
< 0.01 

pcs' 
0.21 

''Thc nux is considcrcd as lh~ nux Ihrough GS. Secausc undcr 
unstrcsscd conditions lhe pathway is linear, Ihe valucs of C~'i of c3ch 
cnzymc for nux th rough <l n y poin l in lhe p,Hhway a re lhe sarnc. 

hThc nux is considcrcd as lhe nux through phytochclalin synlhasc. 
In (his case lhefe is hra nching aftl'r GS H ilnJ I\VQ Ouxcs are dcrivcd. 
¡h rough GSTs .nd pes 
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- 0.005; ¡;~~c = 0.95). Nevertheless, y-ECS. lhe pre· 
sumed rale-limiling slep of lhe palhway (Meisler. 1995; 
Griffilh and Mulcah y. 1999) , exhibilS a discrele flux 
conlrol (11 %) on GSH synthesis. As GS flux-conlro l is 
negligible ( < 0.0 1: Table 5). the connectivily lheorem for 

GSH (}~::: t8SH e; = O) reduces lo (c',-ECS/c' GST) = 
- (¡;g~~/-¡;;-6~~). which yields lhe same above-men

lioned conlrol profile for the supply a nd demand blocks . 
¡'-ECS is certainly a rale-Iimiling step (C;'-ECS = 0_99) 

o nly whelher lhe GSH-consuming block is nol included 
in lhe model (nol shown; see Supplementary dala). bul 
sludying a palhway wilhout considering lhe consump
lion (demand) of lhe final producl is misleading. The 
robustness of lhe model was analysed by syslemalically 
changing the Michaelis conSlanls (Kms's and KmP's of 
each enzyme) by a faclor of 2_ Neither JGSH nor lhe 
c' GSTs were significanlly a ffecled ( > 10%) by modifying 
lhe Km values. whereas lhe c',-ECS varied belween 0.05 
and 0.19 on ly when lhe KmGlu or lhe K;GSH were a llered . 

The feedback inhibition of y-ECS by GSH reveals 
efficienl transfer informalion from lhe ending 10 lhe 
inilial palhway segment (Cornish-Bowden and Carde
nas, 200 1). This allows that GSH synthesis in unslressed 
condilions may also be modeled using irreversible 
equalions for ¡'-ECS and GS witholll major a lteral ions 
in lhe conlrol slruclure of lhe pa lhway « 10%: see 
Supplementary dala). 

To fUrlher supporl lhe inilia l resulls on flu x conlro l 
reached by lhe GSH synlhesis modeling. lhe palhway 
was divided in lWO blocks (supply and demand) and 
lheir rale characleristics (Hofmeyr. 1995) in response to 
fixed concenlralions of GSH were oblained. Plolling the 
local steady-slale flux of both blocks, in logari lhmic 
scale, againsl the GSH concentralion a lso in logarithmic 
scale. a conlrol analysis according to the supply-de
mand lheory developed by Hofmeyr and Cornish
Bowden (2000) was made (Fig . 3A). The inlerseclion 
o f supply and demand rales denotes the steady-slale flux 
(1) and GSH concenlralion (arrow in Fig . 3A). From 
lhe slope al lhe sleady-slate poinl. lhe elaslicily for each 
block is delermined . Following lhe summa li on and 
connecli vily lheorems (Eqs. 6(6) and (5). respecli,·ely). 

C:uPPly + C~c=mand = 1, (6) 

(7) 

val ues for c'SUPpl' and c'd,mand are derived (0.1 and 0.9 . 
respeclively). which a re in good agreemenl wilh lhose 
allained wilh lhe algorilhm of CEPAS/ o As GS shows 
no con lro l on lhe palhway. lhen c',uPPIY becomes 

c',-ECS. 
From lhe kineli c paramelers of GSTs (Table 2). one 

can realize lhal lhese enzymes a re physiologically 
salu raled by GSH (Fig . 3A) a nd lhus lheir ra le is 
predominanlly reglllaled by lhe Xe cOl1cenlralion . If lhe 

-1 

-2 

" -3 

~ 
E -. 

-5 

-6 

(Al 

0 .35 .-
"c 0.30 .¡¡; 

e 
a. 0.25 
Ol 
.§. 0.20 

c: 
E 0.15 

-o 
E 0. 10 .s 
x 

0.05 :> 
ü: 

0.00 

(8) 

Supply 

J 

Demand 

-4 -2 

.. 
.. .-

/ 

~ 
I 

I 

/ 

I 

m = (~~= -0 .92 

o 
In (GSH) 

---- -- e/
GSTo 

- - - J GSH 

6 

Xenobiolic (~M) 

1.0 

0.8 

0 .6 :;; 
.,'" 
U 

O., 

0 .2 

10 

Fig.3. (A) Supply--dcmand analys is o r Ihc GSH biosynlhesis palhway. 
The rale charactcristics of cach block wcrc obtaincd by fixing GSH al 
difTcrent conccntrations and using {he software Microcal ORIGIN 5.0 
(Microsoft). The slopc al lhe inte rcept (steady statc) or lhe rates or lhe 
supply and demand block reprcsenlS the clasticity or each block 
toward GSH. Elas ticities \Vere uscd 10 obtain lhe nux control 
cocfficicnt or each block using (he conncctivity thcorcm. (B) EITcct 
on nux lo GSH and c{.-KS (supply block) or incrcasing Ihc Xc 
conccntration and hence the activity or (he demand block . 

increase in GSTs aClivily. induced by herbicide or heavy 
meta l exposure, surpasses lhe rale of GSH synlhesis, 
lhen it is expecled lhal par! of the flux-contro l transfers 
10 lhe supply block . Hence. by increasing the Xe 
concenlra lion and hence lhe GSTs aClivilY, lhe c'demand 
(GSTs) diminishes and flux conlro l is lransferred 10 lhe 
supply block (y-ECS: Fig. 38). Allow GSH demando lhe 
GS H-consuming block exerl s more conlro l whereas, al 
high demando lhe suppl y block mainly conlrols GSH 
synlhesis. 

The nolion lha 1 y-ECS is lhe ra le-Iimiting slep of 
GS H synlhesis is based on lhe physiological GSH 
feedback inhibilion by GSH (Meisle r. 1995; Griffilh and 
Mulcahy. 1999). This view has been reinforced by lhe 
finding lhal ove r-expression of E coli y-ECS in pla nls 
under unslressed condilions promoles an increase in 
GSH concenlralion (Noc lor el al.. 1997, 1998; Zhu el 
al., 1999b). 11 is wOrlh nOling lhat lhe concepl of rale
limiling slep has been used lo describe an enzyme lhat 

57 

59 

6 1 

63 

65 

67 

69 

7 1 

73 

75 

77 

79 

8 1 

83 

85 

87 

89 

91 

93 

95 

97 

99 

101 

103 

105 

107 

109 

111 



5 

7 

9 

11 

\3 

15 

17 

19 

21 

23 

25 

27 

29 

31 

33 

35 

37 

39 

41 

43 

45 

47 

49 

51 

53 

55 

IY JTBI 40611 

10 D. G. MendoziI- CÓZllIl. R. Moreno-Sánchez / Journal 01 Theorefical Biolo(/}" ( 1111) 111-111 

has control, indistinctly, on the rate of synthesis of a 
given end product metabolite and/or on its steady-state 
concentration. This empirical statement may or may not 
be accurate. 

Control analysis of the modeled pathway shows that 
y-ECS has an elevated é'SH y-ECS (Table 6), which 
means that an increase in the y-ECS activity would 
proportionally increase the GSH concentration (Fig. 
4A). The demand block has al so a high and identical but 
negative cg~~, which is accompanied by a high c' GST; 

Ta ble 6 
Concentration control coefficients of GSH and phytochclatins synth
esis pathway 

Enzymc Unstrcssed 
conditions 
GSH 

y-ECS 1.05 
GS <0.01 
GSTs -1.05 
PCS N.A. 
Phylochelalins N.A. 
transport 

N.A. non-app~cable. 

Cadmium cxposurc 

GSH 

0.68 
0.01 

-0.07 
- 0.63 
< 0.01 

Phylochclalins 

0.76 
0.01 

- 0.07 
0.56 

-1.2 

0.10TT--~-_-~ __ ~ _ _ ~20 

"2 
~ 006 

a. 
,[ 0.06 

"c: 
·E 0.04 
(5 
E 
..s 0.02 
x 
" ¡¡: 

__ [GSH] 

- - - J GSH 

----

O.OOJ..,.-_~ __ -~..2.---'c,.... _ _ -,-I 
1 2 3 - ""4. 5 

(A) Fold 01 increase (y,#C8.,;'(iGSH = 0.42 mM) 

--
"2 
'c;; 
e 
a. 
en 
5 

15 

0.00 10 
1.0 1.2 1.4 1.6 1.8 2.0 

(B) Fold 01 increase (y -ECS ; KioSH = 2 mM) 

Fig 4. Simulation of ¡ncrcasing I h ~ i' ·ECS aClIvuy wi lh diffcrc nt 
K,(j$H va tues: CA ) K i<iSH = 0 .42 m M. <lnd {SI K ;(¡<o.H = 2m~'1 

in thi s case, inhibition of GSTs (diminulion in Xe 
concentration, Fig. 2C) would also increase GSH 
concentration. Furthermore, modeling shows tha! an 
increased GSH concentration can also be achieved by 
only altering the Ki value of y-ECS for GSH (Fig. 4); 
keeping constants the rates of GSH supply (y-ECS 
activity = 1 in Fig. 4) and demand, GSH was 3.4 (Fig. 
4A) or 14mM (Fig. 4B), depending on the Ki value. 
These model predictions provide a mechanistic explana
tion for the increased GSH content achieved when over
expressing E. coli y-ECS in plants (Noctor et al., 1997, 
1998; Zhu et al. , 1999b): Ki of E. coli y-ECS for 
GSH "" 2 mM, a higher value than that of plant y-ECS. 
Note that in al! these manipulations, flux to GSH 
remains unaltered . 

Variation in the Glu or Cys concentration (Fig. 2A 
and B) does not affect the flux control distribution 
(Table 5); the c' GST ranges from 0.88 to 0.95. Major 
changes in control distribution are achieved when the 
metabolites diminish below their respective physiologi
cal concentrations. €hángeS ilr Gly concentration in the 
range 0.1-1 mM haye no effect on the control structure 
(see Supplementary data). 

4.3. GS¡lsyntkesis under cadmium exposure 

When plants are exposed to Cd2
+ phytochelatin 

synthesis, another GSH-consuming branch is activated 
.. ' ~¡jus,.increasing the GSH demand (Fig. 1, Schemes 2 and 

' 3). ,ene well-known cel!ular response to Cd2+ stress is 
. th\:' up-regulated transcription of l'-ECS and GS genes 
leading to 3- 7-fold higher mRNA levels (Xiang and 
Oliver. 1998; reviewed by Mendoza-Cózatl et al. , 2(05). 
Less known is the effective increase in enzyme activity. 
Analysis of Iiterature data reveals an average of 2.5 
times increase in both enzyme activities (Tsuji et al., 
2003; Martínez-Oliver J, Mendoza-Cózatl D, Moreno
Sánchez R, unpublished results). Therefore, such an 
increase In enzyme activity under Cd2+ stress was 
incorporated in the model (Table 2). In this branched 
pathway, control analysis is focused on flux to GSH 
hSH (through GS) and on the bio-technologically 
orientated flux to phytochelatins Jpe, (through PCS) 
(Table 5). 

Modeling shows that cadmium up to a concentration 
of 5 ¡lM increases both flu~es, JG SH and Jpe, (Fig. 5A, 
Table 5 bottom); higher concentrations had a discrete 
effect. Cadmium also diminishes the GSH ·pool, but 
increases the phytochelatins content (Fig. 58) . This 
modeled effect of Cd2+ on GSH synthesis may appear 
50mewhat difficult to explain. For instance, plants 
ex posed to 50 ¡lM CdCI2 show an increase, nol decrease, 
in the GSH concentration (Dominguez-Solis el al. , 
200 1). However. higher cadmium concentralions cer
lainly induce a decrease In lhe GSH conten l and an 
inc rease in phy tochda lins concentratíon (M eu\\" l) and 
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lA) 

10 1S 20 

Cadmium (~M) 
25 30 

0.24 

'" .~ 
0.22 co 

0.20 

a; 
s::: 

~ 
s::: 
a. 
)2 

0.18 x 
::l 
ü: 

0.16 

1.5"'--~-~--~-_-_--Tl 10 

1.< \ 

~ 1.3 

.§. \' 
I 1.2 
rJ) 

l'J 
1.1 

1.0 

_ . . _ .. [Phytochelatins) 

-- [GSH) 

0 .9-'r--~---, __ ~_-,-__ --.,.J 

(B) 

10 15 20 

Cadmium (~M) 
25 30 

Fig. 5. EfT<CI of cadmium incrcase on: (A) nux 10 GSH (dashcd line) 
and nux lO phylochelalins (short·dashcd line). and (B) GSH 
conccntration (straight ¡inc) and phytochclatins conccnlralion (dash
dotled line). 

Rauser. 1992). Cd2
+ was inc1uded in the model as free 

cytosolic divalent cation; however, in an in vivo 
situation. other molecules such as phosphate, pyropho
sphate, and organic acids (citrate, malate) may also bind 
Cd2+ . Further pathway modeling under Cd2 + stress 
was made using a cadmium concentration of lO llM, 
which still maintains a GSH concentration aboye the 
lower physiological reported value of I mM (Noctor and 
Foyer, 1998; Table 4). 

Flux control is redistributed as expected from an 
increased GSH demand (Table 5). Due to their low 
elasticity towards their respective substrate. Cys (r. ;" 

ECSCy, = 0.17) and GS2Cd (f.:;~~Cd = 0.06) . i' -ECS and 
PCS now control JGSH and Jpe,; in addition. y-ECS 
shows the lowest elasticity for GSH (r.;J:f'¡; = -0.61). y
ECS and PCS also control the GSH concentration 
whereas phytochelatins concentration is controlled by y
ECS, pes and significantly by the vacuolar transporter 
(Table 6) . The robustness of the Cd 2 

+ exposure model 
was also as ses sed by changing the Michaelis constants 
by a factor of 2. The control structure of the pathway 
remains unaltered by these small changes. although the 
control of the flux to GSH and PCs by PCS varies 
between 0.37 and 0.47 when its K",GSH is modified. 

1t has been suggested that )'-ECS plays an important 57 
protective role under stress conditions (i.e . oxida ti ve, 
heat or heavy metal stress) (Xiang and Oliver. 1998; 59 
Dormer et al. , 2002) . Over-expression of E. coli ¡'-ECS 
promotes an increase in the cadmium resistance and 61 
accumulation capacit\' in B. jllllcea (Zhu et al.. 1999b). 
However. high over-expression of the same enzyme in 63 
tobacco leads to oxidative stress due to accumulation of 
the oxidized form of ¡--EC, ESSE (Creissen et al.. 1999). 65 
The model (Fig . 6A and B) can reproduce these 
experimental findings. As , -ECS has significant control 67 
on GSH and phytochelatins synthesis under Cd2

• stress 
(Table 5). then by increasing its activity, enhancement in 69 
JGSH and Jpe, is achieved as well as in GSH and 
phytochelatins concentrations. Although this result is 71 
expected to increase the cadmium resistance and 
accumulation capacity. a negative si de effect is the high 73 
accumulation of y-EC over physiologicallevels (Table 4; 
compare y-ECS 5 x \'ersus no changes in the cadmium 75 
exposure columns). This accumulation may induce 
additional oxidative stress along with that promoted 77 
by cadmium itselr. 

Considering that the PCS gene has been c1oned, and 79 
that phytochelatins are directly related with Cd2+ 
inactivation (for a review, see Mendoza-Cózatl et al., 81 
2005), then an obvious experiment is to simulate over-
expression of PCS to increase the cadmium resistance 83 
(Fig. 6C and D). The model predicts that PCS over-
expression promotes elevation of the phytochelatins 85 
content, although the GSH level severely diminishes (see 
also Table 4; PCS 5 x ). Inability to maintain GSH levels 87 
under Cd2+ exposure may lead to oxidative stress and 
Cd2+ hypersensitivity. as demonstrated experimentally 89 
by over-expressing pes in A. rhaliana (Lee et al., 2003) . 
In addition, the increase in PCS activity, although 91 
promotes a higher }pc,. shows little effect on JGSH (Fig. 
6C). Therefore, to achieve the pro po sed biotechnologi- 93 
cal orientated goal of an enhanced Cd 2 

+ accumulation 
capacity. flux to phytochelatins should be increased 95 
without compromising the GSH level required for 
oxidative stress process ing. 97 

The Universal Melhod of Kacser and Acerenza (1993) 
addresses the problem of inducing an increase in a given 99 
flux , and hence in a desired end-product metabolite. 
without affecting the concentrations of all other inter- 101 
mediaries and branched fluxes. To achieve such a goal 
the method proposes to increase the activity of all 103 
enzymes involved in 'both the input to the crossroad 
metabolite (GSH) and the output towards the desired 105 
metabolite (phytochelatins). Thus, for the Cd 2

+ stress 
model. the flux through GS of 0.67 (Table 5), or 100%. 107 
splits into four fluxes with values of 0.21 (PCS) . or 
31.3%. 0.04 (GSTs). 0.21 (GSrCd), and 0.21 (y-EC 109 
release from GSH during phytochelatins formation; Fig. 
2). Then. to increase flux through PCS without affecting III 
both the GSH concentration and the flux through GSTs, 
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Fig. 6. ElTect of increasing y-ECS activity on: (A) flux to GSH (dashed liné)~andllux to phytochclatins (short-dashed linc), (S) GSH concentration 
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the Universal Method establishes Ihat anyt~iy~¡¡égree 
of PCS over-expression should be a.fC9,np'1ni,¡;ti by a 
proportional 0.31 increase (respect tQ':thé l?,CS' increase) 
in y·ECS and GS over-expr~~i.oJl. ·" ~o\'i;ever, such 
differential over·expression of.¡¡eve¡f¡! enzymes may be 
experimentally difficuIt to accoq¡plish. 

Modeling shows that i : ECS· o·ver·expression is an 
effective protocol to ipsrea~Jhl{GSH content, although 
with detrimental siM~ffecl$ (accumulation of ESSE). By 
simulating a more r~i*ti¿slmultaneous over-expression 
to the same de~ee 0fth¿ relevant enzymes in the supply 
and demandi{ ],:able 4; y·ECS + PCS 2.5 x ; Fig. 7 A and 
B), as anqseful\approximation ofthe Universal Method, 
it is possible'toceffectively'increase Jpc, as well as J GSH 
by 3 and 2.5 times, respectively, without a sign ificant 
accumulation of y-EC (Table 4). Moreover, the GSH 
pool is not depleted and phytochelatins concentralion 
increased by 4.5 times. Organisms with lhese charac'ter
istics may develop a Cd2 

+ hyper·accumulaling pheno
lype. 

lnhibiti ng olher GSH-consuming enzymes (repre
senled by GSTs in thi s model) may al so enhance rhe 

levels of GSH and phytochelatins and their respective 
f1uxes . This possibility seems less feasible because GSTs 
are involved in detoxification of compounds derived 
from oxidative stress such as 4-hydroxyalkenals and 
base propanols (Marrs, 1996). However, by inhibiting 
GSTs to an extent that does not compro mise the cell 
ability to detoxify intracellular toxic compounds, it may 
also be promoted an increase in JGSH and Jp<', with a 
concomitant increase in GSH and phytochelatins con· 
centrations. 

Modeling of GSH biosynthesis was made assuming 
that ATP was saturating (see Appendix A). This 
assumption may have sorne validity under control, 
unstressed conditions, but definitively can be challenged 
under stress conditions tha t may affect the A TP
generati ng pathways (Vallee and Ulmer, 1972; Devars 
el al.. 1998). The affinily of the tobacco y-ECS and GS 
for A TP is not available; however, most of lhe 
characlerized enzymes from bacteri a. yeast and proli sts 
show Km val ues for ATP below 1 mM (Griffilh and 
Mulcahy. 1999: Meierjohann el al.. 2002). The ATP 
dependence of ./(" " and GSH concenl ralion may be 
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evaluated using an addi tional model based on the 
kinetic properties of yeast. incJuding the Km for ATP 
(see Supplementary data). The yeast model predicts that 
aboye 2 mM ATP. the GSH level is roughly stable, but 
beJow 2 mM. A TP steeply diminishes. Therefore. a 
similar response to A TP variation may be expected for 
the plant system. 

5. Discussion 

Modeling metabolic pathways is a powerful tool in 
the sense that it simula tes properties of a given pathway 
that may not be deduced by simple inspection of the 
kinetic parameters of the enzymes. and which may be 
relevant to understand the biochemical mechanisms 
involved in the regulation of a pathway. Modeling 
in vo lves the quantitative consideration of the multitude 
of reported data and interaclions that are typical of a 
biological system , allowing for an integra ti ve view of 
sometimes disperse data. discarding irrelevanl facl s 
(Heinrich et al.. 1977). Although models are simplifica
tions of lhe complex reality. they are lIseful for the 

deduction of essential relations. In addition, modeling 57 
may help to design experimental stra tegies to test the 
different hypotheses on the pathway control and may 59 
al so help to detect incompatibilities on the kinetic 
parameters of the different participating enzymes, 61 
prompting experimental revision of the most critical 
enzyme uncertainlies. 63 

In this work , we have constructed a kinetic model of 
the GSH and phytochelatins synthesis under control and 65 
Cd 2

• -stressed conditions to understand how this path-
way is controlled, and to identify which the targets for 67 
gene tic manipulation may be to increasing lhe heavy 
metal resistance-accumulation ability of the organisms. 69 
This is the first attempt to determine the control 
structure of the GSH-phytochelatins synthesizing path- 71 
way and to explain why the efforts to increase the GSH 
and phytochelatins content by over-expressing sorne 73 
enzymes involved in this pathway have achieved limited 
success. 75 

The enzymes responsible of GSH synthesis from its 
consti tuent amino acids (¡'-ECS and GS; Fig. 1, Scheme 77 
1) catalyse reactions wilh large equilibrium constants 
(> 1000). Then under low-GSH demand this block of 79 
enzymes has to receive information from the end of the 
pathway, other than simple product accumulation and 8 I 
hence inhibition, to avoid high accumulation of the 
intermediaries (y-EC and GSH) and to achieve a stable 83 
steady-state flux (Cornish-Bowden and Cardenas, 2001). 
This information transfer is provided by the feedback 85 
inhibition of y-ECS by GSH (Meister, 1995). The 
existence of such mechanism has led to the proposal 87 
that i'-ECS is the rate limiting step of GSH synthesis 
(Meister, 1995; Noctor et al., 1998; Zhu et al, 1999a, b). 89 
In agreement with this notion, pathway modeling shows 
that when GSH-consuming enzymes are not included, y- 91 
ECS is indeed the rate-limiting step (C,-ECS = 0.99) of 
the pathway. 93 

However. it seems more accu rate to analyse GSH 
synthesis pathway with lhe product consumption reac- 95 
tions included . beca use it has been demonstrated that 
significant flux control may reside outside the synthetic 97 
block of enzymes. i .e. in the consuming block of 
enzymes (Rodríguez-Enríquez et al.. 2000; Hofmeyr 99 
ami Cornish-Bowden. 2000; Koebmann et al. , 2002). 
With this considerat ion taking into account, modeling 101 
shows that under low demand, the demand block mainly 
contro ls JGSH • whereas al high demand, the supply 103 
block exerts the major flux con trol on GSH synthesis 
(Fig. 3A and B; Table 4). 105 

On the other hand. thi s model emphasizes that 
control on the rate of GSH synthesis is not directly 107 
related wilh control on the GSH concentration under 
unslressed conditions. GSH concentration is home- 109 
ostatically maintained by r-ECS. the enzyme that senses 
the information transfer from the end of the pathway III 
(Hofmeyr and Cornish-Bowden, 2000; Cornish-Bowden 
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and Cardenas, 2001). It is important to recall that GSH 
concentration is not solely controlled by y-ECS. In a 
supply-demand system, the control over the concentra
tion of the metabolite that links supply and demand is 
determined by the sum of the elasticities of supply and 
demando Under unstressed conditions, the GSH demand 
elasticity was near zero (so that demand has almost full 
control over the flux; Table 5). Thus, the GSH 
concentration control is predominantly determined by 
the supply elasticity, which was near-one. In conse
quence, while supply and demand have equal but 
opposite control over the concentration, the absolute 
value of their control coefficients is in this case mainly 
determined by the supply elasticity: the larger this 
elasticity, the smaUer the concentration control coeffi
ciento It is therefore in this sense that the supply (y-ECS) 
regula tes the degree of homeostasis in the concentration 
of the linking metabolite (GSH) and exerts little flux 
control. 

Cadmium exposure represents a situation of high
GSH demand (see the increase in flux in Table 5 
bottom). Consequently, the control of the pathway is 
redistributed and both blocks (supply and demand) 
share the control of GSH synthesis and GSH concen
tration (Tables 5 and 6). It is worth to note that 
cadmium exposure induces oxidative stress and, depend
ing on the concentration, it may alter the redox state of 
the ceU. In such case, GPx and GR may playa crucial 
role in the GSH homeostasis. In addition, because GR 
reduces GSSG at expenses of NADPH, forming part of 
a moiety-conserved cycle, additional control properties 
to the pathway may be conferred by GR (see Hofmeyr et 
al. (1986) for MCA of moiety-conserved cycles) . 
Unfortunately, few works, if any, have dete!IDined 
systematically the effect of cadmium thé' eeIlular 
redox state and on activity of GR arydG (th6-e are 
many works dealing with gene expressioÍl. but "ihis may 
not directly reflect the effect on enzym¿'activity). 

Experimental data regardillÍ how the GSH and 
phytochelatins synthesis pathway may respond to an 
increased demand of GSH are also scarce. Furthermore, 
how an increased actjvity 'Of.a6 enzyme may compro
mise the pool of a me.taboJjte used for several reactions 
(i .e. GSH; Kim~et ·"ª1.J2003), inducing secondary 
undesirable etréC;ts {ácc~;inulation of reactive intermedi
aries such aS"oxidized y-EC; Creissen et al., 1999) has 
al so been pooily explored. Pathway modeling shows 
that the mosteffective way to increase the GSH content 
is to enhance the y-ECS activity (Tables 4; Fig. 6A and 
B), although such manipulation brings about little effect 
on the phytochelatins concentration . This is because 
GSH can be used in several reactions besides phyto~he
latins synthesis and beca use PCS is not by far a highl y 
efficient enzyme (V = 3.2 nmolmin - 1 (mgprotein )- I: 
KmGS H > 10rnM) (Ta ble 2). 

PCS has been proposed as a gene tic target f or 
improving the Cd2 

+ resistance beca use its praduct is 
directly related to Cd2 

+ sequestration and transport 
(Vatamaniuk et al., 2002). The model shows that when 
only PCS is over-expressed, there is a depletion of the 
GSH pool (Fig. 6C and D). Inability to maintain GSH 
levels under Cd2+ exposure may lead to oxidative stress 
and Cd2 

+ hypersensitivity. This last phenotype is indeed 
observed when PCS is over-expressed in A. thaliana (Lee 
et al., 2003). However, E. coli PCS expression in S. 
cerevísiae, which does not have the PCS gene, induces a 
higher Cd2 + resistance (Clemens et al., 1999). Then, it 
should be taken into consideration, when a high PCS 
over-expression is achieved, that this manipulation may 
have a detrimental effect whether GSH is lowered below 
a critical value. 

In consequence, an approximation of the Universal 
Method was applied to the problem of increasing the 
phytochelatins concentration without compromising the 
GSH content. The high control coefficients of },-ECS 
and PCS on flux to GSH ánd phytochelatins and on the 
GSH and phytochelatins concentrations (Tables 5 and 
6) make thcesyenzYmes potential genetic targets for 
enhancing .tlié\ 9'SH and phytochelatins levels. Indeed, 
the simulÚineous increase in the y-ECS and PCS 
activities ·.results in the most successful simulation to 
achieve an ilÍCreased phytochelatins concentration with
out depleting the GSH pool (Fig. 7A and B). 

I~ should be noted that Cys synthesis is a very efficient 
• pathway able to respond to an increased Cys demand 

. iriduced by either Cd2 + stress or over-expression of Cys
consuming enzymes, i.e. y-ECS (Noetor et al., 1998; 
Creissen et al., 1999; Dominguez-Solís et al., 200 1). 
Analysis of the literature data about the kinetics 
properties of the enzymes involved in Cys synthesis 
(Mendoza-Cózatl et al., 2005) shows that these enzymes 
are more effieient that y-ECS (as judged by the V/Km 
ratio) . This suggests that, as in the case of GSH 
synthesis, Cys synthesis may also be mainly eontrolled 
by the Cys-demand bloek (GSH synthesis, protein 
synthesis). 

6. Concluding remarks 

l . The rate of GSH synthesis in unstressed eonditions is 
mainly controlled by the eonsuming block of enzymes 
(demand). 

2. While y-ECS is the rate-limiting step of GSH 
synthesis when studied on its own, it is not rate
limiting when the GSH-consuming reactions (de
mand ) are taken into accoun!. The role of feedback 
inhibition of,-ECS by GSH is LO allow the sensing of 
var iat ions in GS H concentratio n. thereby delermin-
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ing the homeostatic maintenance of GSH . However. 
it does not determine the flux control of the pathway. 

3. A c\ear distinction should be made regarding which 
steps control the rale synlhesis of GSH and which 

5 steps conlrol lhe GSH concentration; depending on 
lhe cellular status. the same set of enzymes mayo or 

7 may nOl, exert conlrol on both palhway properlies. 
4. Under Cd 2

+ stress, and an increased GSH demando 
9 both synlhesis and demand blocks share lhe flux 

conlrol lO GSH and phytochelatins as well the 
11 concenlration conlro l of both melaboliles. 

5. The manipulation of the GSH and phylochelalins 
13 synlhesis pathway 10 enhance Cd2+ resistance and 

accumulalion should proceed by increasing si mulla-
15 neously expression, and activity, of y-ECS and PCS. 

Over-expression of lhese lWO enzymes may bring 
17 aboul an elevation in bOlh flux and concentration of 

releva nI melaboliles. This sort of genetic manipula-
19 lion may confer the desired characlerislics in a much 

grealer exlent than lhose reached by manipulating 
21 only one enzyme and should prevenl lhe accumula

lion of toxic intermediaries such as ESSE. 
23 
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33 
Appendix A 

35 
A.l. y-ECS and GS 

37 
y-ECS and GS are strictly ler-reactant enzymes, which 

39 form a peplide bond at expenses of the A TP hydrolysis 
(Meister, 1995). The reported KmATp values for bOlh 

41 enzymes are in lhe majority of the organisms below 
1 mM (Griffith and Mu\cahy, 1999; Meierjohann et al.. 

43 2002). Since cytosolic ATP is usually aboye 0.7 mM in 
plants (Geingenberger et al., 2001; van Dongen et al. , 

45 2003) and several cellular processes are involved in 
maintaining ils concentration roughly constant, A TP is 

47 expected to playa minor role in determining the rate of 
both reactions; therefore . it was not inc\uded in the rate 

49 equations. Thus. reversible bi-reactant equations were 
used for these two enzymes. 

51 On the other hand. kinetic parameters of the 
reversibility of )'-ECS and GS under physiological 

53 conditions are not available very likely beca use the 
large K,.'I of their reactions prevents sllch possibility. 

55 However. significant changes in the control structure 
have been found by introducing reversibility in all 

palhway reactions, even in lhose with ver)' large K,. (i .e. 57 
pyruvale kinase. K, .• = 104

; see Cornish-Bowden and 
Cardenas (2001) for reversibility in kinetic models). The 59 
use of reversible equations. although more accurale than 
irreversible equations. brings about a major experimen- 61 
tal problem: how to inelude kinetic paramelers lhal do 
not exist in lhe lilerature and thal. due 10 experimenlal 63 
difficulty. would be unreliable. This is particularly 
lroublesome for the maximal rate of the reverse reaclion 65 
(V,) ando 10 a lesser extent . for the enzyme affinily for 
the product (Kp ). An irreversible rate equation could 67 
still be a good approxi mat ion fo r reaclions with large 
K,. when the enzyme Kp value is much higher than the 69 
physiological product concentration (or when V, is 
eXlremely low in comparison 10 Vf ). This would avoid 71 
incorporalion of reversible equations wilh guessed 
values in pathway modeling. 73 

By introducing lhe Keq value of the overall reaction , 
V, is discarded. }'-ECS and GS have the same K,. since 75 
both calalyse lhe same reaction regarding a peptide 
bond formalion at expenses of A TP hydrolysis. l:J,c?' for 77 
a peplide bond formation is + 2.2 kcal jmol whereas the 
l:J,c?' of ATP hydrolysis is -7.3 kcaljmol (Lehninger el 79 
al., 2000); the difTerence (- 5.1 kcal jmol) may be used lo 
calculale the K.q of lhe overall reaction, K,q = 5597 81 
(Table 2). This value is an underestimale because the !:J.G 
of A TP hydrolysis under many physiological conditions 83 
may be higher (> -9 kcal jmol ) than lhe slandard value. 

The K p values for ¡'-EC and GSH used in the palhway 85 
modeling were eSlimated as follows. )'-ECS is able 10 

perform the synlhesis of y-EC in the presence of 1 mM 87 
Cys, 20 mM Glu and 4 mM A TP with linear rates for up 
to 60 min (Hell and Bergmann. 1990). This means lhat 89 
accumulation of y-EC up to a concentralion of 0.5 mM 
has no effect on the initia l rate of the enzymes. With the 91 
kinelic parameters described in Table 2, the y-ECS 
activi ty was simulated against differenl Kp values (Fig. 93 
8A; note lhat the x-axis is plotted in log-scale to 
visualize the effect of large changes in lhe Kp value) . The 95 
Kp values lhat do not affect the rate of )'-ECS during the 
accumulalion of 0.5 mM of its producl ()'-EC) should be 97 
greater than 0.3 mM . The same treatmenl was done for 
GS. The initial rate of GSH synthesis with 1 mM of y-EC 99 
and Gly was not affected by the accumulation of 
0.075mM GSH (Hell anó Bergmann , 1988). This means 101 
that the K p vallle for GSH of GS has to be aboye 
0.Q.3 mM (Fig. 8B) . Furthermore. the effect of simulla- 103 
neous variation in the Kp values of both enzymes on the 
flux to GSH in unstressed conditions was simulated 105 
(Fig. 8C). In any case. K p should be lower than 0.01 mM 
10 significantly a lter the flux 10 GSH. Therefore, the Kp 107 
values used in the modeling of GSH biosynthesis were 
0.3mM for y-ECS and 0.03 for GS. 109 

111 
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Fig. 8. (A) Ell;egofXp-rEc valuc of y-ECS on lbe rate (nonnalized) of 
y-EC synthesis uMer initial Tate conditions. The x-axis (Kp ) is plottcd 
in log-scalc 10 visualize the cfTcct of largc changcs in the Kp value. 
Kinetic parametcrs are lislCd in Tablc 2; substratc and producl 
eonccntrations wcrc Cys = 1 mM. Glu = 20 mM and y-EC O.S mM. (B) 
EfTcct of KpüSH valuc ofGS on the TalC (noTmalizcd) of GSH synthcsis 
under ¡nitial Tate conditions. SubSlra tc and producl concentrations 
werc y-Ee = 1 mM, Gly = 1 mM and GSH 0.075 mM . (e) Effeet of the 
K¡ valuc of )··ECS and GS on ¡he nux LO GSH synthcsis . 100% 
rcprcscnls 0.055 nmol min- ' (mg prolcin) - l 

A.2. pes kinetics 

The reversibility of PCS is much more complicated if 
not impossible to measure or estimate. PCS catalyses the 
synthesis of phytochelatins (pe) according to the 
following equation: 

pen + pem =} pen+J + pem-J (8) 

When PCS is incubated with GSH and Cd2+ , the first 
products are the smallest phytochelatin (PC2) and Gly 
(for a detailed revision of PCS kinetics, see Rea et al., 
2004). When PCS is incubated only with pe2 and Cd2

+, 

the products are pe3 and GSH, not the expected GSH 
and y-EC (Grill et al., 1989), This characteristic makes 
the PCS reaction irreversible. Phytochelatins are not 
accumulated in the cytosol to infinite values because the 
vacuo lar ABC-type transporter internalizes phytochela
tins into the vacuole efficiendy; comparison of the 
kinetic properties of the vácuolar transporter and PCS 
clearly ilIustrates this point (Table 2), Thus, the length 
of the prevalent phytocheliítins (pesn where n = 2-11) in 
the cytosol is determined by the efficiency of their 
compartmentation; the 'vacuolar transporter may show 
higher a~niiYJo'rá' JÍarticular phytochelatin, Therefore, 
PCS reaétion in"the present model was considered as an 
irreversibte··reaction. 

.Appeíidix B. Supplementary Data 

" The online version of this article contains additional 
supplementary data. Please visit doi:IO,1016/ 
j.jtbi.2005.07.003 
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Abstraet. To detennine the onset of the Cd2 + -hyperae
cu~~lattng phenotype i~ .Euglena ~racilis, induced by 
Hg pretreatment (Avlles et al. ID Arch Microbiol 
180:1-10, 20~3), the changes in cellular growth, Cd2 + 
uptake, and tntracellular contents of sulfide, cysteine, 
glutamylcysteine, glutathione and phytochelatins duro 
the progress of the culture were analyzed. In cel 
posed to 0.2 mM CdCl2, the Cd2+ -hyperaccu 
phenotype was apparent only after 48 h of c 
indicated by the significant increase in cell 
higher intemal contents of sulfide and thiol 
alon~ with a higher y-glutamylcyste' 
actlVIty. However, the stiochiomet of 
pounds/Cd2+ accumulated was similar 
and Hi+ -pretreated cells. Moreov. 
ratio was 2.1 or lower after 48-h 
suffice to fully inactivate Cd2+ 
although the glutathione a 
pathway is involved in the -m~¡.9,_I!Ij,~of the Cd2 + -
hyperaccumulating Phen~'n . r. cilis, apparently 
other pathways and su 1 m anisms are also 
involved. These may . ncre in other Cd2+ che-
lating molecules s tricarboxylic acids 
phosphate and poI hosph s, as wen as Cd2+ com~ 
partmentation . elle 

f4I1!111l.ift¡fI.¡· is . Cd2+ accurnulation . 
Icysteine . y-glutamylcysteine 

ne . Phytochelatins. 

C. Avilés· D. Mendoza-Cózatl . R. Moreno-Sánchez (121) 
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is one of the most toxic heavy metal s (Vallee 
1972) and has become a serious contaminant 

d water bodies, mainly due to anthropogenic 
and inappropriate methods of disposal (Clark-
5). Bioremediation, the use of organisms to re

m e toxic compounds including heavy metals from 
ntaminated sites, is a fast-growing technology, which 

as several advantages over traditional methods (Salt et 
al. 1995; Dhankher et al. 2002). Currently, heavy metals 
are removed from water bodies by using ion exchange 
chromatography, which is expensive and inefficient for 
removing micromolar concentrations of heavy metals. 
As a coitsequence, development of altemative ap
proaches for the treatment ofheavy metal-contaminated 
ecosystems is required (Dhankher et al. 2002). Sorne 
varieties of plants have been used for removing Co2+ 
Zn2 +, and Ni2+ from contaminated soils (Salt et al: 
1995). Although such plants have the ability to accu
mulate extremely high concentrations of heavy metals, 
they tend to grow at slower rates, generating relatively 
little biomass and showing lower fitness in comparison 
to plants growing in non-heavy metal-polluted soils 
(Antonovics 1971; Dhankher et al. 2002). Thus, finding 
and deve!oping plant and non-plant species that show 
resistance to heavy metals, which is accompanied by 
accumulation of the metal ion, may be helpful for 
designing bioremediation strategies. This approach 
is aIso being developed for Cd2+ -polluted water 
(Matsunaga et al. 1999). 

Synthesis of phytochelatins (pes), and enhanced 
synthesis of their metabolic precursors glutathione 
(GSH), y-glutamylcysteine (y-EC), cysteine(Cys) and 
sulfide, is a comrnonly used cellular response against 
Cd2 + stress in higher plants, sorne yeast and algae (see 
for a recent review Mendoza-Cóza tl et al. 2005). The 
sulfate assi rnilation pathway genera tes sulfide and Cys. 
In turn , y-EC is formcd by y-EC synthetase (y-ECS) 
from glutarnate. Cys and A TP and GSH is synthesized 
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The bacterial-like lactate shuttle components from 
heterotrophic Euglena gracilis 
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'1 hl' :.b"\J\;turdl and ~ mC1K analy"l~ of tht:' components of the lactatr shurile from hcterotrophic Eug/ena gradlir¡ werc carried out. 
\I,,,,,,hondrial ml"Tllbranc-oound. "AD--independent o-Iacta'e dehydrogeD.!lS< (o'iLDH) was purified by solubilization with CHAPS and 
hcat trl'atment. ThC' aC1ivc Cn7)nlC ,,'a~ a 62 ·),:03 monomer containing nón~ov3)~ntly bound FAD as cofactof. D-iLDH was specific for 0-
:;,t,,:t;,¡ ll.· and it was ablc 10 rn:tUl.-C qulflOncS of diffcf('nt rcdox potmtial valu,;s: Oxalatc and L-lactatc wcre mixed-typc lnhibitors of D-iLDH, 
\1:"",hondri.1 L-iLDIl ah" ablyud lb, rrouction of quinones, but it';"'s inactivated during lb. extraction with detergents. Bo"th L-iLDH 
and ()-:LDtt wcrc inhibllcd h~ thc spt"Cif.c tlavoprotcin-inbibitor -d,iphcnylcnciodoniurn, suggesting that L~iLDH was also a flavoprotcin, 

·\!li"",, chmmah>graphy 'n· ... 1cd that !he E. gracilistytosolic Ú3Ction contained two types of NAD· -<lependent LDH specific fo, the 
~1.·'hT.a thll1 of 1>- and L-l .... "tltc u>-nLDH and L-nLD..H. f<$pcctivdy), Thcsc two cnzymes WCTC tctramcrs of 126- 132 illa and showcd an 
\lnkrl.'ó bl - bl krnctic nxchanum. Kmctic pru~rtics ~ diftCRnt in both cnzymes. Pyruvate reduction by o-nLDH was inhibited by its two 

pmduclS: tbe D-I.(lat< oxulabOO wa. 4O-fold :Ower .ihan l'6rWard reaction. L-Iactate oxidation by L-nLDH was not detected, when:as pyruvate 
n:duchon was activatrd by froClase-1. t.-bisphosphaté;' K- o, NH;. lntrrestingly, rnembrane-oound L- and o-Iactate dehydrogenas<s with 
quinonc ",ductase activity ru.vc be<:n only dete~ . in bacteria, whereas the activity of soluble D-nLDH has becn identified in bacteria and 
"Imw yca!"t . Also. FHp·a('1J\ .. k"d L-nLOH ba~ Men found solely in !actie bacteria. Bascd on thcir similar kinetic and structural eharacteristics. 
;,¡ flt~5lbk common ongm .mo.>nl hac1erial 3nd E. gracilif lactic dchydrogcnasc cnzymcs is discussc:d. 
• 1f)O~ I'uhb shcd b~ Eb.("\ ter 8 . \ '. 

Inlruduc:tiun 

Thc ~ .'\D · -in<kp.:nJ.:nl laclale <khvdrugcnascs (iLDH) 

.Ir...: L' 11 /~ IlIC:-' wHkl~ f.h:-.tnhuh:d amung bacteria and ycast 

¡ ¡ ,: J Lldalc UXid.ltltlO l' '" 'Iuplcd hl lhe.: n.: sp iralory ehain 

, lI ltl he.:nú: "1 lhe.: ~L'Tk..-r .. lItln uf a trJ.nsmemhranc pmton 

:-'J.ldh.:111 ;IIIJ :\TI' ~~nlhl.·"'" In h.;u..·h:na , lhe quinonc púo l is 

I!I\.' ph~ :-. 1tlltl!!h.·; d e.:k\ Ir .... ! .... \ 'cphJr l Jf iLDH . \\'hi lc in ycast. 

~ . ~ ¡ndlft 11 n e.: " 1:-. It1\.' rH"lIn ..... :cphlr. In h;h.:tcrii.l. J>-iLOH tlnd 

·C ·pnl· .... rtlndln~alllh." Trt ~:(((5;'~QII . (a."\ : · ."2 5 55 57' 09.:! h 

L-iLDH. hoth sterco-speeific enzymes. are localized in the 

inncr cytoplasmic mcmbrane. while in SlJc:c:harnm:~:cl!s 

ccrcd.\"iuL'. tht:y are luca tcd in Lht! mitochondrial intennem· 

hmnal space [J.4J. In ixJth kinds of microorgani sms. the 

iLDHs are na vu pmleins. hui in ycast. D- and L-ilDH also 

have a c)' loehrome h~ . Many of these enzymcs have been 

purificd .nd Iheir molecular .nd kinelic pruperties have 

hecn detcnnincd [1.2,5 J. In bacteria and yeaSl, active D

ilDH is a 60 ·· 66 kDa monome r whic h cOlllains one non 

covalenlly huund FAD molecule [1 ,2]: in yeaSl. D-ilDH 
seems lO be mainly assucialcd wilh the melhylglyoxal 

p.thway [6]. On the other hand. L-ilDH is a 45-kDa 

DTDS 

r ·mtlll ."Id,..·.. fJ.l' ............... , • "rn I H. Ja. .... "'~( 'h;1\ el) monollle, in hacteria and a 240-kDa hOlllotetramcr in yeaS! 49 

IUIi1 5·~ I.:!S, ~ . '-Ce" 1r ... H nwan' : '11 .(, l"uhh-.he"11 hy F1"'C \"Icr n .\ · 
d "1 l t1 IlIlh J hh;lhkl . ~II'1~ jI- IJI~ 
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FLUX CONTROL ANAL YSIS AS A TOOL FOR METABOLlC PATHWAY MANIPULA TION 

Abstraet 

Flux control analysis o( a metabolic pathway altows the quanütative detennination o( the 

degree of control that a given enzyme (Ei) exerts on flux J (i.e. , flux control coefficient C~ ) and 

on the concentration o( mfltabolites M (i.e., concentration control coefficient C~), thus 

substituting the mis/eading, qualitative concept o( rate Iimiting steps in metabolic pathways. In 
addition, it helps to understand (i) the underlying reasons by which a given enzyme exerts high or 
low control and (H) why the pathway control does not reside in only one enzyme ("the rate limiting 
stepj; inslead, the control is shared by several enzymes and transporters. 

Several different experimental approaches have been developed for the detennination o ( 

C~i ' For instance, titration o( flux with specific inhibitors has been used in the control analysis o( 

oxidative phosphof}'lation in isolated mitochondria and intact cells. Elasticitv analvsis is perhaps 
the most pro(usely approach used in many metabolic pathways, mainly glycolysis. This consists 
in the detennination o( the sensitivity o( a given enzyme (or block o( enzymes) towards the 
variation in the concentration o( its substrates and products, under steady-state conditions o( the 
pathway. I( the enzyme activity does not significantty change with the variation in one o( its 

ligands (Iow elasticity, E:~i ) ' then the enzyme, transporter or block o( enzymes is close to 
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METABOLISMO DEL GLUTATIÓN 
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RESUMEN 
El glutatión es el péptido de bajo peso molecular más 
abundante dentro de las células y se encuentra prác
ticamente en todos los organismos. La concentración 
de glutatión depende de diversos factores ambienta
les y su interconversión entre la forma reducida 
(GSH) y oxidada (GSSG) brinda un adecuado con
trol del estado redox intracelular. Su biosíntesis es a 
través de la vía de asimilación del azufre, que a su vez 
está estrechamente relacionada con la síntesis de 
cisteína. El GSH funciona como el principal almacén 
mtracelular de azufre y cisteína; participa además en 
el transporte de aminoácidos, metabolitos y en el pro
cesamiento e inactivación de especies reactivas de 
oxíge~o. En plantas y algas es esencial para la tole
rancia a metales pesados. Poco se conoce sobre la 
regulación de su biosíntesis; sin embargo, la reciente 
cl<;>nación de los genes de las enzimas, que participan 
en la vía ha permitido un estudio mas detallado de su . 
metabolismo. El determinar los mecanismos de regu
lación de la vía puede facilitar su manejo, lo cual po
dría tener diversas implicaciones en biotecnología. 

PALABRAS CLAVE: Asimilación de azufre, éis
teína, glutiuón, fitoquelatinas, compartamentaliza
ción, metales pesados~ 

ABSTRACf 
Glutathione is the most abundant low molecular weight 
thiol peptide inside the cells and occurs in all organisms. 
Glutathione concentration depends on diverse 
environmental factors, and its interconversion among 
the reduced (GSH) and oxidized form (GSSG) offers 
an appropriate control of the intracellular redox state. 
GSH biosynthesis involves the sulfur assimilation 
pathway,.. -which is c10sely related with cysteine 
biosynthesis¡ in fact, GSH works as the main intracellular 
sulfur and cysteine storage.lt also participates in the 

transport of amino acids, metabolites, and in the 
processing and inactivation of reactive oxygen species. 
In plants and algae, it is essential for heavy metal s 
tolerance. Little is known about the regulation of GSH 
biosynthesis. However the recent cloning of the genes 
encoding the enzymes that participate in the pathway 
has allowed a more detailed study of its metabolismo 
The elucidation of the regulatory mechanisms of the 
pathway will allow its manipulation, which may have 
biotechnological application. 

KEY WORDS: Sulfur assimilation, cysteine, 
glutathione, phytochelatins, compartmentation, heavy "
metals. 

INTRODUCCIÓN 
Los compuestos con azufre, como la cisteína, me
tionina, S-adenosilmetionina y glutatión son esencia
les para el metabolismo de todas las células. La me
tionina, salvo pocas excepciones, es el aminoácido 
con el cual se inicia la biosíntesis de proteínas. La 
cisteína tiene una función crucial en la estructura, es
tabilidad y función catalítica de enzimas. La S-adeno
silmetionina interviene en la transferencia de grupos 
metilo y biosíntesis de poliarninas. El glutatión (y-Glu
Cys-Gly; GSH) tiene diversas funciones dentro del 
metabolismo. Su capacidad de mantener el estado 
redox intracelular, además de su participación en el 
transporte de aminoácidos y destoxificación de xeno
bióticos, hacen de ésta una molécula esencial. El GSH 
mantiene enzimas y otros componentes celulares en 
estado reducido y es, además, el principal almacén y 
transportador de sulfuro y cisteína [1]. Dentro de la 
célula, más del 90% del azufre no-proteíco está en 
forma de GSH y la mayoría se encuentra en forma 
reducida [2]. El GSH es el producto final de una serie 
de reacciones que constituyen la vía metabólica de 
asimilación de azufre y síntesis de cisteína. 
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